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1. Summary 1

1 Summary

Sphingolipids have important physiological functions and a tightly regulated and
spatially distributed anabolic and catabolic enzymatic network. Dysfunction within
this enzymatic network is associated with many diseases. The exact mechanisms
how these metabolic dysregulations cause pathological alterations are often
unknown and an in-depth investigation of these mechanisms may provide novel
therapeutic targets for treatments. Therefore, | investigated biochemical
consequences of dysfunction for two enzymes of the sphingolipid metabolic
network — 3-ketodihydrosphingosine reductase (KDSR) and Gb3 synthase (Gb3S).
Dysfunction of both is associated with a specific organ pathology in mammals.

(N Loss of globo-series glycosphingolipids by knockout of Gb3S was
associated with albuminuria but was also shown to convey
renoprotective effects in models of glycerol-induced and gentamicin-
induced acute kidney injury in mice. How globo-series glycosphingolipids
mediate these effects remains unexplained. | used the immortalized
proximal tubular epithelial cell line HK-2 as an in vitro model to identify —
after introducing genetic modifications with the CRISPR/Cas9 system -
protein interaction partners of globo-series glycosphingolipids using a
bifunctional, metabolic sphingolipid probe (pacSph). | found indications
of an interaction of Gb3Cer with the Kunitz-type serine-protease inhibitor
SPINT1, an inhibitor of HGF activator (HGFAC) and therefore modulator
of MET signalling. Interestingly, activation of MET signalling was shown
before to mediate renoprotective effects in models of acute kidney injury.
Although the presented data is not comprehensive, it may stimulate
further investigations of the role of globo-series glycosphingolipids in
signalling in this context. Establishing a link between Gb3Cer and the
regulation of MET signalling may help to identify strategies to reduce
acute kidney damage in CRUSH syndrome, during pharmacological
interventions, or with diabetes, but could also provide novel targets for

cancer treatment.

(1 Furthermore, | examined the role of the sphingolipid de novo synthesis
enzyme KDSR in skin of two patients with biallelic mutations in KDSR
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and symptomatic palmoplantar keratoderma. Following analysis of
stratum corneum by LC-MS/MS and chemical synthesis of keto-type
ceramides, | revealed the biochemical consequences of KDSR
dysfunction and found that significant amounts of a novel, yet
undescribed, class of sphingolipids - 3-ketodihydroceramide - are
formed in the skin of both patients. Analysis of skin biopsies and blood
samples further revealed that 3-ketodihydroceramides are exclusively
formed in the epidermis and cannot be detected in the dermis or blood
indicating a close link to the observed skin pathologies. Further analysis
revealed a significant reduction in the length of epidermal sphingoid
bases and ceramides, not only in KDSR patients, but also in atopic
dermatitis and psoriasis vulgaris indicating dysfunctional keratinocyte
differentiation. A mechanistic link between the presence of pathological
keto-type compounds and pathogenesis in KDSR patients remains to be
established. It may be speculated, that reactive 3-ketosphingolipids have
a negative impact on reactive oxygen species (ROS) scavenging
systems in the epidermis, but this remains to be further addressed. If a
mechanistic link can be established, a careful reduction of serine-
palmitoyl-CoA transferase (SPT) activity to match the reduced activity of
KDSR or pharmacological targeting of the oxidative stress response may
be a feasible strategy to improve the burden of these patients. Reduction

of SPT activity may be achieved with inhibitors like myriocin.

Concluding, these findings demonstrate the relevance of sphingolipid metabolism
for physiology and pathology and provide a foundation for further research.
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Zusammenfassung

Sphingolipide haben wichtige physiologische Funktionen und ein eng reguliertes,
raumlich getrenntes anaboles und kataboles enzymatisches Netzwerk.
Fehlfunktionen innerhalb dieses enzymatischen Netzes sind mit vielen Krankheiten
assoziiert. Die genauen Mechanismen, wie Fehlregulierungen des metabolischen
Netzwerks zu pathologischen Veranderungen fuhren, sind oft unbekannt. Eine
Untersuchung dieser Mechanismen kdnnte neue Ansatzpunkte fur die Behandlung
und Therapie dieser Krankheiten liefern. Diese Arbeit beschaftigt sich mit den
biochemischen Konsequenzen der Dysfunktion zweier dieser Enzyme im
Sphingolipid Metabolismus — 3-ketodihydrosphingosine reductase (KDSR) und
Gb3 synthase (Gb3S). Die Dysfunktion beider Enzyme ist mit einer jeweils

spezifischen Organpathologie verbunden.

() Der Verlust von Glykosphingolipiden der globo-Serie durch Knockout von
Gb3S fuhrte zu milder Albuminurie, wurde aber auch fur nierenschitzende
Eigenschaften in Modellen fur Glycerol- und Gentamicin-induziertes akutes
Nierenversagen in Mausen verantwortlich gemacht. Wie dieser Effekt durch
globo-Serie Glykosphingolipide vermittelt wird, ist unklar. Ich verwendete die
immortalisierte, proximale epitheliale Tubulus Zelllinie HK-2 als ein in vitro
Modell, um — nach genetischer Modifikation mit CRISPR/Cas9 Technik -
Protein-Interaktionspartner von globo-Series Glykosphingolipiden durch
Nutzung einer bifunktionellen, metabolischen Sphingolipid-Sonde (pacSph)
zu ermitteln. Dabei fand ich Anzeichen fur eine Interaktion von Gb3Cer mit
dem Kunitz-Typ Serin-Protease Inhibitor SPINT1, einem Inhibitor von HGF
activator protein (HGFAC), und daher auch ein Regulator von Signaling uber
den MET Rezeptor. Interessanterweise wurde in friheren Studien gezeigt,
dass MET Rezeptor Signaling nierenschitzende Wirkungen in Modellen von
akutem Nierenversagen vermittelt. Obwohl die gezeigten Daten noch kein
vollstandiges Bild vermitteln, hoffe ich, dass sie weitere Untersuchungen zur
Verknupfung zwischen globo-Serie Glykosphingolipiden und MET Signalling
in diesem Kontext anregen kénnen. Falls sich ein Zusammenhang etablieren

lasst, konnte das helfen Strategien zur Vermeidung von akutem
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Nierenversagen bei CRUSH Syndrom, pharmakologischer Behandlung oder

auch Krankheiten wie Diabetes und Krebs zu entwickeln.

(I) Des Weiteren habe ich die Rolle des Enzyms KDSR, einem wichtigen
Bestandteil des Sphingolipid de novo Synthesewegs, in der Haut von zwei
Patienten mit Mutationen in diesem Enzym untersucht, die Symptome einer
palmo-plantaren Keratodermie zeigten. Durch die Analyse von Stratum
Corneum durch LC-MS/MS und chemische Synthese von Keto-Typ Ceramid-
Standards, klarte ich die biochemischen Konsequenzen der KDSR
Dysfunktion auf und fand heraus, dass sich in der Haut dieser Patienten
signifikante Mengen einer neuen und bisher nicht beschriebenen Lipidklasse,
sogenannte 3-Ketodihydroceramide, befinden. Weitere Analysen von
Hautbiopsien und Blutproben zeigten, dass 3-Ketodihydroceramide nur in der
Epidermis, nicht aber in Dermis Proben oder Blut der Patienten
nachgewiesen werden konnen, was auf eine enge Verknupfung zu den
pathologischen Veranderungen in der Epidermis hindeutet. Bei weiteren
Analysen fand ich aul3erdem heraus, dass Sphingoid Basen und Ceramide
eine signifikante Reduktion ihrer Lange aufweisen. Ahnliche Beobachtungen
machte ich mit Proben von Patienten mit atopischer Dermatitis und Psoriasis
vulgaris was auf eine Dysfunktion in der Differenzierung von Keratinozyten
hindeutet. Ein mechanistischer Zusammenhang zwischen der Prasenz der
pathologischen Keto-Typ-Lipide und Pathogenese in KDSR Patienten muss
noch etabliert werden. Man konnte spekulieren, dass reaktive 3-
Ketosphingolipide einen negativen Effekt auf den Schutz vor reaktiven
Sauerstoffspezies in der Epidermis haben. Falls sich ein kausaler
Zusammenhang bestatigen lasst, kdnnte eine vorsichtige Reduktion der
Aktivitat der Serin-Palmitoyl-CoA Transferase (SPT) oder pharmakologische
Modulation der oxidativen Stress Antwort eine mogliche Strategie darstellen,
um die Krankheitslast der Patienten zu reduzieren. Inhibition der SPT Aktivitat
sollte dabei bis auf eine Stufe, die der reduzierten katalytischen Kapazitat von

KDSR entspricht, beispielsweise durch Inhibitoren wie Myriocin, erfolgen.

Zusammenfassend demonstrieren diese Befunde die Relevanz des Sphingolipid
Metabolismus im Kontext von Physiologie und Pathologie und bieten eine

Grundlage fur weitere Untersuchungen.
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2 Introduction

2.1 Sphingolipid Metabolism

Cellular lipids are essential for the compartmentalization of life in cells and
organisms and as part of cellular membranes, lipids form a barrier that separates
distinct biological compartments and provide a hub for specialized biological
functions. Lipids are also direct mediators in cellular signalling as active signalling
molecules. The complex body of known lipids is vastly growing, and the abundance
range of single lipid species can cover more than nine orders of magnitude (1-3).

The sphingolipid metabolic network

Sphingolipids are a structurally distinct class of lipid metabolites with functions in
many cellular processes, including growth, differentiation, cell-cell contacts,
apoptosis, and inflammation (4, 5). As membrane-bound members of lipid
microdomains, sphingolipids influence protein function and signalling processes.
Soluble sphingolipids like sphingosine-1-phosphate (S1P) are direct mediators of
cellular signalling. Furthermore, sphingolipids are structural components of cellular
membranes and extracellular lipid barriers, as seen in myelin sheets and the skin
barrier. Most sphingolipids are expressed in a cell- and tissue-specific manner (6).
The sphingolipid core motif (Figure 1) characterizes this distinct class of lipids.
Modifications of the sphingolipid motif yield sphingolipid subclasses with their own
unique properties including ceramides, sphingomyelins, and glycosphingolipids

(1).

All sphingolipids are synthesized within a metabolic network that is framed by two
gate-keeping metabolic reactions. On the one hand, sphingolipid de novo
biosynthesis generates new sphingoid bases and is the single metabolic entry point
for the complete sphingolipid metabolic network (Figure 2) (7). On the other hand,
almost all degradation of sphingoid bases is irreversibly channelled through the
sphingosine-1-phosphate lyase (S1PL) pathway (Figure 3) (8). The highly
complex, compartmentalized, and interconnected metabolic network between
these two metabolic pathways provides the biochemical foundation for the
synthesis of all sphingolipids. Interestingly, the essential enzymes of these
pathways, the serine palmitoyl-CoA transferase (SPT) complex and S1PL, are both

dependent on pyridoxal-5’-phosphate (P5P) (9, 10). Within the sphingolipid
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metabolic network sphingoid bases may be recycled via the salvage and
sphingomyelinase pathway from complex sphingolipids or from extracellular and

dietary sources (11).

Sphingolipid biosynthesis

Sphingolipid de novo biosynthesis is initiated in the endoplasmic reticulum (ER)
with the condensation of L-serine and an acyl-CoA (primarily palmitoyl-CoA) by the
serine-palmitoyl-CoA transferase complex (SPT). This P5P-dependent reaction
yields the first sphingoid base 3-ketodihydrosphingosine (KDS) (in case of
palmitoyl-CoA with a C18 sphingoid base backbone) and is considered the rate-
limiting step of de novo sphingolipid synthesis (9, 10, 12, 13). The heterodimeric
SPT complex consist of two large subunits SPTLC1/SPTLC2 or SPTLC1/SPTLC3
(14-16) and a small subunit (SPTssa or SPTssb) that confers specificity towards
the acyl-CoA substrate (17, 18). Availability of the acyl-CoA substrate and subunit
composition are key determinants for the length of the resulting sphingoid bases
(17). In most tissues the C18 sphingoid base is most abundant (“C+number” refers
to the number of carbon atoms in the aliphatic chain). Accumulation of C20
sphingoid bases in the brain was associated with neurodegeneration (19) and a

broad spectrum of sphingoid base length can be observed in the skin ranging from

Sphingolipid Core Structure

Oxidation state
Stereochemistry

Sphingoid base length (C16 - C28) OH Glycosylation (Glycosphingolipids)
’ Phosphocholine (Sphingomyelins)
R1 5\ P /v\ . Phosphorylation (Sphingolipid-1-phosphates)
NG . ~OH Acylation (1-O-acyl-ceramides)
/ H Dehydroxylation (1-deoxy-sphingolipids)
NH

C4-C5 unsaturation (sphingosine) 2 \

C4-C5 saturation (sphinganine) N-acylation (ceramides)

C4-hydroxylation (phyto-sphingolipids) - :f’y“d%g‘xylation

- saturation

Figure 1 The sphingolipid core motif.

The sphingoid base core motif is characterized by an aliphatic chain of varying length with polar
modifications by hydroxylation of C1 and C3 and amination at C2. Sphingosine-based
sphingolipids carry a characteristic trans-double bond between C4 and C5. Further modifications
of this core motif include acylation of the C2-amino group to yield ceramides. Attachment of polar
headgroups to the Cl-hydroxyl group may yield glycosphingolipids, sphingomyelins, and
sphingolipid-1-phosphates.
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C12 to C28 length (20—-22). Although L-serine is the primary amino acid substrate
for the SPT complex, the alternative amino acid substrates L-glycine and L-alanine
may also be utilized. This is especially observed in hereditary sensory and
autonomic neuropathy type 1 (HSAN1) patients, where it is associated with the
formation of 1-deoxy- and 1-deoxymethyl-sphingolipids (23, 24). In a NADPH-
dependent reaction the 3-keto group of the SPT product KDS is rapidly reduced to
a 3-hydroxy group by 3-ketodihydrosphingosine reductase (KDSR) and yields the
sphinganine base (25). Sphinganine is a substrate for ceramide synthases (CerS)
(26, 27). CerS are characterized by their preference towards acyl-CoA substrates
and tissue-specific distribution (Table 1). Ceramide is considered a key
intermediate of sphingolipid metabolism, providing the core structure for several
metabolic paths, and is derived from dihydroceramide by desaturation through
sphingolipid A*-desaturase (DES1) (28, 29). DES2 was shown to have A*-
desaturase/C4-monooxygenase activity which results in the formation of

phytoceramides (30-33) (Figure 2).

Ceramides may be modified at the C1-hydroxyl group to yield glycosphingolipids,
sphingomyelins, 10-acyl-ceramides, or ceramide-1-phosphates (1, 34).
Compartmentalization and the conjuncture of enzymes and substrates is a key
determinant in the metabolic fate of single sphingolipid species (35). Due to
variations in the sphingoid base, acyl-CoA substrate, and additional modifications

thousands of sphingolipid species can be derived by combinatorial biochemistry.

Most anabolic reactions of sphingolipid metabolism are associated with a catabolic
counterpart, that ensures degradation of synthesized lipids and prevents potentially
toxic lipid accumulation and storage. Defects in sphingolipid catabolism are often
associated with lysosomal storage diseases (36). Degradation by S1PL is the final
catabolic step for the degradation of the sphingoid base backbone. S1PL is
promiscuous regarding its substrate and can utilize sphingosine-1-phoshate,
sphinganine-1-phosphate, and phytosphingosine-1-phosphate (37, 38). Sphingoid
base degradation generates hexadecenal (or the respective metabolite for the
other sphingoid bases (Figure 3)) and phosphoethanolamine. Hexadecenal is
converted to palmitic acid by aldehyde dehydrogenase ALDH3A2 and activated
palmitoyl-CoA may be reused as a substrate in glycerolipid and sphingolipid

metabolism (Figure 3) (39).
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Table 1 Proposed substrate affinities for ceramide synthases.

Isoform  Acyl-CoA preference Tissue distribution Reference
CerS1 c18 Brain (40)
CerS2 C20 - C26 Ubiquitous (41)
CerS3 C18-C38+ Epidermis and Testis (42-44)
polyunsaturated species
CerS4 C18-C22 (+C24 — C26) Sebaceous glands, lung, etc. (45)
CerS5 C16 Ubiquitous (45)
CerS6 C16 Ubiquitous (46)
Ho\/\ﬂ/o' . NGNS PN

L-serine Palmitoyl-CoA

Serine-Palmitoyl-CoA Transferase (SPT)
Pyridoxal-5'-Phosphate
CO, + CoA-SH
gHz
Ho\/%\n/\/\/\/\/\/\/\/
[e]
3-ketodihydrosphingosine

NADP*

NADPH + ”j 3-Ketodihydrosphingosine reductase (KDSR)

NH2

“°\/Y\/\/\/\/\/\/\/

OH
Sphinganine

Ceramide synthases 1-6 (CerS)
CoA-SH

De novo sphingolipid biosynthesis

H

HD\/\{\/\/\/\/\/\/\/
OH

Dihydroceramide

] Z

0, + NADPH + H* 0, + NADPH + H*
Desaturase (DES2) Desaturase (DES1)
2H,0 + NADP* 2H,0 + NADP*
NH QH
y (oH Y
Ho\/E\‘)\/\/\/\/\/\/\/ H0\/\‘/\/\/\/\/\/\/\/
OH OH

Phytoceramide Ceramide

Figure 2 Sphingolipid de novo biosynthesis pathway.

Sphingolipid de novo biosynthesis is initiated by the condensation of acyl-CoA with L-serine. The
product 3-ketodihydrosphingosine (KDS) is reduced by 3-ketodihydrosphingosine reductase (KDSR)
to sphinganine in a NADPH*-dependent manner. Ceramide synthases N-acylate sphinganine to
produce dihydroceramide, which is a substrate for several metabolic pathways. Desaturation via DES1
yields ceramides and hydroxylation via DES2 yields phytoceramides. Modified from Rabionet et al.
(2014).
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Figure 3 Sphingolipid degradation pathway (modified from Kihara, 2016).

Sphingoid bases are degraded via the S1P lyase pathway. Phosphorylation of sphingoid bases by
sphingosine kinase (SPHK1 and SPHK2) yields sphingoid base phosphates. S1PL irreversibly converts
sphingoid base phosphates to aliphatic aldehydes. Aldehyde dehydrogenase ALDH3A2 converts fatty
aldehydes to fatty acids. Activation by CoA allows the integration of these products into glycerolipid or
sphingolipid metabolism.
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2.2 Metabolism and Function of globo-series Glycosphingolipids

Glycosphingolipids (GSL) form a major sphingolipid subclass and are
characterized by their hydrophobic ceramide membrane-anchor and a diverse set
of glycan structures that is attached to the C1-hydroxyl group by a B-glycosidic
bond and provides each glycosphingolipid species with often unique functional
properties in signalling, cell-cell communication, and development (48, 49).

GSL are classified based on their core glycan structures with the ganglio-, the
globo- and the (neo)lacto-series being most abundant in mammalian cells (Figure
4) (48). Glycosphingolipid synthesizing enzymes are distributed across the ER and
the Golgi cisternae (50) The spatial segregation of these enzymes is a determinant
in the synthesis of specific glycan structures in different tissues and cell types. The
delivery of lipid substrates to their specific location occurs via vesicular transport
or requires dedicated lipid transport proteins and lipid flippases (51, 52). Transport
of ceramide to the trans-Golgi network via ceramide transport protein (CERT)
targets ceramide to sphingomyelin synthesis (52). After biosynthesis of the glycan
moiety within the Golgi-network, mature glycosphingolipids are transported to the
plasma membrane with membrane-bound transport carriers where they reside on
the outer leaflet of the membrane (2). Degradation of glycosphingolipids is initiated
by internalization and mediated by the action of a set of specialized lysosomal
glycosidases and co-factors that hydrolyse terminal carbohydrate moieties. Finally,
free sphingoid bases are released due to the action of acid ceramidase and, after
transport to the ER, can be reutilized for the synthesis of complex sphingolipids

(salvage pathway) (36).

Globo-series GSL biosynthesis

Galactosylceramide and glucosylceramide are common precursors for all
glycosphingolipids (48). Glucosylceramide is synthesized by glucosylceramide
synthase (GCS) after vesicular trafficking of ceramide from the ER to cytosolic
leaflet of cis-Golgi membranes. Transbilayer flipping makes GlcCer accessible for
further glycosylating enzymes. Galactosylation of GlcCer by lactosylceramide
synthase (LCS) on the lumenal side yields lactosylceramide (LacCer) which is a
central branching point for the synthesis of different glycosphingolipid core
structures (48, 53). The synthesis of globo-series GSL is dependent on the
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transport of glucosylceramide from the cytosolic side of the cis-Golgi to the trans-
Golgi network via the lipid transfer protein FAPP2 (54, 55). A trans-Golgi lipid
flippase (possibly ABCB4 or ABCA12 (56) translocates GlcCer to the lumenal side
of the trans-Golgi, where it can be converted to lactosylceramide (LacCer) and
subsequently globotriaosylceramide (Gb3Cer) by addition of UDP-galactose.
Gb3Cer is the core structure for glycosphingolipids of the globo-series. Gb3Cer
synthesis is mediated by an alpha-1,4-galactosyl transferase (Gb3 synthase/CD77
synthase, encoded by the A4GALT gene) (48, 57, 58). Metabolically downstream
globo-series GSL, including Gb4Cer, Forssman antigen, stage-specific embryonic
antigen-3 (SSEA3, Gb5Cer), Globo-H and stage-specific embryonic antigen-4
(SSEA4, sialyl-Gb5Cer) are synthesized by subsequent glycosylation reactions.
Genome-wide CRISPR-based knockout screenings using Shiga toxin-induced cell
death identified LAPTM4A and TM9SF2 as required for the synthesis of Gb3Cer.
LAPTM4A is thought to regulate post-transcriptional Gb3 synthase activity and
TMOSF2 to regulate the subcellular localization of Gb3 synthase (59-61). Gb3Cer
is catabolized in the lysosome by a-galactosidase A (GLA). Mutations in GLA are
associated with Fabry disease, which is characterized by lysosomal accumulation

of Gb3Cer and lyso-Gb3Cer (62—-64).
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Figure 4 Glycosphingolipid biosynthesis and carbohydrate structures.

For GSL biosynthesis (dihydro)ceramides are glycosylated at the C1-hydroxyl group. All GSL are based
on GlcCer and GalCer. LacCer is a central metabolic intermediate and precursor for several GSL
series, based on core glycan motifs. This scheme does not account for the topological separation of

different LacCer pools and highlight only the most prominent globo-series glycan structures.
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Biological functions of globo-series GSL

Glycosphingolipids are localized to glycosphingolipid-enriched microdomains
(GEM). They are involved in a variety of functions including cell-cell
communication, cell adhesion, signalling receptor modulation, and apoptosis
induction. Furthermore, GSL are important for cellular growth and differentiation
(65-71).

Although cultured cells can grow in absence of glycosphingolipids, on an
organismal level abnormal glycosphingolipid expression is often associated with
physiological deficiencies. To elucidate the biological functions of certain
glycosphingolipid subclasses, mouse knockout models of the respective enzymes
have been studied in detail. While a loss of GCS and LCS expression was
associated with embryonic lethality (72—74), more specific knockouts revealed a
variety of phenotypes. GM3 synthase knockout mice exhibited enhanced insulin
sensitivity (75). The loss of galactosylceramide synthase (GalCerS) was
associated with neurological phenotypes (76). Depletion of the (neo)lacto-series
revealed multiple phenotypes including early death, growth inhibition, fur loss,
obesity, B-cell abnormalities, and reproductive problems (48, 77). Initially, Gb3S
depletion did not result in an apparent phenotype, apart from a resistance against
Shiga toxin, for which Gb3Cer is the cellular receptor (78). A recent study
discovered an attenuation of bone formation due to a decrease in osteoblasts in
Gb3S knockout mice (79).

Gb3S is an important enzyme of the p* blood group system and responsible for the
synthesis of different lipid-based antigens including P« antigen (Gb3Cer), P antigen
(Gb4Cer) and P1 antigen (a lacto-series GSL). In rare cases, the p phenotype can
be observed in humans (worldwide prevalence: 5.8:10° (80)) and is associated with
a lack of these antigens. Pregnant women with a p phenotype often suffer from
miscarriages, which is linked to the expression of anti-PXPP1 antibodies. No other

apparent phenotypes have been described in these individuals (81-83).

The biological functions of globo-series GSL are still debated, and several in vitro
studies provide further insight in the context of neural differentiation. Stemness
factors are often linked to the expression of globo-series GSL (84). The

differentiation of stem cells into neuronal cells is associated with a switch
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glycosphingolipid expression from globo-series to ganglio-series (85, 86). Russo
et al. (2018) identified a globo-series GSL-dependent, self-contained circuit that
regulates neuronal development and differentiation. Globo-series GSL were shown
to repress the epigenetic regulator of neuronal gene expression AUTS2, which also
controls GM3 synthase expression. Thereby, the expression of globo-series GSL
inhibits the expression of ganglio-series GSL requiring a decrease of globo-series
GSL for the differentiation of stem cells into neuronal cells (87). The exact
mechanism of epigenetic regulation by globo-series GSL is yet unsolved.

A recent study on cell-to-cell heterogeneity in skin fibroblasts demonstrated that
the sphingolipid compositional state influences cell identity, cellular responses, and
cell-specific transcriptional programs (88). Manipulations of sphingolipid
metabolism were sufficient to reprogram the respective cells, which was attributed
to a connection between lipid composition and signalling pathways. The globo-
series GSL Gb4Cer was shown to positively regulate signalling of fibroblast growth
factor 2 (FGF2) through fibroblast growth factor receptor (FGFR), while ganglioside

GM1 acted as a negative regulator (88).

A modulation of growth factor receptors by globo-series GSL was also
demonstrated for Gb4Cer and epidermal growth factor receptor (EGFR), which
results in an activation of extracellular signal-regulated kinase (ERK) signalling
(89). Critical roles in the regulation of apoptosis and survival in breast cancer were
attributed to the globo-series GSLs SSEA3, SSEA4 and Globo H through the
formation of a complex with caveolin-1(CAV1)/focal adhesion kinase
(FAK)/AKT/receptor-interacting protein kinase (RIP) in membrane microdomains
that prevents the initiation of CD95/Fas-dependent apoptotic signalling (90).
Furthermore, depletion of globo-series GSL through deletion of Gb3S has been
shown to induce epithelial-to-mesenchymal transition (EMT) in epithelial cancer
cells and Gb3S contributes to the maintenance of an epithelial cell state (91).
Globo-series GSL may also modulate inflammatory processes. TLR4-mediated
macrophage activation is positively regulated by Gb3Cer and Gb4Cer at low
concentrations (92), while at higher concentrations the inflammatory response is

suppressed (93).
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Globo-series GSL were found to be upregulated in several cancer types, including
leukaemia, Burkitt’s lymphoma, pancreas, and colon cancer (94, 95) and a role of
Globo H and SSEA-4 in the development and progression of cancer and as

potential therapeutic target is discussed (96).

Recently, another role for globo-series GSL was described in renal physiology (97).
Loss of globo-series GSL in Gb3S knockout mice was associated with an increase
in albumin excretion in absence of apparent changes to glomerular filtration. These
effects were enhanced by a western-type diet, that was found to increase Gb3S
expression. The observed effects were attributed to a reduced uptake of
compounds from the glomerular filtrate in renal proximal tubular epithelial cells
(Figure 5). Furthermore, Gb3S mice were protected in a model of glycerol- and
gentamicin-induced acute kidney injury. These results point to a modulatory effect
of globo-series GSL within the proximal tubular endolysosomal network, but the
underlying mechanisms remain unknown. A clathrin-independent and
glycosphingolipid-dependent endocytic mechanism, that requires GSL for
clustering, membrane bending, and vesicle biogenesis was described and

highlights a role for glycosphingolipids in endocytosis (98).

In summary, these studies indicate, that globo-series GSL and glycosphingolipids
in general may play a role in the diversification of cellular responses and cell fate
decisions. Although globo-series GSL are not essential for life, they may be
important to finetune cellular responses, interactions, and activities, like

endocytosis in specialized environments.
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The proximal tubular endolysosomal network

The main function of the proximal tubules is the reabsorption of essential nutrients
and macromolecules, including albumin, transferrin, and low-molecular weight
proteins (LMWPs), from the glomerular filtrate to sustain homeostasis (99).
Dysfunction of the endolysosomal network in proximal tubular cells is associated
with a massive loss of solutes and proteins through the urine (100). Proximal
tubules are divided into S1, S2 and S3 segments based on cellular morphology,
MRNA expression, protein expression, ultrastructure and endolysosomal network
(101, 102). Most proteins from the glomerular filtrate are cleared in the S1 segment
with the highest expression of the endolysosomal machinery through receptor-

mediated, clathrin-dependent endocytosis (101, 103, 104).

The two multiligand receptors lipoprotein receptor-related protein 2 (LRP2)/megalin
and cubilin are located at the brush border of proximal tubular epithelial cells and
have an essential function in the binding and uptake of proteins and compounds
from the glomerular filtrate (103, 104). For membrane-anchorage cubilin interacts

Role of globo-series glycosphingolipids in proximal tubular epithelium

: . . -/-
@ Abumin — Physijological Gb3S
#» Gentamicin
@& Myoglobin ® ®
DBP ® @
O @ D
=
3 3
[ (T e} D
e [ -
o L
3 -
(o Gb3-mediated J= Decreased reabsorption
'2 reabsorption? E Increased excretion
D Renoprotection
® O U
Q @
| I ] | I J
Tubular Lumen  Proximal Tubular Tubular Lumen  Proximal Tubular
o Epithelium Epithelium

Figure 5 Hypothesized role of globo-series GSL in the proximal tubulus.

Proposed model for the effects of Gb3 synthase knockout on renal reabsorption. Under physiological
conditions most protein in the ultrafiltrate is reabsorbed in the S1 and S2 segments of the proximal
tubules through receptor-mediated endocytosis in a specialized endolysosomal network. Gb3Cer is
proposed to have a positive modulatory function on endocytosis of filtered proteins and xenobiotics.
Lack of Gb3Cer is associated with an increase in urinary excretion of filtered compounds. In models of
glycerol- and gentamicin-induced acute kidney injury, the reduced reabsorption of myoglobin or

gentamicin in proximal tubular epithelial cells decreased the cytotoxic burden on these cells.
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with amnionless (AMN) to form the CUBAM complex, which may also be important
for the apical sorting of cubilin (105). Receptor recruitment to clathrin coated pits is
facilitated by interaction with Dab2 endocytic adaptor (106). Receptor-ligand
complexes are internalized within clathrin-coated vesicles. In apical early
endosomes (AEE) ligands are released from the receptors by vesicular
acidification through vacuolar H* ATPase (v-ATPase) (107, 108). Ligand containing
AEE mature into apical vacuoles (AV) and ligands are degraded in lysosomes.
Receptors are recycled to the apical surface through Rab11-positive dense apical
tubules (DAT) (109). Impaired recycling of receptors as seen in patients with
mutations in chloride-proton exchanger CIC-5 is associated with a loss of ligands
in the glomerular filtrate (110). Some studies point to a compensatory role for
megalin-dependent fluid phase uptake in the recovery of supranormal albumin

levels under nephrotic conditions (99, 111, 112).
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2.3 Skin sphingolipid metabolism and diseases

Skin structure and layers of the epidermis

The second part of this work will focus on skin sphingolipid metabolism and the

role of KDSR mutations for the development of palmoplantar keratoderma.

The skin is the largest organ of the human body and provides an essential barrier
between organisms and their environment. Dermis and epidermis are two major
structures in the skin. The dermis consists of papillary and reticular fibroblasts and
is supplied by blood vessels. The basal membrane separates dermal from
epidermal cells. The epidermis is a highly polarized, stratified epithelium and is
supported by the basal membrane. The epidermis is subdivided into several cell
layers with specific characteristics and functions including the stratum basale (SB),
stratum spinosum (SS), stratum granulosum (SG) and stratum corneum (SC). The
primary barrier between organisms and their environment is formed in the upper
layer of the epidermis, the stratum corneum, while the lower layers (SB, SS, SG)
ensure a constant renewal of this barrier. Important functions of the epidermis
include the prevention of water loss, exclusion of toxins, resistance to mechanical
stress, antimicrobial effects, and a participation in immune responses (Reviewed
in (113, 114)).

The basal membrane provides support for a layer of epidermal stem cells, the
stratum basale (SB) (115). Epidermal stem cell-derived progeny undergoes several
cycles of replication and finally enters terminal differentiation into corneocytes
(116). The balance between proliferation and terminal differentiation is tightly
controlled (117). The stratum spinosum is characterized by a reinforcement of the
cytoskeleton by a keratin filament network and desmosomes are formed between
cells. Lipid biosynthesis is highly increased at the interface between stratum
spinosum and stratum granulosum (SG) to meet the demand for the formation of
the lipid barrier and late differentiation markers of keratinocytes like loricrin and
(pro)filaggrin are expressed (47). This is in line with an increase in expression of
enzymes of the sphingolipid metabolic machinery (118). Lipids are stored in
lamellar bodies (119-121). Keratinocytes start to flatten but are still nucleated in
the SG. The SG/SC interface is characterized by an extrusion of synthesized lipids

into the extracellular space where they form the hydrophobic lipid lamellae, which
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surround the cornified lipid envelope (120, 122). Keratinocytes are further flattened
during cornification and lose cellular organelles and nuclei. Mature corneocytes are
strongly interconnected by corneodesmosomes and water impermeability is
ensured by the intercellular lipid lamellae and the cornified lipid envelope (123,
124). Corneodesmosomes between aging corneocyte layers are slowly degraded
and finally dead corneocytes are shed in a process called desquamation to ensure
a constant renewal of the stratum corneum and the skin barrier with an estimated
turnover of 40-56 days in humans (117, 125, 126).

The terminal differentiation of keratinocytes involves complex signalling processes
and changes in cellular physiology. This introduction will emphasize changes in
sphingolipid metabolism as they are observed during cornification and formation of

the skin lipid barrier.
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Figure 6 Epidermal structure and terminal differentiation of keratinocytes.

The epidermis is a stratified and polarized epithelium and characterized by the maturation and terminal
differentiation of keratinocytes. Epidermal stem cells in the stratum basale are supported by the lamina
basale. Progeny cells enter terminal differentiation in the stratum spinosum, which is linked to a loss
of proliferative capacity and a reinforcement of the cytoskeleton. The stratum granulosum is
characterized by an increase in lipid synthesis, corneocyte envelope proteins and the formation of
lamellar bodies. At the interface to the stratum corneum lamellar body contents are extruded into the
intercellular space for the formation of lipid lamellae and the cornified lipid envelope. Keratinocytes
flatten, lose cellular organelles, and become corneocytes. Renewal of the epidermis is ensured by

constant shedding of the outer corneocytes. Figure taken from (127).
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Sphingolipid diversity in the skin

Sphingolipid metabolism in the skin differs from other tissues and has unique
properties due to the specialized function of ceramides in the skin as components
of the lipid lamellae. Lipid lamellae are part of the skin lipid barrier composed of
ceramides, free fatty acids, and cholesterol in approximately equimolar ratio (128).
Keratinocyte differentiation is associated with a marked increase in ceramide
production and Ceramides are estimated to amount for 50% of total lipid in stratum
corneum by weight (119). In the epidermis sphingolipids may have physiological
functions as membrane lipids, signalling lipids, and barrier lipids. Regulatory
functions of sphingolipids include cell cycle arrest, differentiation, and apoptosis
(129).

The diversity of sphingolipid species observed in the skin is unique compared to
other tissues. Epidermal sphingoid bases are synthesized via de novo synthesis
by the SPT complex. In contrast to other tissues where the majority of sphingoid
bases are composed of aliphatic chains with 18 carbon atoms epidermal sphingoid
bases can reach a length of up to 28 carbon atoms (20, 130-132). The
mechanisms leading to, and the functions associated with this broad length
distribution are not well established. Subunit composition of the SPT complex may
play a major role in the determination of sphingoid base length. SPTLC3 is highly
expressed in skin tissue (14, 15). Although SPTLC3 was shown to be involved in
the production of shorter C16 sphingoid bases (133), the SPTLC1/SPTLC3
complex is promiscuous towards other substrates (14) and may be involved in the
production of sphingoid bases >C22. Furthermore, the availability of elongated
acyl-CoA substrates as they are observed with the expression of elongation of very
long chain fatty acids protein 1 and 4 (ELOVL1 and ELOVL4) in the epidermis (134,
135) could favour a synthesis of longer sphingoid bases.

Besides differences in length distribution, a high structural diversity can be
observed for epidermal sphingoid bases. Sphingosine, sphinganine,
phytosphingosine and 6-hydroxy-sphingosine, a structural variant observed
exclusively in the epidermis, have been reported (47). The biosynthetic mechanism

for the synthesis of 6-OH-sphingosine bases is not yet established.
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This diversity in sphingoid bases is complemented by a variety of substrates for N-
acylation of sphingoid bases. Acyl-CoAs cover an increased length, several
degrees of saturation, hydroxylation, and methyl-branching and compared to other
tissues a high amount of a-hydroxylated C16- — C26-FA (LC- and VLC-FA)
ceramide species is present in the epidermis (136). Sphingoid bases may be N-
acylated with ultra-long chain fatty acids (ULC-FA) (C28 - C38) (43). These ULC-
FA-ceramides may also be w-hydroxylated (137) and w-esterified (138). In addition,
w-esterified ceramides may be bound to proteins of the cornified envelope (139).

Furthermore, 1-O-acyl-ceramides can be found in the skin (140).

Motta et al. (1993) proposed a systematic, letter-based nomenclature system to
group ceramide species with common structural features, which is presented in an
extended form in Figure 7. The last letter describes the structural features of the
sphingoid base (S — sphingosine, dS — sphinganine, P — phytosphingosine, H — 6-
OH-sphingosine). The first letter describes the modification at the N-acyl terminus
(N — non-hydroxylated, A — a-hydroxylated, O - o-hydroxylated, EO — esterified ®-
hydroxylated, PO — protein-bound o-hydroxylated). For the presented thesis |
further extended the described nomenclature system to describe ceramides with

3-ketodihydrosphingosine base (dK) and 3-ketosphingosine base (K).

N-acyl FA N A

” PO
SB non-hydroxy a-hydroxy w-hydroxy j_sr:jz:ﬁfy protein-bound
ot NdS AdS ds ds | POdS
S
Sphingosine NS AS S S POS
Phyto-Sph NP AP P - POP
60H-Sph N A PO
o NAK | AMK | O@K @K | Po(@)K
3-Keto-(dh)Sph

Figure 7 Nomenclature system for skin ceramides (modified from (141)).

Formation of the skin barrier

The biosynthetic pathways for the synthesis of this high variety of sphingolipid
species are highly specialized and often unique to epidermis. The synthesis of
intercellular barrier ceramides is initiated in the lower SS layers and increased in
SG due to an upregulation of de novo sphingolipid synthesis in the ER. The
increase in sphingolipid levels and diversity is highly correlated with keratinocyte
differentiation (142).
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Synthesized ceramides are transported to the Golgi-network, where they are
converted to GlcCer and SM and packed into lamellar bodies, which is thought to
protect differentiating keratinocytes from cytotoxic effects of ceramide
accumulation (143). At the SG-SC interface, lamellar bodies fuse with the apical
membrane and release their contents into the extracellular space. This is
accompanied by the secretion of the catabolic enzymes B-glucocerebrosidase
(GBA) and acidic sphingomyelinase (ASM/SMPD1) as well as corresponding
sphingolipid activator proteins saposin A-D (144) and the hydrolysis of most of
these complex sphingolipids to ceramides (145, 146). GlcCer was shown to be a
precursor for NS, NH, NP, AS, AH, AP, EOS; EOH, EOP, POS, POH ceramides
(147), while SM yield NS and AS ceramides (148).

While Cers2, Cers3, Cers4, and Cers5 were found to be expressed in murine skin
biopsies (43), a strong induction of CerS3 activity was observed upon
differentiation of human cultured keratinocytes (149), that replaces CerS2 activity
in differentiating layers of the epidermis (135). CerS3 is responsible for the
synthesis of ULC-FA-ceramides (43). ULC-FA substrates for CerS3 are provided
by de novo fatty acid synthesis through cytosolic FAS and subsequent elongation
of the resulting fatty acids by the ER-associated ELOVL1- and ELOVL4-associated
elongase complex to ULC-FAs (>28 carbons) (134, 135). ELOVL4 was shown to
be coregulated with CerS3 (150) and the ELOVL complex may directly interact with
CerS3 (Rabionet et al., 2014). Phytoceramides are synthesized through
hydroxylation of dihydroceramide. Desaturase DES2 is upregulated during
keratinocyte differentiation and contributes to the production of phytosphingosine-

based ceramides (33).

For the formation of the cornified lipid envelope, the generation of w-OH-ULC-FA-
ceramides and their glycosylation is essential. The »-OH group is introduced to
ULC-FA-ceramides by oxidation through CYP4F22 (137). ®w-OH-ceramides are
esterified with (primarily) linoleic acid by PNPLA1 using triglycerides as linoleic acid
donors (138) a process substantially activated by ABDHS5 (151). It is unclear at
which step glycosylation occurs. The cornified envelope is formed around anuclear
corneocytes by protein crosslinking through transglutaminases. w-esterified-
glucosylceramides are covalently linked to proteins of the cornified envelope (139).

Evidence for a non-enzymatic mechanism for protein-binding of linoleic acid-o-
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esterified-glucosylceramides was recently presented (152). w-esterified-
glucosylceramides are successively oxygenated by 12R-lipoxygenase (ALOX12B)
to form 9R-hydroperoxy-EOS-glucosylceramides and epidermal lipoxygenase-3
(ALOXES3) converts this intermediate to EpOH-EOS-glucosylceramides (47, 153),
which can be oxidized by SDR9C7 to Ep-keto-EOS-glucosylceramides (epoxy-
enone-EOS-GlcCer). The resulting epoxy-enones are reactive and undergo non-
enzymatic Michael addition or Schiff base and pyrrole formation resulting in
covalent linkage to proteins of the cornified envelope (152). Hydrolysis of the
glucosyl moiety by GBA occurs after covalent linkage to the cornified envelope and
requires sphingolipid activator protein saposin-C (SAP-C) as a cofactor. This novel
mechanism contrasts with predicted mechanisms that require successive
oxygenation of esterified-linoleic acid for esterase-catalysed hydrolysis of the
oxidized w-linoleic acid followed by crosslinking of the exposed »-OH group to
proteins of the cornified envelope. Protein-bound w-OH-ceramides can be further
hydrolysed by acidic ceramidase or alkaline ceramidase 1 resulting in release of
the sphingoid base moiety and a protein-bound w-OH-ULC-FA (34, 154)

Skin diseases related to sphingolipid metabolism

Defects in enzymes involved in the synthesis and hydrolysis of barrier sphingolipids
are often associated with a reduction of barrier function and severe skin disorders.
GCS (155), GBA (156, 157) and ASM (158) were associated with severe barrier
defects. Furthermore, the activator protein saposin-C (SAP-C) was shown to be
essential for establishment of the skin barrier (159). Deletion of Sptlic2 in mice was
associated with psoriasiform skin lesions (160). Deficiency of CerS3 in humans
was linked to autosomal recessive congenital ichthyosis (ARCI) (161) and lethal
skin barrier defects in mice (43). Mutation of ELOVL4 were found to be causative
for Stargardt diseases type 3 (STGD3) (162). CYP4F22 deficiency was linked to
ARCI and ichthyosis (137, 163, 164). DGATZ2-deficiency was shown to reduce
linoleic acid levels and result in a depletion of w-acyl-ceramides accompanied by
skin barrier defects (165). Defective transport of GlcCer into lamellar bodies by
ABCA12 was found to cause severe skin barrier defects and Harlequin ichthyosis
(166, 167). Furthermore, mutations in ALOX12B and ALOXE3, which are essential
for the oxygenation of esterified linoleic acids were found to cause ARCI in humans
and skin barrier defects in mice (153, 168—-170).
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Pathological changes in the skin are tightly linked to alterations in epidermal lipid
metabolism. Changes in epidermal lipid profiles were described for skin
pathologies like atopic dermatitis, psoriasis and xerosis (171). Furthermore, a
decrease in epidermal ceramides is often associated with increased trans-

epidermal water loss, barrier dysfunction and loss of microbial protection (34).

In atopic dermatitis (AD), considered a disease of immunological pathogenesis, it
is unclear whether changes in skin barrier permeability are consequence of
inflammation (“inside-outside” hypothesis) or if they contribute to disease activity
(“outside-inside” hypothesis) (172-174). Total ceramide levels are reduced (175)
and ceramide composition is altered in lesional AD skin (175-177). Several
ceramide classes are depleted including EOS, EOH, EOP, NH, and NP ceramides
(177). The distribution of species within ceramide classes is changed, favouring
shorter ceramide species (177-179). An elevation of CerS4 expression was
described in lesional atopic dermatitis skin, that may explain changes in the N-
acylation pattern (180).

In psoriasis vulgaris (Pso) patients changes in epidermal lipid composition were
observed. Psoriasis vulgaris is characterized as an immune-inflammatory disease
that involves the skin. Skin lesions exhibit a decrease in NDS, NH, AH, EOH, EOP
and EOS ceramides (141, 181) and reduced levels of phytoceramides (176). NS

and AS ceramides are significantly increased.

Recently, biallelic mutations in KDSR were linked to skin disorders of the
erythrokeratoderma spectrum (182—184). The mutations in these patients did not
confer a complete loss of enzymatic function, which would result in a complete lack
of sphingolipids and is predicted to be incompatible with life. Although a reduced
percentage of esterified ceramides was observed in KDSR patients, sphingolipid
levels were rather normal (183) and the causative mechanisms for the

pathogenesis of KDSR-associated skin disorders is under investigation.

In summary, these studies highlight the essential function of each metabolic step
during synthesis of skin barrier ceramides and demonstrate the critical issues that

are associated with a perturbation of epidermal sphingolipid metabolism.
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3 Aim of the thesis

The two chapters of this thesis are about different enzymes of sphingolipid

metabolism in their specific contexts of physiology and pathology.

(1)

(1)

Gb3S, a glycosphingolipid synthesizing enzyme, was described to be
involved in kidney function of mice, specifically the reuptake of
compounds from the glomerular filtrate. A reduction of reuptake was
associated with protective effects in glycerol- and gentamicin-induced
models of acute kidney injury. The underlying mechanisms are unknown.
My aim is to investigate, whether and how globo-series GSL — protein
interactions may mediate the reuptake and renoprotective effects. | will
establish the necessary cell culture models and assay conditions for the
identification of protein interaction candidates with globo-series GSL
using a bifunctional sphingosine probe (pacSph). The identification of
protein candidates for an interaction with globo-series GSL may provide
a foundation for future investigations of the underlying mechanisms. An
understanding of the underlying mechanisms could result in strategies
to avoid renotoxicity of common pharmacological compounds or during

cancer treatments.

Biallelic mutations in KDSR, an enzyme of the sphingolipid de novo
synthesis pathway, were shown to cause skin pathologies of the
erythrokeratoderma spectrum. Sphingolipid synthesis and composition
are important determinants of skin maintenance. My aim is to analyse
the consequences of KDSR mutations regarding ceramide and
sphingoid base metabolism by liquid chromatography-based tandem
mass spectrometry (LC-MS/MS). Of special interest is the question
whether there is an accumulation of the KDSR substrate KDS and if this
can be an alternative substrate for ceramide synthases to generate non-
physiological ceramides. Furthermore, | want to compare observations
from KDSR patients to atopic dermatitis and psoriasis vulgaris patients.
A detailed understanding of the metabolic effects of KDSR mutation may
help to develop treatment strategies for these patients.
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4 Chapter 1 - Identification of globo-series GSL-
interacting proteins

4.1 Results

In a model of rhabdomyolysis, Gb3 synthase knockout was shown to protect mice
from acute kidney injury. The aim of this chapter is to provide a foundation for a
future investigation of the physiological and pathophysiological effects of globo-
series GSL in the context of renal proximal tubular epithelial cells and how the lack
of these lipids can contribute to renoprotection. A special emphasis was laid on the
identification of specific protein interactions of globo-series GSL using a

bifunctional lipid probe (pacSph) for proximity crosslinking and protein enrichment.

4.1.1 HK-2-aproximal tubular epithelial cell line

The immortalized human proximal tubular epithelial cell line HK-2 (185) is derived
from a single cell of adult human kidney. It was immortalized using the EG/E7 genes
from human papilloma virus (HPV). Compared to other cell lines that are often
derived from tumours, from animals or are of embryonic origin, HK-2 retains some
characteristics of primary and renal proximal tubular epithelial cells (RPTECs). The
dependence on epidermal growth factor (EGF) indicates a regulatory control of
growth processes (185). HK-2 expresses alkaline phosphatase, y-glutamyl
peptidase, leucine aminopeptidase, acid phosphates, cytokeratin, a331 integrin
and fibronectin, which are epithelial markers and brush border associated enzymes
(185). The mesenchymal markers factor VllI-related antigen, 6.19 antigen and
CALLA endopeptidase are not expressed in HK-2. Functional characteristics
include Na*-dependent/phlorizin-sensitive sugar transport, which is unique to the
apical membrane of proximal tubular epithelial cells and indicates that brush border
membrane transport systems are retained in this cell line. Adenylate cyclase is
responsive to parathyroid, but not antidiuretic, hormone. HK-2 is also a suitable
model to study injury response and injury repair in proximal tubular epithelial cells,
and it was shown that the respective mechanisms of H202 response are retained
(185). HK-2 forms monolayers during growth with a cuboidal morphology. Dome
formation and contact inhibition can be observed. Junctional complexes and

microvilli that are reminiscent of brush border are present (185). At lower
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confluence levels fibroblast-like protrusions can be observed in individual cells
(Figure 8B).

HK-2 cells express globo-series GSL

| examined glycosphingolipid expression in HK-2 cells by high-performance thin
layer chromatography (HPTLC) and liquid chromatography-coupled tandem mass
spectrometry (LC-MS/MS).

For this, | grew the cells to 80% confluence in either DMEM/F-12 (1:1) (Dulbecco’s
modified eagle medium/F-12) supplemented with 10% fetal calf serum (FCS) or
keratinocyte serum-free medium supplemented with EGF and bovine pituitary
extract. For comparison a normal rat kidney (NRK) cell line was grown under the
same conditions. The cells were harvested by scraping and lipids were extracted,
phospholipids were removed by alkaline hydrolysis and samples were fractionated
into neutral and acidic glycosphingolipids by anion exchange. Separation of the
lipids on a HPTLC plate and carbohydrate-sensitive orcinol staining revealed the

specific glycosphingolipid expression patterns (Figure 8A).

The major neutral glycosphingolipids observed in HK-2 were of the globo-series,
namely Gb3Cer and Gb4Cer. Globo-series GSL levels were comparable under
both media conditions. | found hexosylceramide in both media conditions and |
observed a slightly increased level of lactosylceramide in DMEM/F-12 (10% FCS).
Acidic glycosphingolipids of the GM- and GD-series were present in HK-2 at a low
level. In NRK cells | only found moderate amounts of GM3 (Figure 8A). The
expression of Gb3Cer was further confirmed by treatment of HK-2 with the Cy3-
labeled B-subunit of shigella toxin (StxB-Cy3) and subsequent confocal
fluorescence microscopy. The binding of the StxB-subunit to Gb3Cer is a crucial
step in shiga toxin uptake and indicates the presence of Gb3Cer (Figure 8C).
Furthermore, | confirmed Gb3 expression by immunostaining with chicken anti-
Gb3Cer antibody (JM06/298-2) (Figure 8D). Permeabilization of the cells with 0.1%
Triton X-100 led to a more particulate staining compared to non-permeabilized
samples. The even distribution of the staining likely resembles physiological
Gb3Cer localization more closely. On cellular level | observed differences in
staining intensity between individual cells indicating heterogenous Gb3Cer

expression within the population.
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Figure 8 Characterization of the human PTEC line HK-2.

Glycosphingolipid expression in human proximal tubular epithelial HK-2 cells was examined with
various methods. (A) High-performance thin layer chromatography (HPTLC) of fractionated lipid
extracts was performed. The lipid extract equivalent to 100 ug protein was applied to the plates. Plates
were developed in chloroform/acetone (1:1) and chloroform/methanol/0.2% CaClz (60:35:8)
subsequently over the full length. Glycosphingolipids were stained with orcinol solution. For evaluation
of neutral GSLs a neutral GSL (nGSL) standard containing GlcCer, LacCer, Gb3Cer, Gb4Cer and
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nLc4Cer and Gb3Cer standard were applied. For acidic GSL a porcine brain ganglioside mix (including
GM1, GD3, GD2, GD1a and GT1b) and GM3 and GM2 standards were applied. (B) HK-2 cells were
grown under standard growth conditions (DMEM/F-12 + 10% FCS) to the desired density and brightfield
images were obtained. (C) HK-2 cells were treated with 0.5 yg/mL StxB-Cy3 and StxB binding was
confirmed by confocal microscopy. Nuclei were counterstained with DAPI. (D) Permeabilized (Triton
X-100) and non-permeabilized (no Triton X-100) HK-2 cells were stained with chicken anti-Gb3Cer
antibody (JM06/298) (dilution 1:100). Antibody binding was detected with secondary goat anti-chicken
Alexa594™ antibody conjugate (1:200). Scale bars indicate 50 pym.

| evaluated the expression of lipid species by mass spectrometry. A parent scan of
m/z 264 by direct injection of HK-2 lipid extract from a subconfluent culture revealed
the palmitic acid (C16) and nervonic acid (C24:1) N-conjugated lipids as the
primarily expressed species in ceramides (Cer), hexosylceramide (HexCer),
lactosylceramide (LacCer) and globotriaosylceramide (Gb3Cer) (Figure 9A). This
was further confirmed by liquid chromatography-coupled mass spectrometric
analysis. C18-, C20-, C22-, and C24-N-conjugated species of Gb3Cer were

observed in minor amounts (Figure 9B).
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Figure 9 Mass spectrometric characterisation of neutral GSL expression.

Mass spectrometric characterization of the expression of sphingolipid species. (A) Parent scan of m/z
264 @ 28 eV collision energy from m/z 500 — m/z 1500. Lipid extract from a subconfluent HK-2 culture
was injected. Major species of the observed sphingolipid classes are annotated. (B) Relative LC-

MS/MS analysis of Gb3Cer species from a subconfluent HK-2 culture.
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4.1.2 Metabolic labelling of GSL with pacSph

The application of a bifunctional sphingosine (pacSph) probe to interrogate protein-
sphingolipid interaction was demonstrated by metabolic labelling (Haberkant
2015). Due to the additional metabolic steps, labelling of glycosphingolipids may
require an adjustment of labelling parameters. For labelling of globo-series GSL
several metabolic steps have to be passed after metabolic conversion to ceramide
and glucosylceramide including the transport by FAPP2 to the trans-Golgi network,
ABCB1-mediated flipping, conversion to lactosylceramide, and conversion by Gb3
synthase to Gb3Cer.

| established a LC-MS/MS method to examine changes in pacSph-labelling of
sphingolipid and degradation of the probe into phospholipids, investigated the use
of a S1PL inhibitor as an alternative to S1PL knockout to prevent degradation of
the probe into glycerolipids, and optimized labelling parameters, like labelling time
and cell culture state, for an increase in specific labelling of globo-series GSL.
Further modification of lipid labelling on species level was proven to be possible by
treatment with oleic acid.

LC-MS/MS for evaluation of pacSph labelling

For the evaluation of analytical conditions of pac-sphingolipids and pac-
phospholipids, | treated HK-2 cells with pacSph (6 uM, 4h) and extracted the lipids
without further UV crosslinking or click reaction. A parent scan of m/z 264 revealed
HexCer(d18:1/16:0) and HexCer(d18:1/24:1) as abundant lipid species in these
extracts (Figure 10B upper panel). Product ion scan of the respective pacSph-
labelled pacHexCer(d18:1/24:1) and pacHexCer(d18:1/16:0) species was
performed. | identified a fragment at m/z 272 that’s indicative of the modified
sphingoid base after deacylation, and neutral loss of the glucose head group and
water ([M+H-Hex-FA-N2]*) (Figure 10A). In this fragment the diazirine group is
converted into a carben structure concomitant with the release of nitrogen. |
observed minor amounts of a fragment with m/z 290 that retained the water ([M+H-
Hex-(FA-H20)-N2]*) and of a fragment with m/z 300 with retaining the diazirine
group ([M+H-Hex-FA]*). A parent scan of m/z 272 reveals the respective pacSph-
labelled lipid species with a mass difference of 36u (Figure 10B lower panel). For

quantification of pacSph-labelled lipid species the transition of the molecular ion
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(including the mass increase of 36u compared to non-labelled species) to the
fragment ion with m/z 272 was used (Figure 11A). | validated this strategy by LC-
MS/MS and found that it is applicable for ceramides, HexCer, LacCer and Gb3. A
pronounced decrease in retention time was observed for the modified lipids. The

observed labelled lipid species were reminiscent of the non-labelled analogues and

reflected the species profile observed for the non-labelled lipids (Figure 11B).
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Figure 10 Mass spectrometric characterization of pac-sphingolipids.

Mass spectrometric characterization of pacSph-labelled lipids from pacSph-treated HK-2 cell culture

extracts (6 uM, 4h). (A) Product ion scan of labelled pacHexCer(d18:1/16:0) (m/z 736.5) and
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pacHexCer(d18:1/24:1) (m/z 846.5) from HK-2 extracts by direct injection mass spectrometry at 25 eV
collision energy. Fragment ions observed include m/z 272.2 and m/z 290.2 and can be explained based
on the chemical structure and modification introduced by pacSph. Since a lipid mixture was analysed,
m/z 184 most likely is derived from phosphatidylcholine and/or sphingomyelin species (and isotopic
peaks) with the same mass. Mass spectra were normalized to m/z 272.2 as 100%. (B) Parent ion scan
of m/z 264.2 (for sphingolipids) and 272.2 (for pacSph-labelled sphingolipids) at 25 eV collision energy

by direct injection mass spectrometry. Mass spectra are normalized to the base peak.

Degradation of pacSph via sphingosine-1-phosphate lyase (S1PL) produces
phosphoethanolamine and hexadecenal. Hexadecenal (with a diazirine and
terminal alkyne group) may be converted to a fatty acid and incorporated into
glycerolipids. To monitor the extent of glycerolipid labelling, pac-modified
phosphatidylcholine (PC) species were measured by LC-MS/MS. Incorporation of

the functional groups leads to an increase in mass
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Figure 11 LC-MS/MS analysis of pac-Lipids.
Characterization of pacSphingolipids by LC-MS/MS. (A) Chemical structure of pacSphingolipids (+36u

mass increase) and structure of the putative fragment m/z 272.2. (B) Analysis of HK-2 lipid extracts

after pacSph labelling (6 uM, 4h) by multiple reaction monitoring (MRM) mode with the transition of
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[M+H]* (+36u) to m/z 272.2 for a specified set of pacSph-labelled lipid species based on endogenous
lipid abundance. Comparison reveals a reduction in retention time compared to non-labelled
counterparts (analysed by [M+H]* > m/z 264.2). (C) Proposed fragmentation mechanism for modified
pacPC species due to pacSph degradation by sphingosine-1-phosphate lyase (S1PL). Incorporation of
one pacFA moiety yields pacPC with a mass increase of 36u compared to PC species. Generation of
the energetically preferred phosphocholine fragment is still possible in pacPC and yields fragment m/z
184. (D) Analysis of labelled pacPC species and their non-labelled counterparts by MRM mode.
Labelled species were measured with the transition of [M+H]* (+36u) > m/z 184.07. Arrows indicate

peaks of the respective annotated compounds.

by 36 u compared to non-labelled PC species (Figure 11C). Analogous to PC, the
energetically favoured phosphocholine fragment is produced during collision-
induced dissociation (CID) in modified PC species as well. Using a limited set of
marker species, this transition ([M+H]* (+36u) > m/z 184.07) can be used to monitor

the extent of glycerolipid labelling in varying conditions (Figure 11D).

Genetic ablation of S1P lyase using CRISPR/Cas9

The major route for the degradation of sphingolipids is via the sphingosine-1-
phosphate lyase pathway. Exogenous pacSph may be taken up by cells and
incorporated in complex sphingolipids. Alternatively, pacSph may be converted to
pac-sphingosine-1-phosphate (pacS1P) and degraded via the S1PL pathway to
hexadecenal and ethanolamine. A hexadecenal derivative, which contains the
introduced functional diazirine and terminal alkyne groups, may be recycled to
pac-palmitate and then introduced into glycerolipids, reducing the sphingolipid-
targeting specificity of labelling approach (Figure 12A).

Genetic ablation of S1PL was found to be a suitable mechanism to prevent labelling
of glycerolipids (186). Alternative strategies would include, for example, indirect
inhibition by depletion of pyridoxal-5-phosphate with FTY720 ((187)) or a direct
inhibition strategy based on the use of a potent inhibitor for S1PL. The
disadvantage of indirect inhibition is the relatively low specificity of the treatment,
given that other enzymes, for example serine-palmitoyl-CoA transferase (SPT), a
critical enzyme in de novo synthesis, are also dependent on pyridoxal-5-
phosphate. Direct inhibition strategies rely on the availability of potent and specific
inhibitors. One such inhibitor, which is directed to the active site of S1PL with an
IC50 of 110 nM in cellular assays was published (188, 189) (Figure 12B).
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| evaluated the applicability of this S1PL inhibitor (S1PL-I) (Figure 12B) for the
prevention of glycerolipid labelling and found a reduction in glycerolipid labelling

accompanied by an increase in sphingolipid labelling (Supplementary Figure 1).

Although first results with this inhibitor were promising, persistent glycerolipid
labelling could be a problem for the identification of sphingolipid-interacting
proteins and higher concentrations of the inhibitor appear to have an impact on
GSL homeostasis (Supplementary Figure 1). To overcome these problems, |

decided to genetically deplete S1PL to prevent glycerolipid labelling during pacSph

labelling.
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Figure 12 Role of S1PL and coumarin-azide assay.

(A) Role of S1PL metabolism for pacSph labelling. (B) Structure of S1PL-I (inhibitor 31). (C) Schematic
of coumarin-azide based detection of pacSph labelled lipids by HPTLC. Cells are treated with pacSph
probe, which is metabolically incorporated in other lipids. Lipid mixtures are extracted and labelled
lipids are covalently linked to a fluorescent coumarin by CuAAC click chemistry. The derivatized lipid

mixture can be separated by HPTLC and labelled lipids are visualized by UV fluorescence.

For the genetic knockout of sphingosine-1-phosphate lyase (S1PL) | employed the
clustered regularly interspaced short palindromic repeats/Cas 9 (CRISPR/Cas9)
genome editing system (190). CRISPR/Cas9 enables the introduction of double

strand breaks at defined loci in the genome based on a guiding RNA molecule
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(gRNA). General repair of these double strand breaks occurs via error-prone non-
homologous end joining (NHEJ). NHEJ may introduce insertions or deletions at the
cut site, that render the protein non-functional. The streptococcus pyogenes Cas9
(SpCas9) needs a protospacer adjacent motif (PAM) of 5’-NGG-3’ upstream of the
guiding sequence. | delivered the CRISPR/Cas9 gene editing system with the
pSpCas9(BB)-2A-Puro (px459) plasmid, containing the coding sequence for the
SpCas9, a Bbsl-accessible scaffold for the insertion of gRNA oligos and a
puromycin resistance gene. Guide RNA candidates were designed using the
CRISPOR tool (https://crispor.tefor.net/) (191, 192) and evaluated based on human
genome (GRCh37/hg19) with the 100genomes SNP database. Candidate
sequences were targeted to exon sequences of S1PL and selected based on
efficiency and specificity as described by MIT and CFD score (Figure 13A, Table
2). Bbsl overhangs (5-CACC-sense-gRNA and 5’-AAAC-antisense-gRNA) were
added to the sequence. If necessary, an additional G was added between 5'-
overlap and sense-gRNA for increased efficiency of the U6 promoter. Efficiency of
gRNA1 and gRNAS3 for S1PL knockout was demonstrated before (186).

Table 2 Guide RNA sequences selected to target the S1P lyase locus.

MIT score ranges from 0 — 100 and indicates uniqueness of the guide in the genome (193).
CFD score ranges from 0 — 100 and correlates with the off-target cleavage fraction of a guide (194,
195). Bold letters indicate the targeted coding sequence on the S1PL locus, underlined G insertion of

additional guanine for the U6 promoter.

Guide Oligo-DNA Sequences (5’-3’) MIT score CFD score
gRNA1  CACCGAATCTCTAAGTAGGGCTCAA 77 87
gRNA2 CACCGCCTCTGGAACAGTGTACAGT 82 94
gRNA3 CACCGCCTCTATCTTGCGTAGTCC 96 97

The selected gRNAs were ordered as complementary single stranded sequences
and annealed. After restriction digest with Bbsl, DNA oligos were ligated into the
gRNA scaffold of Bbsl. Correct insertion was confirmed by colony PCR and
restriction digest with Bbsl and EcoRV. Transfection of HK-2 cells was done using
the calcium phosphate transfection method. Selection with puromycin was started
one day after transfection. Single cells were isolated, expanded and the resulting
cell lines were screened based on their pacSph labelling profile by HPTLC and LC-
MS/MS.


https://crispor.tefor.net/
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Glycerolipid labelling by pacSph was evaluated by LC-MS/MS analysis of selected
pacPC species and in all out of seven tested cell lines no pacPC was detected
(Figure 13B-C). This was further confirmed by HPTLC. Labelled lipids were
visualized with copper-azide-alkyne cycloaddition-based (CuAAC) click chemistry
by conjugation with 3-azido-7-hydroxycoumarin-azide (Jena Bioscience GmbH,
Jena, Germany). Coumarin-azide is a fluorogenic compound and gains UV
fluorescence (Lex404 nm, Aem 477 nm) after conjugation. Fluorescent lipids can be
visualized using a fluorescence imaging system after separation on a HPTLC plate
(Figure 12C). Not only was glycerolipid labelling completely abrogated, but |
observed a strong increase in sphingolipid labelling in the tested clones (Figure
13D). Sphingolipid identity was confirmed by alkaline hydrolysis (AH). Clone 4 was

selected for further experiments.
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Figure 13 S1PL knockout in HK-2 cell line.

Glycerolipid labelling by pacSph was prevented by knockout of S1PL in HK-2 cells. (A) CRISPR/Cas9-
based knockout strategy targeting exons 3, 6 and 7 to introduce indels by non-homologous end-joining
(NHEJ). (B) Analysis of phosphatidylcholine species PC(32:0) (upper two chromatograms) and labelled
pacPC(32:0) (lower two chromatograms) in control and S1PL-targeted HK-2 cells by LC-MS/MS in
multiple reaction monitoring (MRM) mode. (C) Sum of analysed pacPC species in control and S1PL-
targeted HK-2 cells. Graphs indicate mean+standard deviation. (D) HPTLC analysis of HK-2 wild type
and S1PL-targeted clones after pacSph labelling and CuAAC-click with coumarin-azide with and
without alkaline hydrolysis (AH) to degrade glycerolipids, but not sphingolipids. Clone 4 was obtained
by transfection with px459-S1PL-guide3. Coumarin azide was visualized by UV fluorescence. The

HPTLC plate was developed in CHCI3/MeOH/H20O/AcOH (65:25:4:1) to 50% and n-Hexane/ethyl
acetate (1:1) to 100%.
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Efficiency of globo-Series GSL labelling depends on labelling parameters

Labelling of specifically GSL with pacSph requires additional metabolic steps and
an adjustment of labelling parameter can improve the yield of labelled GSL. |
performed a time series experiment to determine optimal labelling parameters for

a labelling of GSL and evaluated the impact of an additional chase time.

Confluent cultures of HK-2 AS1PL cells were treated with pacSph (6 yuM) for
defined time periods. Afterwards, the cells were harvested, lipids extracted and
CuAAC-click reaction with coumarin-azide performed to visualize labelled lipids by
HPTLC with UV fluorescence.

| found that a prolongation of labelling time up to 24h improves globo-series GSL
labelling under these conditions (Figure 14A-B). The amount of labelled Gb3Cer
was increased at 24h, while | observed a decrease in ceramide and HexCer
labelling. Sphingomyelin labelling appears rather constant, its relatively fraction
increases with increased labelling time. Labelling for more than 24h did not reveal
a benefit, but rather a reduction in all labelled lipids. It is possible, that replenishing
the labelling medium could further improve the labelling, but this was not
experimentally validated. | found that a chase period after replacing the labelling
medium with fresh normal growth medium could further improve the relative
amount of labelled Gb3Cer. While a decrease in all labelled lipids is observable
after 4h, the relative amount of labelled Gb3Cer is increasing due to the slower

degradation compared to other sphingolipids (except sphingomyelin).

These adjusted conditions were validated by LC-MS/MS. HK-2 AS1PL cells were
treated with pacSph (6 uM, 22h+4h (Pulse and Chase) or 4h (standard)) and lipids
were extracted. LC-MS/MS analysis of pacSph-labelled lipids was performed and
the relative logz-fold change between standard and modified labelling protocol for
each lipid class was calculated. Compared to the 4h labelling protocol (standard),
these changes combined yielded an overall improvement of 4.5-fold for the
labelling of Gb3Cer and 2-fold for LacCer, while (hexosyl)ceramide labelling was
reduced. No change was observed in sphingomyelin labelling.

| found that an increased labelling time results in a more pronounced labelling of
VLC-FA sphingolipids, as seen by a proportionally higher increase in C22, C24:1,
C24:0 species compared to C16-species (Figure 14E).
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Figure 14 Evaluation of labelling parameters for Gb3Cer labelling.

HK-2 AS1PL cells were treated with pacSph (6 uM) in a time series experiment. (A) HPTLC plate of
lipid extracts from cells treated for varying durations with pacSph. pacSph-labelled lipids were
conjugated to coumarin-azide by CuAAC-click reaction and visualized by UV fluorescence. HPTLC
plate was developed in CHCI3/MeOH/H20/AcOH (65:25:4:1) to 50% and n-Hexane/ethyl acetate (1:1)
to 100%. (B) Relative quantification of HPTLC bands for pulse time series. (C) Relative quantification
of HPTLC bands for chase time series. (D) Evaluation of labelling conditions by LC-MS/MS. Standard
labelling protocol (4h) was compared to a modified labelling protocol (22h + 4h; Pulse + Chase). The
relative fold change in cumulated lipid species of each lipid class was calculated compared to the
standard protocol. (E) Changes on pac-lipid species level with 4h labelling and 22h + 4h labelling
(Pulse+Chase). Graph indicates mean + standard deviation (n = 4). Statistical testing was done by
unpaired, two-tailed Student’s t-test with Holm-Sidak correction for multiple comparisons (*** p <
0.001).
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Density of the cell layer is associated with Gb3Cer expression

The expression of Gb3Cer in cell culture was linked to contact inhibition before. To
test if the density of the culture has an impact on Gb3Cer expression and the
incorporation of pacSph into globo-series GSL, | grew AS1PL cells to subconfluent
(~70%) and confluent (100%) density, treated the cultures with pacSph (6 uM, 4h)
and harvested the cells by scraping without further treatment. After lipid extraction,
| analysed non-labelled and labelled Gb3Cer species by LC-MS/MS.

| found the major Gb3Cer species (including C16:0-, C18:0-, C24:1- and C24:0-N-
acyl) were significantly increased in confluent cells, while other sphingolipids were
not affected, indicating an upregulation of the Gb3Cer synthesizing metabolic
pathway with increased cell density (Figure 15A-B). These changes were not
limited to the non-labelled sphingolipid pool but also resulted in an increase in
incorporation of the pacSph base into Gb3Cer across all abundant Gb3Cer species

(Figure 15C-D). | also observed a slight increase in ceramide labelling.
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Figure 15 Cell density influences Gb3Cer expression.

Lipid extracts of HK-2 AS1PL cells (clone 4) obtained from pacSph-labelled cultures of different density
were analysed by LC-MS/MS. (A) Sum of measured lipid species by lipid class of the non-labelled lipid
pools. (B) Changes in non-labelled Gb3Cer species. (C) Sum of measured lipid species by lipid class
of the pacSph-labelled lipid pools. (D) Changes in pacSph-labelled Gb3Cer species. Graphs indicate
mean + standard deviation. Statistical testing was done by two-way analysis of variance with Sidak’s

multiple comparisons test (** p < 0.01; *** p < 0.001).
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Oleic acid treatment

Lipid-rich western-type diet can induce Gb3 synthase activity in mice (97).
Treatment of HK-2 cells with oleic acid may mimic these findings and could affect
Gb3Cer levels.

To investigate this, | pre-treated HK-2 cells with albumin-bound oleic acid (64 uM)
or albumin alone (64 uM) for one hour. Afterwards, HK-2 cells were treated with
pacSph (3 pM, 22h) in presence of S1PL-l (200 nM). Lipids were extracted and
pacSph-labelled and non-labelled lipids analysed by LC-MS/MS. In the non-
labelled lipid pool a decrease in ceramide and HexCer and an increase in Gb3Cer
could be observed (Figure 16A) that could be primarily attributed to an increase in
C24:1-Gb3Cer (Figure 16B left). In line with these findings pacSph-labelled
Gb3Cer species strongly shifted towards C24:1-pacGb3Cer, with a decrease in all
other species (Figure 16 right).
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Figure 16 Oleic acid treatment induces change in Gb3Cer expression pattern.

HK-2 cells were treated with albumin-bound oleic acid (OA) and changes in sphingolipid levels and
pacSph labelling were measured by LC-MS/MS. (A) Non-labelled lipid pools by lipid class. (B) Analysis
of Gb3Cer species distribution in non-labelled (left) and labelled (right) lipids. Graphs indicate mean +
standard deviation (n = 4). Statistical testing was done unpaired, two-tailed Student’s t-test with Holm-
Sidak correction for multiple testing (* p < 0.05, ** p < 0.01, *** p < 0.001).
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4.1.3 Genetic ablation of Gb3 synthase using CRISPR/Cas9

The aim of the presented experiments is the identification of globo-series GSL
interacting proteins by using pacSph in a pull-down assay. This procedure will
reveal not only globo-series GSL-interacting proteins, but also other sphingolipid-
interacting proteins. To achieve specificity towards globo-series GSL, | performed
a knockout of Gb3 synthase in HK-2 cells. Gb3 synthase knockout will prevent the
synthesis and labelling of globo-series GSL and by direct comparison of cells with

or without Gb3 synthase globo-series GSL-interacting proteins may be identified.

To knockout Gb3 synthase | used the same CRISPR/Cas9 NHEJ strategy as
presented for the knockout of S1PL. | knocked out Gb3 synthase in HK-2 wild type
cells for performing phenotypic studies of the effect of Gb3 synthase knockout and
in HK-2 AS1PL cells for a differential comparison in a pull-down proteomic study

with Gb3 synthase expressing cells.

Two exons are described for Gb3 synthase, whereas the first exon covers solely
the 5’UTR region (Figure 17A). Analysis of functional domains revealed a glycosyl-
transfer domain with a DXD sugar-binding motif. To ensure a loss of catalytic
activity, | selected guide RNA candidates upstream to this region. Efficacy of the
used gRNA candidates in targeting the Gb3 synthase locus was confirmed by
targeting proliferative and easy-to-transfect HEK293 cells. Transfection of HK-2
cells was done using the calcium phosphate method. After selection with

puromycin single cells were isolated and expanded into new clonal cell lines.

Table 3 Guide RNA sequences for targeting the Gb3 synthase locus.

Guide Oligo-DNA Sequences (5’-3’) MIT score CFD score
gRNA1 CACCGCTGCACGGCCGCGTACCAGT 98 99
gRNA2 CACCGCATGATCTACTGGCACGTTG 94 96
gRNA3 CACCGCCGCGTACCAGTCGGCCAG 94 99
gRNA4 CACCGGACCAGCACGTGGGATTCG 90 96

MIT score ranges from 0 — 100 and indicates uniqueness of the guide in the genome (193)
CFD score ranges from 0 — 100 and correlates with the off-target cleavage fraction of a guide (194,
195). Bold letters indicate the targeted coding sequence on the S1PL locus, underlined G insertion of

additional guanine for the U6 promoter.
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Gb3 synthase knockout in HK-2 wild type

In HK-2 wild type cells Gb3 synthase was targeted with gRNAZ2. | characterized
Gb3 synthase targeted HK-2 (wild type) cells based on the expression of globo-
series GSL by HPTLC and LC-MS/MS (Figure 17B-C). HPTLC of two clones
revealed a loss of globo-series GSL and an accumulation of the Gb3 synthase
substrate lactosylceramide (Figure 17B left). Bands on the running at the same
height as Gb4Cer are not Gb4Cer, but rather glycosphingolipids of the
asialoganglio- or lacto-series (Gg4Cer and Lc4Cer, respectively). Although
ganglioside expression is weaker compared to neutral glycosphingolipids, small
changes in the expression profile were detectable including possibly an increase
in GD2 and a reduction in GM1 expression (Figure 17B right). | was able to confirm
the loss of Gb3Cer by LC-MS/MS (Figure 17C). | analysed the lipid expression in
10 different Gb3S-targeted cell lines, 8 of these clones were devoid of Gb3Cer
expression, indicating a high efficiency of the gene editing (Figure 17D). As
expected, the Gb3S substrate LacCer was increased in most clones that lacked
Gb3Cer. Further confirmation for a successful knockout of Gb3 synthase was
obtained on genetic level by sanger sequencing in combination with TIDE

deconvolution (not shown) (196).
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Figure 17 CRISPR/Cas9-mediated knockout of Gb3S in HK-2 wild type.

Gb3 synthase was targeted in HK-2 wild type cells using the CRISPR/Cas9 system. (A) Gb3 synthase
locus with indication of transmembrane domain (TMD), coding sequence (CDS), DXD sugar binding
motif and targeting sequences of gRNA candidates. (B) HPTLC analysis of neutral and acidic GSL in
two Gb3S-targeted clones and wild type cells. GSL were stained using orcinol reagent. HPTLC plates
were developed in chloroform/acetone (1:1) and chloroform/methanol/0.2% CaCl. (60:35:8)
subsequently over the full length of the plate. (C) LC-MS/MS analysis of two Gb3S targeted clones.
Chromatograms show Gb3Cer species measured in MRM mode. (D) Lipid analysis of 10 Gb3S-targeted

clones. Bars indicate sum of the measured lipid species by lipid class.
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Gb3 synthase knockout in HK-2 AS1PL

For the double knockout of Gb3 synthase and sphingosine-1-phosphate lyase |
decided to use a consecutive knockout strategy. A consecutive strategy may have
advantages over targeting both enzymes in parallel. By isolation of a AS1PL clone,
| expect less clonal variation as compared to the wild type cell population. For a
comparison of AS1PL against AS1PL/AGb3S as planned for the pull-down

experiment this order ensures similar genetic backgrounds.

HK-2 AS1PL clone 4 was selected for an additional knockout of Gb3 synthase and
targeting by CRISPR/Cas9 as described before. | isolated 78 clones and expanded
these clones into new cell lines. Characterization of the clones was performed by
LC-MS/MS measurement of Gb3Cer species. Although Gb3Cer expression is
lower in most of the characterized clones, | identified only one clone without
expression of Gb3Cer (Figure 18A). It is possible that HK-2 AS1PL cells acquired
tolerance towards further editing, due to a change in cellular repair mechanisms or
integration of the puromycin resistance gene after initial gene editing. | further
characterized this clone and confirmed the loss of globo-series GSL expression in
this cell line. | did not observe apparent changes in cell morphology after knockout
of Gb3 synthase at low or high cell densities (Figure 18B). HPTLC analysis of the
clone revealed a lack of globo-series GSL expression and an increase in LacCer
(Figure 18D), which is in line with the previous observations (Figure 17B). |
performed a sensitive immune overlay with anti-Gb3 antibody to ensure the
diminished Gb3Cer expression even at low levels (Figure 18D), which further
confirmed the absence of Gb3Cer. HPTLC analysis of acidic GSL revealed
changes between HK-2 AS1PL and HK-2 AS1PL/AGb3S cells. In double knockout
cells | observed an increase in gangliosides GM3 and GM2 compared to AS1PL
cells (Figure 18E) and in-line with the observations from Gb3S knockout in HK-2
wild type cells (Figure 17B), a decrease in GM1 expression (Figure 18E). This
change in ganglioside expression was further investigated by an immune overlay
with anti-GD2 antibody indicating an increase in ganglioside GD2 expression due
to knockout of the Gb3 synthase (Figure 18E). It was shown before that Gb3S
expression is associated with a repression of ganglioside synthesis in neuronal
cells (87), which may explain these findings. | treated HK-2 AS1PL and HK-2
AS1PL/AGDb3S cells with pacSph (6 uM, 22h+4h) and conjugated the extracted
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lipid to coumarin-azide for visualization on a HPTLC plate. Glycerolipid labelling is
still abolished in both cell lines. In AS1PL/AGb3S cells a reduction in Gb3Cer
labelling and an increase in LacCer labelling could be observed as was expected
(Figure 18C). Sphingomyelin labelling also appears to be most prominent and

enhanced in double knockout cells.
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Figure 18 CRISPR/Cas9-mediated knockout of Gb3S in HK-2 AS1PL cells.

Gb3 synthase was targeted in HK-2 AS1PL cells using the CRISPR/Cas9 system. (A) Gb3S-targeted
clones were characterized based on Gb3Cer expression by LC-MS/MS. Bar indicate sum of measured
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Gb3Cer species. 23 clones out of 78 are shown. Red arrow indicates one clone without expression of
Gb3Cer. (B) Brightfield images of wild type and engineered HK-2 cell lines at low and high cell density.
(C) HPTLC analysis of pacSph-labelled lipids after conjugation to coumarin-azide by CuAAC-click
reaction. Visualization by UV fluorescence. HPTLC plate was developed in CHCI3/MeOH/H20/AcOH
(65:25:4:1) to 50% and n-Hexane/ethyl acetate (1:1) to 100%. The lipid equivalent of 100 pg protein
was loaded onto the plate. (D) HPTLC analysis of neutral glycosphingolipids after alkaline hydrolysis
and fractionation by anion exchange (DEAE). Glycosphingolipids were stained by orcinol reagent (/eft).
Gb3Cer was detected by immune overlay with chicken anti-Gb3Cer antibody (JM06/298, 1:50) and
stained with alkaline phosphatase (right). The lipid equivalent of 200 ug protein was loaded onto the
plate. The HPTLC plate was developed in chloroform/acetone (1:1) and chloroform/methanol/0.2%
CaCl2 (60:35:8) subsequently over the full length of the plate. (E) HPTLC analysis of acidic
glycosphingolipids after alkaline hydrolysis and fractionation by anion exchange (DEAE).
Glycosphingolipids were stained by orcinol reagent (/eft). Ganglioside GD2 was detected by immune
overlay with anti-GD2 antibody and stained with alkaline phosphatase (right). The lipid equivalent of
200 pg protein was applied to the plate. The HPTLC plate was developed in chloroform/acetone (1:1)
and chloroform/methanol/0.2% CaCl2 (45:45:10) subsequently over the full length of the plate.

Pharmacological inhibition of glucosylceramide synthase

As a complementary strategy to a knockout of Gb3 synthase and due to the lack
of inhibitors directly targeting Gb3S, | tested whether a pharmacological inhibition
of glucosyl ceramide synthase (GCS), an enzyme upstream of Gb3 synthase,
could successfully prevent globo-series GSL labelling. For this, | used the
established GCS inhibitors Miglustat (at 100 uM) and Genz-123346 (at 5 pM).

| labelled HK-2 wild type, AS1PL, and AS1PL/AGb3S cells with pacSph (6 pM,
22h+4h) in presence of either 100 uM miglustat, 5 yM Genz-123346 or control
treatment (dH20) and harvested the cells without prior UV crosslinking.
Subsequently, lipids were extracted, and pacSph-labelled lipids were coupled to
coumarin-azide by CuAAC click reaction. Lipid extracts were separated by HPTLC
and visualized by UV fluorescence (for pacSph-labelled lipids) or orcinol staining

(for glycosphingolipids).

With both inhibitors a reduction in steady state levels of HexCer, LacCer and
Gb3Cer could be observed, that was slightly more pronounced in Genz-123346
treated samples (Figure 19A). Labelling of GSL with pacSph was almost
completely abolished with Genz-123346 treatment, while miglustat appears slightly
less efficient at the indicated concentrations (Figure 19B). In addition, | found that
GCS inhibition results in an increase in sphingomyelin labelling, which must be

considered as an additional effect in pull-down experiments. | concluded, that both
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treatments are sufficient to prevent Gb3Cer and globo-series GSL labelling by
pacSph and GCS inhibition might provide an alternative strategy to validate globo-
series GSL interacting proteins independent of a knockout of Gb3 synthase. For
further experiments, | decided to use Genz-1233346 treatment.

In addition to pharmacological inhibition of Gb3Cer synthesis by inhibition of
upstream enzymes, | used lentiviral transduction to stably re-express Gb3
synthase in Gb3 synthase-targeted knockout cells. Re-expression of Gb3 synthase

did not result in restoring globo-series GSL expression (not shown).
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Figure 19 Pharmacological inhibition of GCS and pacSph labelling.
HPTLC analysis of HK-2 wild type, AS1PL and AS1PL/AGb3S cells after labelling with pacSph (6 uM,

22h+4h) and in presence of inhibitors for glucosylceramide synthase (GCS). Lipids were extracted and
clicked to coumarin-azide. The lipid extract equivalent of 250 pug protein was applied to the plates.
Plates were developed in chloroform/acetone (1:1) and chloroform/methanol/0.2% CaCl2 (60:35:8)
subsequently over the full length. (A) Glycosphingolipids were visualized by staining with orcinol
reagent. Identity of gangliosides GM3 and GM2 was confirmed by mass spectrometry (not shown) (B)
pacSph-labelled lipids were visualized by UV fluorescence. Dotted lines indicate reframing of the lanes
to improved interpretation. Absence of Gb3Cer in AS1PL/AGb3S cells was further confirmed by direct

injection mass spectrometry (data not shown).
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4.1.4 Pull down proteomics analysis

To identify globo-series interacting protein, strategies for the purification of
sphingolipid-protein conjugates had to be established. This includes the choice of
purification strategy, selection of azide-conjugates, and conditions for UV
crosslinking and click reaction.

Activation of the diazirine group by UV irradiation at 365 nm is a crucial step for
proximity crosslinking of sphingolipids with interacting proteins and | tested several
lamp setups (Supplementary Figure 2). | evaluated the use of streptavidin-
dependent (in combination with cleavable and non-cleavable biotin-azide
derivatives) and streptavidin-free strategies for the purification of protein-
sphingolipid conjugates from cell extracts. CuUAAC click efficiency may vary in
solution and with a solid support agarose-azide requiring longer reaction times and
resulting in lower yields. | decided to use a classical streptavidin-based strategy
with a cleavable biotin-azide derivative (Dde-biotin-azide) (Supplementary Figure
2) due to the ability to monitor CUAAC-click biotinylation efficiency using SDS-
PAGE and detection by horseradish peroxidase-coupled Neutravidin (Neutravidin-
HRP) after membrane transfer. Using Dde-biotin-azide for purification proteins can
be efficiently released by cleaving the Dde moiety under mild conditions (2%
aqueous hydrazine). Mild elution conditions reduce contamination of the samples
with denatured Neutravidin.

For CUAAC click chemistry catalytically active copper(l) is generated in situ during
the reaction by reduction of a copper(ll) source (197). Stabilization of copper(l) with
a copper-chelating agent was shown to have beneficial effects for the CuAAC
reaction. A commonly employed ligand is tris(triazolyl)amine (TBTA). TBTA use is
limited by its low solubility in water, requires the use of dimethylsulfoxide (DMSO)
for solubilization, which slows down CuAAC reaction kinetics. Novel ligands were
designed with improved water solubility, improved reduction of copper toxicity in
living cell systems and improved reaction kinetics (198-200). | decided to use
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) as a copper-chelating ligand.
The increase solubility in aqueous solution allows to use a ligand-to-copper ratio of
5:1. This was shown to protect histidine residues from oxidation, lower reaction

oxygen species levels induced by copper(l) and avoid protein crosslinking (200).
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To determine optimal parameters for a CuUAAC click reaction between sphingolipid-
protein conjugates (with a terminal alkyne group) and Dde-biotin-azide, | optimized
the biotinylation efficiency using different concentrations of Dde-biotin-azide and

sodium ascorbate as a reducing agent (Supplementary Figure 2).

1. Bifunctional sphingosine (pacSph) for metabolic labeling

| : § ) ) 4 —\
UV-induced proximity crosslinking \_/ _ /\\\7 -

Bioorthogonal click chemistry

3. UV crosslinking generates sphingolipid-protein conjugates
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5. Protein enrichment and identification by pull down proteomics
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Figure 20 pacSph pull-down proteomics workflow.

For the identification of globo-series GSL-protein interactions HK-2 AS1PL and AS1PL/AGb3S cells
were labelled with pacSph. Protein crosslinking was induced by UV irradiation at 365 nm. Protein-Lipid
complexes were coupled to a cleavable biotin purification tag and enriched on neutravidin agarose.
Released proteins were subjected to mass spectrometric analysis and protein identification. Differential
comparison of AS1PL and AS1PL/AGb3S highlights proteins that are depleted after globo-series GSL

depletion.
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For the identification of globo-series GSL interacting proteins, | treated three
replicates of HK-2 AS1PL and AS1PL/AGb3S cells with pacSph (6 uM, 22h + 4h
(Pulse + Chase)). The cells were irradiated (365 nm, 5 min) on ice and proteins
extracted. Non-protein-bound, pacSph-labelled lipids were removed by
chloroform/methanol precipitation. Dde-biotin-azide was conjugated to
sphingolipid-protein complexes by CuAAC click. Enrichment of sphingolipid-protein
conjugates was performed on Neutravidin agarose resin. After extensive washing
proteins were eluted by using buffered hydrazine solution and concentrated by
chloroform/methanol precipitation. As a control one set of AS1PL samples was
prepared without UV irradiation. | visually confirmed increased protein amounts in

UV irradiated samples, indicating a successful pull-down.

Pull-down proteomics measurements and the necessary preparations were done
by Dr Per Haberkant (Proteomics Core Facility, EMBL Heidelberg) and a
bioinformatic analysis pipeline was provided by Dr Frank Stein (Proteomics Core
Facility, EMBL Heidelberg).

Two screenings were performed with the same experimental conditions, but with a
varying number of replicates (Exp1: n=1, Exp2: n=3). In both screenings | found a
total of 1573 enriched proteins. 152 (10%) of these proteins were identified only in
the first screening and 397 (25%) only in the second screening (Figure 22B). 1024
(65%) of the proteins were found in both screening experiments. Due to the higher
statistical power, | will focus on the second screening experiment for the initial

analysis and incorporate the data of the first experiment at a later stage.

| compared the proteins, that were found in samples with UV treatment (+UV) to a
non-UV-treated control (-UV) and calculated a fold change for the relative
enrichment of these proteins. In all +UV samples significantly higher protein
amounts were detected (Supplementary Figure 3). Out of 1421 proteins, 1400 were
found to be significantly enriched in the +UV treated AS1PL and AS1PL/AGb3S
samples (log2FC = 1 and p < 0.05) (Figure 21A-B).

Many of the observed high-quality hits (log2FC = 3 and p < 10°) have been
described in pacSph-based screenings before or are known interactors of
sphingolipids and enzymes of sphingolipid metabolism (Table 4), demonstrating
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the validity of the obtained data. The extended datasets are provided in the

supplementary material.

Interestingly, also proteins of the de novo sphingolipid pathway (SPTLC1, KDSR)
were found in the pulldown, though they are not metabolically engaged in the
conversion of pacSph-labelled lipids, as well as proteins that are known as cargoes
of clathrin-independent carriers and are dependent on glycosphingolipids for their
endocytosis (CD44, ALCAM) (98, 201) have been observed in the dataset, and a
systematic analysis of the provided data may reveal more cargoes of

glycosphingolipid-dependent endocytic pathways.

Table 4 Examples for sphingolipid-interacting candidates in literature.

Non-exhaustive list of proteins that were previously described in pacSph-based screenings or are
known as sphingolipid interactors and were found in the now presented data are described in the table.
Experiments were performed in cooperation with Dr Per Haberkant and Dr Frank Stein (Proteomics
Core Facility, EMBL Heidelberg).

Protein Log2FC p-value Reference
SSR1 5.11 9 x 10" (202)
GPAA1 3.86 1x1071° (202, 203)
HS2ST1 3.98 3x 1010 (202)
JAM3 3.86 3 x 1010 (202)
BSG 3.65 2x10° (202, 204)
TGOLN2 4.72 1x10° (204)
KCT2 5.97 6 x 10 (205)
CD44 4.00 1x 1010 (206)
CD47 5.28 3x10° (206)
ITGA3 3.48 6 x10° (206)

SCCPDH 4.75 3x 1010 (204)
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Figure 21 Pull-down proteomics comparison of AS1PL and AS1PL/AGb3S.

HK-2 AS1PL and AS1PL/AGb3S were labelled with pacSph (6 uM, 22h + 4h (Pulse + Chase)) and UV

crosslinking was induced (365 nm, 5 min).

Biotinylation with Dde-biotin-azide was performed by

CuAAC-based click reaction. Protein-sphingolipid conjugates were enriched on Neutravidin agarose

and eluted by 2% hydrazine treatment. Enriched proteins were identified and relative quantification

was done by TMT10plex. (A) Volcano plot for the enrichment of proteins in UV-irradiated (+UV) HK-2

AS1PL cells compared to non-irradiated (-UV) AS1PL cells. Proteins with a fold change =

2and p <
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0.05 were annotated as hits. (B) Volcano plot for the enrichment of proteins in UV-irradiated (+UV) HK-
2 AS1PL/Gb3S cells compared to non-irradiated (-UV) AS1PL cells. Proteins with a fold change 2 2
and p = 0.05 were annotated as hits. (C) Direct comparison of AS1PL and AS1PL/AGb3S cells. All
candidate proteins are documented in the supplement (Table 35, Table 36). Proteomics sample
preparation and measurement was done by Dr Per Haberkant (Proteomics Core Facility, EMBL
Heidelberg). An analysis pipeline for the data was provided by Dr Frank Stein (Proteomics Core Facility,
EMBL Heidelberg).

A direct comparison between AS1PL and AS1PL/AGb3S cells revealed several
proteins that are significantly depleted in double knockout cells and that are
candidates for a Gb3Cer interaction (Figure 21C). | observed not only depleted,
but also enriched proteins. Given that knockout of Gb3S induces broader changes
in lipid metabolism, protein enrichment may be related to enriched lipid species in
AS1PL/AGDb3S cells, as for example LacCer or ganglioside GM3 and GM2.

| correlated the results from Exp2 with the results from Exp1 and found a strong
correlation between both datasets (Figure 22A). Gene set enrichment analysis of
depleted and correlated candidates using the REACTOME database indicated a
significant overrepresentation of MET signalling related proteins: REAC:R-HSA-
6806942 (MET receptor activation) and REAC:R-HAS-6806834 (Signaling by
MET). This overrepresentation was based on the presence of MET, SPINT1 and
ITGA3 (Figure 22C-D). Other overrepresented terms indicated involvement in

receptor tyrosine kinase activity and cell adhesion (Figure 22C).

| identified several proteins as candidates for further investigations (Table 5). A
detailed analysis of the possible role of these proteins in the Gb3S phenotype is

provided in the discussion.
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Figure 22 Comparison of pull-down experiments.

HK-2 AS1PL and AS1PL/AGb3S were labelled with pacSph (6 pM, 22h + 4h (Pulse + Chase)) and UV
crosslinking was induced (365 nm, 5 min). Biotinylation with Dde-biotin-azide was performed by
CuAAC-based click reaction. Protein-sphingolipid conjugates were enriched on Neutravidin agarose
and eluted by 2% hydrazine treatment. Enriched proteins were identified and relative quantification
was done by TMT10plex. (A) Correlation of Alog2FC between the two pacSph pull-down experiments
performed (experiment 1: n=1; experiment 2: n=3). Candidates of interest are highlighted by colour.
(B) Venn diagram indicates number of proteins that were identified in either of the two experiments.
Proteins depleted higher than log2FC = -0.5 with a p-value < 0.05 were considered hit candidates for
globo-series GSL interaction. (C) Gene set enrichment analysis of top 100 globo-series GSL-interaction
hit candidates based on Alog2FC with p < 0.05 using gene ontology biological processes by gProfiler
(D) Gene set enrichment analysis of globo-series GSL-interaction candidates compared to the
reactome database. (E) Gene set enrichment analysis of globo-series GSL-interaction candidates
compared to the gene ontology cellular compartments database. Proteomics sample preparation and
measurement was done by Dr. Per Haberkant (Proteomics Core Facility, EMBL Heidelberg). An
analysis pipeline for the data was provided by Dr. Frank Stein (Proteomics Core Facility, EMBL
Heidelberg).



Table 5 Top protein candidates from pacSph pull-down Exp2.

The table highlights the most prominent candidate proteins for globo-series GSL-interaction and indicates if these proteins were considered hits (log2FC < 0.5; p <

0.05) in both experiments (+ hit; - no hit) and the respective relative enrichment. A comprehensive table of the screening results is provided in the supplementary
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material. Experiments were performed in cooperation with Dr Per Haberkant and Dr Frank Stein (Proteomics Core Facility, EMBL Heidelberg).

Gene Description Exp2 Alog2FC p-value Exp 1 Alog2FC
EPCAM Epithelial cell-adhesion molecule + -1.40 2.82E-06 - -
CPM Carboxypeptidase M + -1.01 1.30E-05 + -0.98
SPINT1 Kunitz-type serine protease inhibitor + -0.97 5.23E-05 + -1.02
ATP9A Probable phospholipid-transporting ATPase lla + -0.84 2.72E-05 + -0.97
PLCB4 Phosphoinositide phospholipase C-3-4 + -0.80 8.14E-05 - -
PTK7 Inactive tyrosine-protein kinase 7 + -0.75 3.43E-05 + -0.68
ALCAM Activated leukocyte cell adhesion molecule + -0.74 1.21E-05 + -1.06
MOXD1 DBH-like monooxygenase protein 1 + -0.71 1.51E-04 - -0.47
GAA Lysosomal alpha-glucosidase + -0.69 1.64E-05 + -0.83
SCCPDH Saccharopine dehydrogenase-like oxidoreductase + -0.69 3.92E-04 + -0.99
DPP4 Dipeptidyl peptidase 4 + -0.68 1.93E-05 + -0.96
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4.1.5 Proteome screening

In addition to the pull-down data, | performed a full proteome analysis of HK-2 wild
type, AS1PL and AS1PL/AGb3S cells to correlate both datasets. Proteomics
experiments were performed with the clones that were used for pull-down
proteomics to enable the correlation of both datasets.

Sample preparation and proteomics measurement were done by Dr Per Haberkant
(Proteomics Core Facility, EMBL Heidelberg), and an analysis pipeline was
provided by Dr Frank Stein (Proteomics Core Facility, EMBL Heidelberg).

Analysis of the full proteome data hints at effects on cell respiration, SMAD protein
regulation, BMP signalling and morphogenesis in response to knockout of S1PL

(Figure 23A, Supplementary Figure 5).

The changes | observed after knockout of Gb3 synthase on the AS1PL background
were comparatively smaller, compared to the changes induced by S1PL knockout
(Figure 23B). Selection of a single clone after S1PL-targeting may have reduced
clonal variation in the parental cell line used for Gb3 synthase-targeting. In direct
comparison between HK-2 AS1PL and AS1PL/AGb3S cells, proteins associated
with the morphogenesis, integrin binding and zymogen activation were found to be
upregulated in AGb3S cells.

Interestingly, the target of SPINT1, hepatocyte growth factor activator (HGFAC) is
upregulated after Gb3 synthase knockout (Figure 23C). Gene set enrichment of
proteins enriched after Gb3 synthase knockout indicates changes in cell-matrix
adhesion and integrin binding (Figure 23D). | did not observe significant gene set

enrichment for proteins that were downregulated after Gb3 synthase knockout.
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Figure 23 Full proteome analysis of HK-2.

HK-2 wild type, AS1PL and AS1PL/AGb3S were harvested for full proteome analysis. (A) Volcano plot
of protein expression changes in HK-2 AS1PL compared to wild type cells. (B) Volcano plot of protein
expression changes in HK-2 AS1PL/ AGb3S compared to AS1PL cells. (C) Relative protein counts
observed for hepatocyte growth factor activator (HGFAC) in proteome analysis. (D) Gene set
enrichment and network analysis of proteins significantly enriched in AS1PL/AGb3S cells compared to

AS1PL cells using the gene ontology biological processes database and gProfiler. All candidate

proteins are documented in the supplement (Table 37, Table 38). Proteomics sample preparation and

measurement was done by Dr. Per Haberkant. An analysis pipeline for the data was provided by Dr.

Frank Stein (Proteomics Core Facility, EMBL Heidelberg).
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4.1.6 Correlation of pulldown and proteomics screening

| combined the data from pull-down experiment Exp2 with the proteomics
screening and correlated the respective fold changes to evaluate the contribution
of general changes in protein expression to a reduction or increase in the pull-down

efficiency.

The data indicates a correlation between both data sets and proteins that were
depleted in the pull-down experiments were also depleted in the full proteome
(Figure 24A). For most globo-series GSL interaction candidates the depletion in
pull-down experiments was higher compared to the depletion in the full proteome,
which indicates that changes in the full proteome do not completely explain the
depletion observed in pull-down experiments. Of note, SPINT1 was not detected
in the full proteome, therefore no correlation could be made.

The Top3 score indicates the average area of the three peptides with the highest
area that were measured for a protein across all samples. A correlation between
Top3 scores of pull-down and full proteome experiments allows to evaluate the
contribution of background proteins to the pull-down experiments. In this case a
weak positive correlation (R? = 0.1159) was observed (Figure 24B), indicating a
contribution of protein background to the pull-down screening experiment.
Divergence from this correlation may hint at interesting protein candidates, as seen
for example for ATP9A, ALCAM and SLCG6AS.



4. Chapter 1 - Identification of globo-series GSL-interacting proteins 61

(A)

VCAAC:\/
(1.54;3.29)
THBS1
4 .
!
11 €
g
EBPK1
E SEM;L'LL‘:AJ' eq
“.E "",.4. . o
Q o PapsSPC2 =
E g o ‘F’/‘\PF:.Z. oeB .
Q O g & ons® ERS .
9 L(kl s sieen® €8 4 52 L
O o = . Lo
s - - Y
Q- % 0 a ITGA3 F3
= L 520 ®
LE 2] ATPYA : 9
c © ALCAN
= ® MOX g
- O ® o¢
g CcPM A
% : ° PL cai",,,..
| AR o
d r ° . !
. ~"depleted in AS1PL/AGb3S | enriched in AS1PL/AGb3S R? =0.2883
-1 0 ]
Alog2FC
Pull-down proteome
o 8-
=
[e}
[}
—
o
| =
o SCCPDH " {155
g - ALC.A% KDELGT
71 °
-8 SLC2A3 sBc2
= e o SRS DPRA EPRSWEEFIB2 © o e
> Sl ¥g A
o SLC6A8 7 9 sloseAtse ™ CALD1 B
™ ATPIA © ° ® CPM aﬂgﬂem 0
o3 ? | EPCAM_®_LARS™ XS o
2 6- veamt @ T eEMKs‘é%m AR CN.Ng
0] o W le-g GAA® y cNRs
o | T PTK? o AL FBI °
@ | L4 o, ®
g MOXDA1 e EPPK1
< ° at .
R°=0.1159
T T I !
6 7 8 9

Average Top3 Full Proteome

HitAnnotation
e enriched hit e enriched candidate e enriched no hit @ no hit

Figure 24 Correlation of pull-down experiments and full proteome.

Datasets of pull-down experiment 2 and full proteome analysis were correlated with respect to (A)
Alog2FC of protein abundance between HK-2 AS1PL and AS1PL/AGb3S cells or (B) correlation
between average top3 peptide abundances in full proteome and pull-down experiments across all
samples indicates likelihood of enrichment of background proteins. Proteomics sample preparation and
measurement was done by Dr. Per Haberkant. An analysis pipeline for the data was provided by Dr.
Frank Stein (Proteomics Core Facility, EMBL Heidelberg).
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4.1.7 Invitro validation of globo-series GSL interaction

pacSph pull down of endogenous proteins

To validate findings from pull-down experiments, | performed western blotting
experiments after pacSph labelling and pull-down. In addition to genetic ablation of
Gb3S, | used pharmacological inhibition of GCS by Genz-1233346 as control to
check the dependence of protein labelling on globo-series GSLs and

glycosphingolipids in general.

Cells were treated with pacSph (0.5 uM, 22h + 4h) with or without 5 uM
Genz-123346. Proteins were extracted and subjected to CUAAC click reaction with
biotin-PEG3-azide. Biotinylated protein-sphingolipid conjugates were enriched on
solid support Neutravidin agarose and released by boiling in sample buffer. 5% of
the input fraction was saved for comparison. SPINT1, EPCAM and ITGA3 were

detected using antibodies against the endogenous proteins.

| found a reduction in SPINT1 and EPCAM pull-down in AS1PL/AGb3S cells and
Genz-1233346-treated cells compared to AS1PL cells and relative to the input
fraction (Figure 25A-B). The size of the effect appears smaller than the log2FC of
about -1 that | observed in pull-down proteomics experiments. Detection of SPINT1
in the input fraction was comparably weak and may need to be optimized. Pull-
down of SPINT1 was dependent on crosslinking by UV irradiation. No such effect
was observed for ITGA3 and the reduction in pull-down yield can be completely
explained by the change in general protein abundance (Figure 25C). The changes
in endogenous protein expression are in line with the findings from the proteome

experiments (Figure 24A).

pacSph pull-down of overexpressed proteins

| performed further validation by stable overexpression of HA-tagged variants of
saccharopine dehydrogenase (putative) (SCCPDH), carboxypeptidase M (CPM),
and dipeptidyl peptidase (DPP4) in HK-2 AS1PL and AS1PL/AGb3S cells. An
N-terminal HA-tag was introduced for detection on western blot using anti-HA
antibody. pacSph labelling and pull-down was performed as described and

analysis of protein-sphingolipid conjugates was done by western blotting.
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| observed an enrichment of SCCPDH, CPM and DPP4 in the pull-down fractions.
Gb3 synthase expression did not affect pull-down levels of SCCPDH or DPP4, but
a reduced pull-down/input ratio was observed for CPM indicating a possible
dependence on globo-series GSL expression (Figure 26A-C).

(A) SPINT1 (expected: 55 - 65 kDa)

5% Input Pulldown .
T T 1 3
AS1PL/ AS1PL AS1PL/ AS1PL SE,
AS1PL | AGD3S | +Genz | AS1PL AS1PL | AGb3S | +Genz | AS1PL €z
uv: o+ o+ oy T ov: o+ o+ e T £3,
80 s e T
4 1 i o
65 65 1 g ! 0
- S S
50 50 - d ) D@\)ve \:‘C’ \Q\z
Q&7 @
=) v%
b
(B) EpCAM (expected: 43 kDa)
5% Input Pulldown T
| T | .32
AS1PL/ AS1PL AS1PL/ AS1PL 2c20
AS1PL | AGb3S | +Genz | AS1PL AS1PL | AGD3S | +Genz | AS1PL £ 15
uv: o+ o+ e T o+ o+ Ty T -E__§ 1.0
50 T T | 50 T ] & T=05
—— - =3
40 4 : : : 40 - : : : 2 9.0
» vy P
30 | | | 30 ! l ‘ 38 %
RSN
RN
%'3 vg\ b
(C) ITGA3 (expected: 150 kDa) v
5% Input Pulldown
| | = 2.0
AS1PL/ AS1PL AS1PL/  AS1PL >a
AS1PL | AGb3S | +Genz | AS1PL | AGD3S | +Genz | AS1PL Z E 1.5
ov: o+ o+ oy T ov: o+ o+ o T £<10
H T T T £3
3 : : i - 205
— — — G — e =
140 4 ! 140 4 ' : 240
1 115 1 % Q
e ‘ : : ; 3 6'8\’0& 0@‘“‘\/9
80 A : : ; 80 1 - : k& \>v Q\’x ‘9'8
NMCR
A
A4

Figure 25 Pulldown of endogenous proteins after pacSph labelling.

HK-2 AS1PL, AS1PL/AGb3S and AS1PL cells treated with Genz-1233346 (5 yM) were labelled with
pacSph (0.5 uM, 22h + 4h). Proximity crosslinking was induced by UV irradiation (365 nm, 5 min).
Biotinlyation was performed with biotin-azide by CuAAC click reaction and protein-sphingolipid
conjugates were enriched on Neutravidin agarose. Eluted proteins were separated by SDS-PAGE (10%
bis-tris) and transferred onto nitrocellulose membrane. Proteins were identified with primary antibodies
for (A) SPINT1, (B) EpCAM and (C) ITGA3 and detected with fluorophore-labelled secondary
antibodies. Left panels indicate 5% input fraction, middle panels pull-down fractions and right panels

semiquantitative determination of the pull-down/input ratio.
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Figure 26 Pulldown of HA-tagged and overexpressed proteins.

HK-2 AS1PL and AS1PL/AGb3S were stably transfected with HA-tagged constructs of SCCPDH, DPP4
or CPM. The cells were labelled with pacSph (0.5 pM, 22h + 4h). Proximity crosslinking was induced
by UV irradiation (365 nm, 5 min). Biotinylation was performed with biotin-azide by CuAAC click
reaction and protein-sphingolipid conjugates were enriched on Neutravidin agarose. Eluted proteins
were separated by SDS-PAGE (10% bis-tris) and transferred onto nitrocellulose membrane. Proteins
were identified with a primary antibody against HA-tag and blots for (A) SCCPDH, (B) DPP4 and (C)
CPM are shown. Left panels indicate 5% input fraction, middle panels pull-down fractions and right

panels semiquantitative determination of the pull-down/input ratio.
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Proximity Ligation Assay

As a complementary validation approach, | used a proximity ligation assay (PLA)-
based technique to detect an interaction between pacSph-labelled lipids and
candidate proteins (PLA1) and between pacSph-labelled Gb3Cer and candidate
proteins (PLA2) (Figure 27).

| seeded HK-2 AS1PL and AS1PL/AGb3S cells on non-coated glass coverslips
and treated the cells with pacSph (0.5 pM, 22h + 4h). Proximity crosslinking was
induced by UV irradiation (365 nm, 5 min) and cells were fixed on coverslips by
paraformaldehyde treatment (4% PFA). Non-crosslinked lipids were removed and
CuAAC click reaction was performed with Cy5-azide (PLA1) or not performed
(PLA2). Immunolabelling of the epitopes was performed with the indicated
antibodies (Figure 27, Table 12) and proximity of antibodies was detected using
the DuoLink® assay kit according to the manufacturer instructions. Counterstaining
with phalloidin-CF488A (Biotium Inc., Fremont, CA, USA) and DAPI was
performed, and images were recorded as Z-stacks using a confocal microscope.
PLA1 targets the interaction between pacSph-labelled lipids and candidate
proteins (Figure 28A-C). | evaluated the assay by counting the number of PLA foci
in a defined image area of 0.15 mm? and normalized it to the number of DAPI-
positive nuclei. Several image areas were evaluated per PLA reaction. In addition,
the mean Cy5 fluorescence was measured for each area to estimate efficiency of
the CUAAC click reaction.

| observed a significant reduction in SPINT1-Cy5 PLA foci after Gb3 synthase
knockout (Figure 28A), that | did not observe for ATP9A-Cy5 and cMET-Cy5 PLAs
(Figure 28B-C), indicating that the interaction between SPINT1 and pacSph-
labelled lipids is reduced. Although no significant difference was observed, Cy5
fluorescence was in average lower in AS1PL/AGb3S, and | cannot completely
exclude an impact of CUAAC click efficiency on the number of PLA foci. Of note,
phalloidin counterstaining was atypical and diffuse, not showing distinct actin

fibres, after performing a CuAAC click reaction.

| used a PLAZ2 for confirmation of a Gb3Cer-SPINT1 interaction using an antibody
targeted against Gb3Cer (Figure 27). | observed PLA foci in AS1PL cells that were
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reduced after Gb3 synthase knockout, indicating a specific interaction between
Gb3Cer and SPINT1.

A preliminary spatial analysis of localization did not reveal differences between
both cell lines and needs to be repeated in a more targeted approach using

organelle markers.

Protein-Sphingolipid Conjugate
OH

|

anti-Cy5 anti-Hit  anti-Gb3

| I ]
PLA1 PLA2

Figure 27 Proximity Ligation Assay scheme.

Proximity ligation assays can detect the proximity of between two antibodies. Two strategies were used
for the evaluation of sphingolipid-protein interactions. PLA1 was used to confirm crosslinking between
a pacSph-labelled lipid and a protein candidate. pacSph-labelled lipids were detected with an anti-Cy5
antibody after CuAAC click reaction with Cy5-azide. PLA2 confirms an interaction between the
candidate protein and pacSph-labelled Gb3Cer. Protein-conjugated Gb3Cer was detected using an
anti-Gb3Cer antibody that was directly labelled with a PLA probe.
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Figure 28 Proximity ligation assay for validation of candidates against Cy5.

HK-2 AS1PL and AS1PL/AGb3S cells seeded on coverslips, treated with pacSph (0.5 uM, 22h + 4h)
and UV irradiated (365 nm, 5 min) afterwards. Cells were fixed with PFA (4%) and after removal of
non-bound lipids, CuAAC click reaction was performed with Cy5-azide. PLA was performed with
antibodies against Cy5 and candidate proteins (A) SPINT1, (B) ATP9A, and (C) cMET. PLA foci were
counted and normalized by cell number. Cy5 fluorescence was averaged across the image frame and
normalized by cell number. Graphs indicate mean + standard deviation. Statistical testing was done by

unpaired two-tailed Student’s t-test (** p < 0.01).
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Figure 29 Proximity ligation assay for validation of protein hits against Gb3.

HK-2 AS1PL and AS1PL/AGb3S cells seeded on coverslips, treated with pacSph (0.5 uM, 22h + 4h)
and UV irradiated (365 nm, 5 min) afterwards. Cells were fixed with PFA (4%) and non-bound lipids
were removed. PLA was performed with antibodies against Gb3Cer (JM06/298, 1:200) and candidate
protein SPINT1. PLA foci were counted and normalized by cell number. (B) Quantification of PLA
signals in different field of views. Graphs indicate mean + standard deviation (n = 9). Statistical testing

was done by unpaired two-tailed Student’s t-test (** p < 0.01).

4.1.8 Gb3S knockout and uptake effects

HK-2 cells were shown to exhibit a reduction in the uptake of fluorescein
isothiocyanate (FITC)-labelled bovine serum albumin after Gb3 synthase
knockout(97).

To evaluate a possible endocytosis phenotype in HK-2 cells, | tried to replicate
these findings using FITC- and TexasRed (TR)-labelled bovine serum albumin
(BSA). | treated HK-2 control and AGb3S cells with either 50 pg/mL (FITC-BSAiow)
or 250 pg/mL (FITC-BSAnhigh) FITC-BSA for 10 min or 30 min. After vigorous
washing, including an acidic wash step to remove surface-bound ligands,

fluorescence was measured using a microplate reader.

The comparison between HK-2 controls and HK-2 AGb3S cells revealed a small,
but significant, reduction with FITC-BSAiow after 30 min and with FITC-BSAnigh after
10 min. A similar trend was observed after 30 min with high FITC-BSAnigh, but not
found to be significant (Figure 30A-B). These findings do not fully recapitulate the
findings described in literature (97). An effect was also described for 10 min and
30 min at 100 yg/mL and 250 ug/mL.
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As the uptake of xenobiotics, as for example gentamicin, is also thought to be
affected by Gb3S deficiency in mice, | synthesized a gentamicin-TexasRed (Genta-
TR) conjugate to follow gentamicin uptake in vitro. Treatment of HK-2 control and
AGb3S with 50 pg/mL Genta-TR for 15 min or 30 min, followed by extensive
washing, including an acidic wash step to remove surface-bound Genta-TR, did
not reveal significant differences in uptake between both cell lines (Figure 30C).
Effects of gentamicin toxicity may not be dependent on endocytosis, or in vivo
effects were not replicated in the cell culture system with the tested conditions.
Coupling of TexasRed to a small molecule like gentamicin may also affect uptake

mechanisms.

As expected, the uptake StxB-Cy3 was profoundly inhibited in AGb3S cells in a
pulsed experiment with 30 min preincubation at 4°C and shift to 37°C for 10 min
(Figure 30D) due to the lack of the receptor Gb3Cer. Interestingly, in AS1PL cells
StxB-Cy3 uptake was enhanced.

Furthermore, | investigated Genta-TR and TR-BSA uptake in HK-2 AS1PL and
AS1PL/AGDb3S to evaluate a possible uptake phenotype in S1PL-depleted cells. |
compared uptake at 37°C. To control for unspecific binding, | performed a 4°C
control. Uptake of Genta-TR or BSA-TR did not reveal significant differences
between WT, AS1PL and AS1PL/AGb3S cells. This indicates that endocytosis is
not affected in HK-2 AS1PL cells due to Gb3S deficiency.
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Figure 30 Endocytosis phenotype after Gb3 synthase knockout.
Endocytic uptake was evaluated in HK-2 and HK-2 AS1PL and compared to the respective Gb3S-

deficient cells. Cells were treated with fluorophore-coupled compounds and fluorescence was
determined after extensive washing and cell lysis. (A) HK-2 control (px459-empty) and AGb3S cells
were treated with 50 yg/mL fluorescein isothiocyanate-coupled (FITC) BSA for 10 min or 30 min. (B)
HK-2 control (px459-empty) and AGb3S cells were treated with 250 ug/mL fluorescein isothiocyanate-
coupled (FITC) BSA for 10 min or 30 min. (C) HK-2 control (px459-empty) and AGb3S cells were
treated with 50 pg/mL TexasRed-coupled gentamicin (Genta-TR) for 15 min or 30 min. Please note
that time points are not directly comparable, due to different instrument settings. (D) HK-2 wild type,
AS1PL and AS1PL/AGb3S were treated with StxB-Cy3 conjugate (1 pg/mL) in a pulsed uptake
experiment. (E ) HK-2 wild type, AS1PL and AS1PL/AGb3S cells were treated with 50 pg/mL BSA-TR
for 20 min at 4°C or 37°C. (F) HK-2 wild type, AS1PL and AS1PL/AGb3S cells were treated with 25
pg/mL Genta-TR for 20 min at 4°C or 37°C. Treatment was performed at 4°C to monitor acid-wash
resistant cell surface-binding or 37°C to monitor uptake of the compounds. Graph indicates mean +
standard deviation. Statistical testing was done by Student’s t-test (A-C) or one-way analysis of

variance with Tukey’s post-hoc correction for multiple testing (D) (* p < 0.05; *** p < 0.001).
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4.1 Discussion

The presented results of this chapter are intended to provide a foundation for an
in-depth analysis of the obtained datasets and hypothesis generation. | established
the cell culture models and assay parameters to identify globo-series interacting
proteins in immortalized proximal tubular epithelial cells. | identified several protein
candidates and performed an initial validation of globo-series GSL interaction.
Although HK-2 AS1PL/AGb3S cells did not exhibit the expected endocytosis
phenotype under the conditions tested, the identification of protein interaction
partners for globo-series GSL in PTEC may provide insights into the role of these

lipids in the context of acute kidney injury and endocytosis.

4.1.1 Signalling phenotype and SPINT1 interaction

The results point to an interaction between globo-series GSLs, specifically Gb3Cer,
and SPINT1, a Kunitz-type inhibitor of membrane-bound serine proteases. SPINT1
was significantly depleted in both pacSph pull-down experiments (section 4.1.4),
western blot of pacSph pull-down fractions showed a decrease in SPINT1 binding
after Gb3S knockout and GCS inhibition (Figure 25), and in proximity ligation
assays a significant reduction of PLA foci was observed when targeting the SPINT1
interaction with pacSph-labelled lipids (via Cy5) (Figure 28) and with Gb3Cer
(Figure 29). | did not observe a complete depletion of SPINT1-interaction signals
in these assays, although the strongest effect was observed when targeting
specifically the interaction with Gb3Cer by PLA. Residual signals may arise from
background antibody binding of anti-Gb3Cer antibody (Supplementary Figure 4)
and interaction by chance. PLA foci in SPINT1-Gb3Cer PLAs appear clustered and
associated with specific cells. Given the heterogenous expression pattern of
Gb3Cer on single cell level (88), this may correlate with Gb3Cer expression in the
specific cells and could be part of future investigations.

SPINT1, also known as hepatocyte growth factor inhibitor HAI-1, is a 66 kDa type
1 transmembrane protein that is located on the cell surface and can be found in a
membrane-bound and secreted, proteolytically truncated forms with 40/39 and 58
kDa that differ in inhibitory activity against various substrates (207). SPINT1

consists of a N-terminal and a C-terminal Kunitz domain (KD1 and KD2), a low-
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density lipoprotein receptor (LDLR)-like domain, a transmembrane domain, and a

cytoplasmic domain (207).

Lack of SPINT1 is linked to embryonic lethality in mice due to a lack of matriptase
regulation and failure to form the placental labyrinth (208). Moreover, circulating
SPINT1 was found to be a biomarker for pregnancies with poor placental function
and fetal growth restriction (209). SPINT1 deficiency in skin was linked to ichthyosis
(210). In colorectal mucosa of adenocarcinoma patients SPINT1 was found to be
downregulated (211). It was shown, that SPINT1 is required for normal epithelial
function through regulation of protease activation and suppression of excess
degradation of epithelial junctional proteins (211, 212) and for the maintenance of
epithelial integrity (213).

Expression of SPINT1 mRNA was observed in many tissues including kidney,
intestine, and placenta and is linked mostly to epithelial cells (207). In kidney,
SPINT1 is expressed in the tubular epithelium with a faint basolateral staining in
the proximal tubules, a strong staining in distal tubules and collecting duct and no
glomerular staining (212). This correlates with the previously reported localization
of Gb3Cer in collecting duct and proximal tubules (97, 214, 215).

SPINT1 is an inhibitor of various membrane-bound and soluble serine proteases
including hepatocyte growth factor activator (HGFAC), matriptase (ST14), hepsin
and prostasin (216). HGFAC is a type Il transmembrane serine protease (TTSP).
HGFAC and ST14 are both capable of converting pro-HGF to HGF (217, 218).
Interestingly, full proteome analysis indicated an increased abundance of HGFAC
after Gb3S KO (Figure 23). The inhibitory activity of SPINT1 against HGFAC and
matriptase/ST14 is mediated through KD1 (219, 220).

Interestingly, membrane bound SPINT1 has a high affinity for HGFAC and forms a
reversible complex with it. This interaction is thought to retain HGFAC on the cell
surface and to provide a pool of SPINT1-HGFAC from which HGFAC can easily be
accessed under conditions like tissue injury and inflammation. These conditions
are associated with an upregulation of SPINT1-HGFAC shedding (221). Truncation
of SPINT1, to the low-affinity, 58 kDa isoform may induce a dissociation of the
complex and a recovery of HGFAC activity. This mechanism may allow for a
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controlled, localized, pericellular regulation of HGFAC activity in response to stimuli

like tissue injury (221).

By inhibition and retention of HGFAC, SPINT1 can modulate the conversion of
inactive pro-HGF to biologically active HGF, which triggers signalling through the
MET receptor. MET is a receptor tyrosine kinase and expressed in epithelial cells
of many organs including liver, pancreas, kidney (222). Signalling through MET is
associated with many cellular signalling pathways that alter cellular processes
including proliferation, motility, migration, and invasion. Moreover, MET signalling
was linked to tissue repair responses, morphogenesis, and tumorigenesis (222).
By control of the local availability of HGF, SPINT1 may be a modulator of MET
signalling.

The Mesenchyme-derived hepatocyte growth factor (HGF) was found to be a
potent mitogen and has been inflicted with the repair of injuries of a variety of
tissues including renal tubular epithelial cells (223) by supporting epithelial cell
growth (224-227). The induction of HGF activating enzyme is a specific feature of
injured tissues and is proposed to be a mechanism for the spatial targeting of HGF
signalling to injured tissues. In models of acute kidney injury, ectopic expression
and exogenous administration of HGF were associated with renoprotective effects
and a prevention of proximal tubular damage (228). Glycerol-induced kidney injury
in rats was ameliorated by repeated injection of HGF, which was attributed to an
activation of the MET receptor and mitogen-activated protein kinase (MAPK)
pathway (229, 230) or an attenuation of the inflammatory response (231).

The conversion of pro-HGF to HGF regulates the biological effect of HGF in
response to tissue injury. Targeting of HGF activity to injured tissues is achieved
by the injury-induced expression of the enzymatic machinery (227). Active HGFAC
is produced exclusively in injured tissue through proteolytic activation of pro-
HGFAC by thrombin (227, 232, 233). Moreover, SPINT1 expression is strongly
induced in injured proximal tubules (212). SPINT1 was found to be upregulated in
regenerating epithelial cells of colon in a mouse colitis model and is thought to
downregulate the proliferative response after initial activation of MET receptor

signalling (221).
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Matriptase (ST14), a serine protease with extracellular matrix degrading activity
and the capability to convert pro-HGF to HGF, is an alternative target of SPINT1.
SPINT1 is involved in the control of matriptase activity, which, if unchecked,
promotes carcinogenesis (218). Maturation of matriptase requires an interaction
with SPINT1 in the Golgi-complex, which is essential for the transport to the plasma
membrane (211). Autocatalytic activation of matriptase is prevented by SPINT1
inhibition (217).

An investigation of the SPINT1 transport in polarized Madin-Darby canine kidney
(MDCK) cells demonstrated that, after biosynthesis, SPINT1 is transported to the
basolateral membrane, where approximately 15% is cleaved and shedded. The
remaining SPINT1 is endocytosed and recycles between PM and endosome,
before SPINT1 finally transcytoses to the apical membrane. SPINT1 is
proteolytically digested and released or eventually degraded in the lysosome (234).
The authors hypothesize that SPINT1 may have a function in transporting

matriptase from the basolateral to the apical membrane.

The effects observed in Gb3S-deficient mice included protection against acute
kidney injury in models of gentamicin-induced toxicity and rhabdomyolysis. These
effects were attributed to a reduction in uptake of renotoxic compounds by tubular
epithelial cells (97). It is tempting to speculate, that these effects are not only a
consequence of changes in endocytic uptake but may also be attributed to changes
in cellular signalling during inflammation and tissue repair. Although the
mechanisms for renoprotection due to Gb3 synthase deficiency are unclear, it
appears possible that the modulation of MET signalling, mediated by a SPINT1-
Gb3Cer interaction may contribute to these biological effects. Loss of Gb3Cer and
globo-series GSL may decrease the threshold for an activation of MET receptor
signalling by increasing the availability of active HGFAC under homeostatic and/or
pathological conditions. This corresponds with increased HGFAC levels as
observed in the proteome analysis (Figure 23). A depletion of Gb3Cer may result
in a reduction of inhibitory SPINT1 activity against HGFAC.

The regulation of growth factor receptor signalling by glycosphingolipids is an
established concept (235). Ganglioside GD3 was found to activate epidermal

growth factor receptor (EGFR) signalling in breast cancer cells (236). Ganglioside
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GM1 regulates the localization of EGFR (237). Ganglioside GM3 has an inhibitory
effect on EGF (Bremer 1986) and fibroblast growth factor (FGF) signalling, without
a direct interaction with the receptor (238). EGFR activation was also reported for
Gb4Cer (89). Recently. Gb3Cer and Gb4Cer were shown to activate FGF
signalling in fibroblast (88). GM2 and GM3 were shown to be negative modulators
of MET signalling (239). Interestingly, a heterodimer GM3/GM2 complex had a
stronger inhibitory effect, compared to GM2 alone (240). This inhibitory effect was
shown to be indirect through interaction with tetraspanin CD82 (239). This indicates
that some effects cannot be attributed to a single lipid species, but rather require

an interaction of lipids for their bioactive activity.

Further investigations are necessary to validate this hypothesis. The localization of
a SPINT1-Gb3Cer interaction and a possible HGFAC accumulation could also hint
at a biological function in transport, maturation, or complex formation of for example
HGFAC.

4.1.2 Endocytosis phenotype and ATP9A interaction

Recent studies indicated that Gb3Cer modulates endocytic uptake processes in
proximal tubular epithelial cells of mice (97). This is not in direct contradiction with
a Gb3S-dependent signalling phenotype. | observed a significant reduction in
FITC-albumin for low concentrations (50 pg/mL) at 30 min and for high
concentrations (250 pg/mL) at 30 min in Gb3S depleted cells (section 4.1.8).
Although significant, the observed effects are weaker compared to experiments in
literature (97), which may be attributed to differences in assay execution and
instrumentation. In addition, | evaluated uptake of a gentamicin-TexasRed (Genta-

TR) conjugate but did not observe significant differences in uptake (Figure 30).

It may be argued that the lack of an effect for Genta-TR uptake can be attributed
to the chemical modification of gentamicin (477 g/mol) with TexasRed (625 g/mol).
Other studies indicate effective uptake of Genta-TR in vivo and in vitro (241-244).
In general, the uptake of gentamicin in proximal tubular cells is thought to occur by
receptor-mediated endocytosis associated with megalin/cubilin (245), but
endosome-independent mechanisms were demonstrated in OK and MDCK cells
(241). Itis not clear if gentamicin(-TR) uptake as measured in this study is mediated

by the same mechanism as the in vivo uptake in proximal tubular cells. With AS1PL
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background | did not find differences in uptake with Genta-TR or BSA-TexasRed-

conjugate.

| observed a change in glycosphingolipid expression due to S1PL KO with an
increase in GM3 and GM2 expression (Figure 19). Although ganglioside GM3 has
also been described in murine proximal tubular cells (246), this may have a
compensatory effect on the depletion of globo-series glycosphingolipids and may
abolish possible uptake effects. Assuming Gb3-dependent endocytosis is not
functional in AS1PL, this may not exclude the possibility for an identification of
globo-series GSL interacting proteins that are involved in the regulation of globo-

series GSL-dependent endocytic processes.

The P4-type ATPase ATP9A, probable phospholipid-transporting ATPase A, is
an interesting candidate in this regard and was highly ranked in both pull-down
proteomics screenings (Figure 21). Due to the lack of a reliable antibody, validation
by western blotting was not possible. The proximity ligation assay between ATP9A
and Cy5 did not reveal a difference regarding Gb3S depletion (Figure 28). This
may be improved by optimization in further investigations, as also PLA strongly
depends on antibody quality and specificity. An overexpression of ATP9A may also
facilitate the validation of a globo-series GSL-ATP9A interaction.

ATP9A is an integral membrane protein with 10 characteristic transmembrane
domains (247). ATP9A expression was described in endosomes, TGN (248) and
on the plasma membrane (249). ATP9A is expressed highly in the brain and testis
but can also be found in the kidney associated with tubular structures (ATP9A
Protein Expression Summary - The Human Protein Atlas, n.d.). Biallelic mutations
in ATP9A have recently been linked to neurological disorders associated with
postnatal microcephaly (POM) (251). The yeast ortholog Neo1p is associated with

receptor-mediated endocytosis, vacuole biogenesis, vacuolar protein sorting (252).

Many members of the P-type ATPases family demonstrate lipid flippase activity
and translocate specific lipids from exoplasmic/lumenal to cytoplasmic leaflets of
the membrane (253-256). P4-type ATPases have been shown to modulate
membrane bending and were implicated in vesicle biogenesis of the endocytic
pathway which is associated with changes in lipid composition and distribution

(257-260). Although P-type ATPases were assumed to translocate exclusively
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glycerophospholipids (261-263), in a recent study ATP10D was shown to
translocate GlcCer (264). The putative lipid flippase activity of ATP9A remains to
be demonstrated (249).

An important function for ATP9A was demonstrated in the recycling pathway from
endosomes to the plasma membrane, where it is localized to phosphatidylserine-
positive and Rab11a/Rab11b-positive early and recycling endosomes (248).
Moreover, ATP9A was implicated in sorting Wntless as part of a membrane
modelling complex with protein MON2 homolog (MONZ2) and protein dopey-2
(DOPEY2) (265) and may be a regulator of exosome release (249)

Depletion of ATP9A was found to delay the recycling of the transferrin receptor,
but not its internalization. Though the recycling rate was reduced it was not
completely abrogated (248). Transport and degradation of EGF and Shiga toxin B
fragment from early/recycling endosomes to the Golgi were not altered due to
ATPY9A depletion, indicating a crucial role in recycling to the plasma membrane.

Given the importance of endosomal recycling in proximal tubular epithelial cells for
receptor-mediated endocytosis by megalin and cubilin and the need for an efficient
sorting of receptor and cargoes for degradation or recycling (266), it is tempting to
speculate that ATP9A plays a role in the endolysosomal system of proximal tubular
cells. A direct link between a possible flippase activity, a lipid substrate and the
recycling pathway was not established.

| can only speculate about possible role for globo-series glycosphingolipids in this
process. Gb3Cer was associated with the induction of inward membrane curvature
in response to lectin or Shiga toxin binding (267). In this sense, a translocation of
Gb3Cer as lipid substrate of ATP9A to the cytoplasmic leaflet of endosomal
vesicles may seem counterintuitive but could be relevant for vesicle remodelling
and sorting. Interestingly, Morace et al. showed — without further commenting on it
- an electron micrograph of a Gb3Cer-positive vesicle in which the staining
indicates a localization of Gb3Cer on the cytoplasmic leaflet of the vesicle
membrane (97). Furthermore, Gb3Cer may not be a lipid substrate of ATP9A, but
interact directly with ATPOA or provide a membrane environment for the formation
of protein complexes like the described MON2/DOPEY2/ATP9A complex.
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Further validation of a Gb3Cer-ATP9A interaction and a possible functional role is
necessary to investigate the presented hypothesis and a connection to endocytic

trafficking.

4.1.3 Other protein candidates

Some hits from the pacSph pull-down proteomics experiments may also be
candidates for further investigations. Epithelial cell adhesion molecule (EPCAM)
and Integrin a3 (ITGA3) were high ranking hits in the screening (section 4.1.4).
pacSph pull-down of both proteins was UV-dependent. Validation of an EPCAM-
globo-series GSL interaction by western blotting indicated a reduction in pull-down
efficiency due to Gb3S KO or GCS inhibition (section 4.1.7), thus indicating a
possible globo-series GSL based interaction. The reduction observed for the pull-
down of ITGA3 can be completely contributed to a reduction in ITGA3 levels,

indicating a sphingolipid-, but not glycosphingolipid-dependent interaction.

Further candidates were evaluated after stable overexpression of HA-tagged
constructs. Dipeptidyl peptidase 4 (DPP4) is ubiquitously expressed in the body
and is an inhibitor of Glucagon-like peptide 1 (GLP-1). Inhibitors of DPP4 are used
for the treatment of type 2 diabetes mellitus by improving insulin secretion of
pancreatic 3 cells (268). DPP4 is a regulator of megalin expression in obese mice
(269) and inhibition of DPP4 was found to protect renal tubular cells from free fatty

acid-bound albumin-induced proximal tubular cell injury (270).

In proximal tubular epithelial cells DPP4 is trafficked to the brush border in a
Galectin-dependent manner (271, 272). Galectins were proposed to play an
important role in protein sorting to lipid microdomains for subsequent trafficking to
their target compartments (273) and were shown to interact with glycosphingolipids
in vesicle biogenesis (274). This could point out another possible role for globo-
series GSL in apical trafficking of proteins, which may play an essential role for
homeostasis of the proximal tubular endolysosomal network and the associated

scavenging receptors.

In cisplatin-induced acute kidney injury, inhibitors of DPP4 accelerated kidney
recovery due to anti-inflammatory effects and by promoting proliferation of proximal

tubular epithelial cells (275), indicating a role during the tissue repair process.
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Interestingly, pharmacological inhibition of GCS sensitized mice to cisplatin-
induced acute kidney injury, which was attributed to an increase in ceramide levels
(276). Glycerol-induced acute kidney injury associated changes in ceramide and
hexosylceramide were comparable to cisplatin treatment (277). In contrast, tubule-
specific knockout of GCS under the Pax8 promoter and GCS inhibition with Genz-
1233346 resulted in reduced kidney damage in glycerol-induced acute kidney
injury (97). It would be interesting to see if genetic ablation of Gb3S has
renoprotective effects in cisplatin treatment.

An effect of DPP4 on these processes may be possible but needs further
evaluation. Pull-down experiments in DPP4 overexpressing cells did not reveal a
globo-series GSL-associated difference, but the correct subcellular expression of

DPP4 is a factor that needs to be revised in future investigations.

4.1.4 Experimental discussion of pacSph experiments

The identification of sphingolipid-interacting proteins by pacSph pull-down depends
on the metabolic distribution of the functional groups within the sphingolipid
metabolic network. Distribution of the functional groups to globo-series GSL
requires several metabolic conversion steps, thus an increase in incubation was
associated with an improved labelling of glycosphingolipids (section 4.1.2).
Labelling of sphingomyelin remained constantly high from early time points on,
making up about 50% of the labelled lipid species, while Gb3Cer accounted for
approximately 15% of the labelled species with optimized labelling conditions. |
found that Gb3S knockout resulted in further increase of sphingomyelin labelling,
which may induce a bias towards sphingomyelin-interacting proteins in pull-down
experiments (section 4.1.3). In the comparison of AS1PL and AS1PL/AGb3S cells
this bias may become visible as an increase in protein pull-down after Gb3S
knockout, and therefore should be distinguishable from a depletion of globo-series
glycosphingolipid-interactors. Moreover, gangliosides GM3, GM2, LacCer and
GlcCer levels are increased in Gb3S knockout cells, which is also reflected in
increased labelling of these metabolites. Similar to sphingomyelin, this change in
abundance introduces a bias in pull-down experiments. Despite this increase in
other species, only labelling of globo-series glycosphingolipids was reduced in
AGDb3S cells, indicating that depletion effects in pacSph pull-down proteomics

experiments can be attributed to globo-series GSL expression.
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I cannot exclude that other glycosphingolipids have compensatory effects and
could replace globo-series glycosphingolipids in protein-sphingolipid interactions,
which could result in an abolishment of globo-series GSL-based effects and may
render these proteins unidentifiable in the current setting. A broad screening of
AS1PL and AS1PL/AGb3S clones could help to identify clones with similar
metabolic preferences and preferred features like strong globo-series expression.
These reservations also apply to other validation strategies that depend on the
pacSph labelling.

An increase in labelling time resulted in a bias towards very long chain-fatty acyl
(VLCFA) sphingolipid species (Figure 14). This bias may benefit the identification
of proteins with a preference for interaction with VLCFA-sphingolipids and may
hinder the identification of proteins with a preference for LCFA-sphingolipids.
Furthermore, subcellular distribution and microdomain-association can be based
on acyl-chain composition. Preferences on protein-interaction with specific lipid
species have been reported before (278, 279).

It is tempting to speculate about applications of the presented datasets in different
contexts. Independent from globo-series glycosphingolipids, pull-down
experiments in AS1PL cells could facilitate the investigation of sphingolipid-
interacting proteins with an emphasis on proximal tubular epithelial cells. Proximal
tubular epithelial cells are specialized for compound uptake, which is reflected in
the expression of specialized PTEC-specific transport proteins and channels that
may need sphingolipid-interactions for correct function and trafficking.

Fabry disease is the most common lysosomal storage disease and is characterized
by a-Galactosidase A (GLA)-deficiency causing an accumulation of Gb3Cer in
almost every cell type (280). Enzyme replacement therapy clears Gb3Cer storage
but shows limited clinical efficacy (62). Disease onset in mostly adult patients does
not directly correlate with already prenatal Gb3Cer storage (62). It is possible, that
Gb3Cer has an impact on cellular functions that goes beyond lysosomal
accumulation. Impaired autophagy (281), inflammation, and oxidative stress
response due to GLA deficiency were demonstrated (62). Absence and
accumulation of Gb3Cer may have an impact on interacting proteins and under my

supervision, Andre Muller (Bachelor student, Lipid Pathobiochemistry Group,
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DKFZ Heidelberg) generated AS1PL/AGLA cells that, in addition to the provided
datasets, my provide further insights into possible interactors of Gb3Cer under

conditions that mimic Fabry disease.

Gb3Cer expression was shown to be a regulator of cell identity (87, 88, 282) and
changes in globo-series GSL are associated with the induction of epithelial-to-
mesenchymal transition (EMT) (91). The exact mechanism of how globo-series
GSL regulate broad changes in cellular programs remains unclear. Recently, a
repressing effect of Gb3Cer levels on the transcription factor AUTS2 was described
and found to retain neuronal cells in a stem-like state (87). It appears reasonable
that a lipid-protein interaction acts as a sensor for changes in globo-series GSL
levels. SPINT1 was shown to be a regulator of EMT in a pancreatic cancer cell line
and may be one such candidate (283). Knockdown or knockout of both, SPINT1
and Gb3S, is associated with the expression of mesenchymal markers (91, 283)

and both may share an EMT regulatory axis via HGF signalling (284, 285).

In summary, the obtained datasets may be a valuable tool for the generation of
hypothesis and follow up studies on the presented proteins may strengthen a
connection to the renal phenotypes observed in Gb3S knockout mice, but also
provide insights into other phenotypes that are associated with dysregulated globo-
series glycosphingolipid expression. Establishing dedicated kidney injury-based
and endocytosis-based models for an evaluation of Gb3Cer-protein interaction
effects may help to dissect a possible connection between effects on compound
uptake and renoprotection and decipher a possible connection between Gb3-

dependent uptake and signalling phenotypes.

4,15 Effect of Gb3S knockout

Knockout of Gb3 synthase affected not only the expression of globo-series
glycosphingolipids, but was associated with an increase in HexCer, LacCer, GM3
and GM2. Furthermore, expression of low amounts of GD2 was induced after Gb3S
knockout indicating a remodelling of the glycosphingolipid synthesis network
(Figure 18E-F, Figure 19A). Interestingly, the MET receptor was also a candidate
protein in the pacSph pull-down screening, but a change in interaction due to Gb3S
KO could not be validated by PLA (Figure 28). Though not significant, PLA data

rather points to an increase in interaction, which might be related to an increase in
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abundance of ganglio-series GSL. For example, the ganglioside GD2 colocalizes
with the MET receptor and constitutively activates MET receptor signalling in MDA-

MB-231 breast cancer cells (286) and may be a candidate for such interaction.

It is of question whether the observed and possibly compensatory increase in
ganglio-series glycosphingolipids can also be observed in mouse tissue. Under
physiological conditions ganglioside GM3 is expressed in murine proximal tubular
cells (246), but to the best of my knowledge in mouse tissue no reports of ganglio-
series GSL changes in response to Gb3S knockout exist. If similar changes can
be confirmed in mouse tissue, it may add another layer of complexity to untangling

the Gb3S knockout phenotype.

Vascular cell adhesion protein 1 (VCAM1) was found to be upregulated in
AS1PL/AGDb3S cells and may be associated with the inflammatory response.
Interestingly, treatment with Gb3Cer can enhance VCAM1 expression in human
macrovascular endothelial cells under basal conditions (287). Furthermore,
Gb3Cer treatment was reported to have a positive and negative
immunomodulatory effect through toll-like receptor 4-mediated macrophage

activation depending on the concentration (92, 93).

4.1.6 Limitations of the study

For this study, | decided to use a cell culture model system. Difficulties to evaluate
tubular damage mechanisms on cellular level in in vivo animal models have been
reported (288). The advantage of a use of primary renal proximal tubular epithelial
cells are opposed to their limited availability and variability. A cell culture model
system allows for a systematic analysis of tubular damage and repair mechanisms
in the specific cell type of interest, proximal tubular epithelial cells. The reduced
complexity and easy availability and applicability of genetic engineering tools
compared to living organisms allow to use specific assays to interrogate protein-

sphingolipid interactions.

In contrast to these advantages, current cell culture models cannot completely
reflect the cellular environment and the interaction with other cell types in vivo.
Proximal tubular epithelial cells inhabit a dynamic environment. Fluid shear stress
was shown to be an important modulator of endocytic uptake (289). Cell
polarization plays an important role in the formation of apical and basolateral
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trafficking networks (290). A recent study demonstrated that polarity and renal
proximal tubular epithelial cell characteristics can be improved in HK-2 by growing
in 3D culture (288). This includes the formation of a tubule-like architecture, a
restoration of Na* transport and an upregulation of kidney-development-related
genes (288). These factors are not reflected in the model used for this study.
Furthermore, all experiments were performed under homeostatic conditions.
Challenging conditions by provoking the tissue repair response and specific
triggering of endocytic pathways may provide further insights into the underlying

mechanisms.

Further investigations are necessary to dissect and validate the observed effects.
Proximity ligation experiments are highly dependent on the quality of the used

antibodies and should be validated by knockdown.

Due to the lack of success in generating more double knockout clones, the
experiments had to be conducted with a single combination of AS1PL and
AS1PL/AGDb3S cells. Although the analysis of multiple clones would be preferable
to exclude clonal effects, the impact of these effects should be reduced in the
AS1PL/AGb3S cell line due to the preceding selection process and limited

cultivation time between the consecutive knockouts.

Knockout of S1PL could be considered a relatively harsh intervention with profound
effects on various cellular processes and is in line with the changes | observed in
glycosphingolipid and protein expression. Although this may render it more difficult
to detect sphingolipid-protein interactions involved in these processes, it does not
fully invalidate the approach to use these cells as a tool. Nevertheless, it highlights
the need for a validation of identified interactions independent of the AS1PL
background. In addition, ablation of Gb3 synthase may have more effects than
depleting globo-series GSL levels and could glycosylate not only lipid but also

protein substrates.

| found that Gb3Cer expression differs profoundly on single cell level. This indicates
that the glycosphingolipid expression profile may not be hardwired and subiject to
culture conditions like the cellular environment and cell density. | observed an
increase in Gb3Cer expression in response to increasing cell density (Figure 15).

A recent study demonstrated that Gb3Cer depletion suppresses contact inhibition
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in human mammary epithelial cells (291) and hints at an effect of Gb3Cer in growth
regulation. The analysis of Gb3Cer effects on single cell level could provide

additional insights compared to a stochastic whole culture-based approach.

4.1.7 Outlook

The presented results are not intended to provide final conclusions and a detailed
mechanism for globo-series glycosphingolipid function in proximal tubular cells, but

rather a foundation for further investigations of the presented hypothesis.

Further dissection and in-depth evaluation of signalling and endocytosis related
phenotypes may help to improve the understanding of globo-series
glycosphingolipid function in the kidney and could reveal novel targets for the

prevention of acute kidney injury or aminoglycoside-induced renal damage.
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5 Chapter 2 - Sphingolipids and KDSR mutations

5.1 Results

Since 2016 several patients with biallelic mutations in the KDSR have been
identified (Table 7). These mutations were often associated with
erythrokeratodermia variabilis et progressiva 4 (EKVP4; OMIM 617526) and
palmoplantar keratoderma (thickening of palms and soles). The term periorifical
and ptchyotropic erythrokeratoderma and the acronym PERIOPTER syndrome
has recently been suggested for a description of the disease to highlight an affinity
of the lesions for the body folds (292). A total of 14 patients with varying mutations
in KDSR and a broad spectrum of skin involvement, ranging from severe
ichthyosis-type Harlequin phenomenon to mild-to-none erythrokeratoderma have
been identified to date (Table 7). The metabolic consequences of these mutations
have been analysed before for two patients (183, 184) and did not find a strong
reduction in sphingolipid synthesis, despite the essential role of KDSR in the de
novo sphingolipid synthesis pathway. The aim of this project is to investigate
metabolic consequences of biallelic KDSR mutations with an emphasis on
sphingolipid de novo synthesis and alterations in sphingoid base metabolism, as
well as the accumulation of intermediates, which could trigger unfaithful substrate
utilization of other enzymes of the pathway and result in the formation of non-

physiological sphingolipids.

Parts of the presented data have been published in Human Molecular Genetics
(293). For the description of the experimental results the general letter-based
nomenclature system for skin ceramides is used (Figure 7). Ceramide
nomenclature in this chapter follows the guidelines for skin ceramides described
by Motta et al. (1993) (141).

5.1.1 Identification of a patient with biallelic KDSR mutations

For this study | analysed tape-stripping material from stratum corneum, skin
biopsies and whole blood samples of two patients with mutations in the KDSR
gene. The clinical features and genotype of the first patient was described before
by Bursztejn et al. (2019) (292). Biallelic mutations in the KDSR gene were reported
for this patient. A c.178delA mutation was inherited from the father and introduces
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Figure 31 Patients with biallelic KDSR mutations.

(A) Photos of patient 1 taken at the age of 19 months. (Left) Keratotic lesions around the eyes and

cheeks. The area around the lips is spared. (Middle) Palmoplantar keratoderma at the age of 19 months



5. Chapter 2 - Sphingolipids and KDSR mutations 87

(Right) H&E staining (x100) of buttock skin biopsy (showing a thickened and parakeratotic horny layer,
rather broad stratum granulosum and acanthotic spinous cell layer. Photos were taken from (292). (B)
Photos of patient 2 (Left) Harlequin-type ichthyosis phenomenon at birth. (Middle) Palmoplantar
keratoderma at the age of 40 years and (Right) Keratotic involvement of nail folds. (C) Mutations
observed for both patients and their localization in KDSR protein with respect to functional domains.
For patient 1 a p.Thr60Leufs*42 frameshift mutation and a p.GIn260_GIn293del exon 9 skipping was
described. Patient 2 exhibits a p.Lys246Serfs*32 frameshift mutation and a p.Glu289Lys amino acid
exchange. Photos were taken from (293). (D) Glu289 is conserved across different species up to
zebrafish (Danio rerio). Figure partially reproduced and modified from (292, 293). (License numbers
for republication #5323550788932 and #5323550916865)

a premature stop codon, that leads to a loss of the catalytic domain
(p.-Thre0Leufs*42). The second allele carries a silent ¢.879G>A mutation that was
inherited from the mother. This silent mutation leads to a synonymous p.GIn293=
mutation. Earlier reports of this mutation found that the c.879G>A affects the exon
splice site and causes a skipping of exon 9 (182). From one month on, the patient
exhibits the typical symptoms of PERIOPTER syndrome with demarcated keratotic
lesions in the face and the anogenital areas with an affinity for the body folds. At
19 months orange-coloured palmoplantar keratoderma and at the age of 2 years
discrete hyperkeratosis on knees and elbows were noted. In a skin biopsy from the
buttock, a thick stratum corneum layer and parakeratosis were noted (Figure 31A),
while a biopsy from an axillary lesion revealed alternating orthohyperkeratotic and
parakeratotic areas. Treatments with oral zinc and antimicrobial topical fusidic acid
with oral josacine propionate had no beneficial effect. Tape stripping samples at
the age of two years from palmar skin and at the age of four years from volar
forearm skin, as well as a skin punch biopsy of palm skin and a whole blood sample
were provided by Anne-Claire Bursztejn (Department of Dermatology, Nancy
University Hospital, Vandoeuvre les Nancy, France). A more detailed description

of the patient can be found in (292).

Samples of a second putative KDSR patient, identified by Judith Fischer (Faculty
of Medicine, Institute of Human Genetics, Medical Center, University of Freiburg,
Freiburg im Breisgau, Germany), were provided by Elise Brischoux-Boucher
(University Hospital, Besangon, France). Photographs of the patient were provided
by Francois Aubin (Service de Dermatologie et INSERM 1098 RIGHT, CHU et UFR
Santé, Besancon, France). Next-generation amplicon-sequencing revealed

compound heterozygous mutations in KDSR. The first allele carries a
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c.737 _738delinsG mutation that is predicted to induce a frameshift and protein
truncation (p.Lys246Serfs*32). In the second allele a c.865G>A missense mutation
was identified in exon 9 causing the exchange of an acidic with a basic amino acid
(p.Glu289Lys) within a predicted transmembrane domain. | found that this amino
acid is conserved across different organisms to Danio rerio, while there was no
consensus with the yeast ortholog Tsc10 (Figure 31D). She was born with a
congenital ichthyosis-type  Harlequin  phenomenon, which  regressed
spontaneously at one month age (Figure 31B). When one year old, she developed
palmoplantar keratoderma that was associated with intermittent keratotic lesions in
the vulvar area. Dry skin was noted around the eyelids, the nose, and the chin.
Systemic treatment with retinoids at 10 years of age had no apparent benefit. Tape
stripping samples from palmar and volar forearm skin at 41 years old, a skin biopsy

from lesional sole and a whole blood sample at 43 years old were provided.

Table 7 displays the currently known KDSR patients and highlights the degree of
skin involvement and thrombocytopenia that was described in some of the patients.
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Table 7 Patients with KDSR mutations and observed pathologies.
Patient Genetic mutation KDSR protein Pathological observations Reference
in KDSR alteration
#1 c.164_166delAAG p.GIn55_Gly56delins erythrokeratodermia variabilis et Boyden et al.
(Exon 2); Arg; progressiva 4 / PERIOPTER syndrome (2017);
¢.879G>A (Exon 9) p.GIn293= (Splice *Subject 429
Site Mutation,
Deletion of Exon 9)
#2 €.256-2A>C (Exon p.Val86_GIn107del; erythrokeratodermia variabilis et Boyden et al.
4); p.GIn293= (Splice progressiva 4 / PERIOPTER syndrome (2017);
¢.879G>A (Exon 9) Site Mutation, *Subject 101
Deletion of Exon 9)
#3 g.63,361,789 63,7 No expression; erythrokeratodermia variabilis et Boyden et al.
07,612inv (Exon p.GIn293= (Splice progressiva 4 / PERIOPTER syndrome (2017);
1+2); Site Mutation, *Subject 1107
¢.879G>A (Exon 9) Deletion of Exon 9)
#4 g.63,361,789 63,7 No expression; erythrokeratodermia variabilis et Boyden et al.
07,612inv (Exon p.Tyr186Phe progressiva 4 / PERIOPTER syndrome (2017);
1+2); *Subject 438
¢.557A>T (Exon 6)
#5 c.413T>G; p.Phel38Cys; Hyperkeratosis on palms, soles and Takeichi et al.
c.417+3A>C Deletion of Exon anogenital areas; Thrombocytopenia (2017);
5/5+6 *Patient 1
#6 c.413T>G; p.Phe138Cys; Hyperkeratosis on palms, soles; Perianal  Takeichi et al.
c.417+3A>C Deletion of Exon erythema and hyperkeratosis; (2017);
5/5+6 Thrombocytopenia *Patient 2
#7 c.812G>A; p.Gly271Glu; Harlequin-ichthyosis like skin and death  Takeichi et al.
c879G>A p.GIn293= (Deletion at age 37 days (2017);
of Exon 9) Patient 3
#8 €.223_224delGA; p.Glu75Asnfs*2; Harlequin-ichthyosis like skin Takeichi et al.
c.544G>A p.Gly182Ser developing into generalized (2017);
erythroderma and fine scaling; *Patient 4
Thrombocytopenia
#9 c.178delA (Exon 2); p. Thr60Leufs*42; erythrokeratodermia variabilis et Bursztejn et
¢.879G>A (Exon 9) p.GIn293= (Splice progressiva 4 / PERIOPTER syndrome al. (2019);
Site Mutation; with palmoplantar keratoderma *Patient 1 in
Deletion of Exon 9) this study
#10 c.460C>T; p.Argl54Trp; Thrombocytopenia; Moderate anemia; Bariana et al.
c.706C>T p.Arg234* Minor skin pathology (2019);
*Propositus
#11 c.460C>T; p.Argl54Trp; Thrombocytopenia; Moderate anemia; Bariana et al.
c.706C>T p.Arg234* Minor skin pathology (2019);
*Affected
Sibling
#12 €.592G>A; p.Glu198Lys; Generalized harlequin ichthyosis Huber et al.
c.865G>A p.Glu289Lys developing into palmoplantar (2020)
keratoderma and leukokeratosis
anogenitalis
#13 c.737_738delinsG; p.Lys246Serfs*32; Generalized harlequin ichthyosis (293)
c.865G>A p-Glu289Lys developing into palmoplantar *Patient 2 in
keratoderma this study
#14 c.869G>A p.Gly290Glu Spontaneously resolving Liu et al.
c.869G>A p.Gly290Glu erythrokeratorderma, (2020)

Thrombocytopenia

The table highlights recently described patients with mutations in KDSR and the respective observed

pathologies. Note patient #9 and patient #13 are the patients described in this study. Several patients

with the exon 9 skipping ¢.879G>A mutation of patient 1 have been described. Patient #12 carries the

¢c.865G>A mutation that was also observed in patient 2. Table modified from (293) License number for
republication: #5323550916865.
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5.1.2 3-ketodihydroceramide in epidermis of KDSR patients

To investigate whether the reduced activity of KDSR causes an accumulation of its
substrate 3-ketodihydrosphingosine (KDS), which can subsequently be utilized by
ceramide synthases (CerS) to form novel, non-physiological ceramides with a 3-
keto-group in the sphingoid backbone structure, | needed to establish an LC-
MS/MS based analytical method and synthesize the respective standards for these

hypothetical compounds and their metabolic derivatives.

KDS may be acylated to form 3-ketodihydroceramide (NdK-Cer) (Figure 33), which
may be a substrate for a desaturase to form 3-ketoceramide (NK-Cer). Further
metabolization could occur by sphingomyelin synthases or glycosyltransferases to
yield 3-keto(dihydro)sphingomyelin (NdK- and NK-SM) or 3-
keto(dihydro)glucosylceramide (NdK-GlcCer and NK-GlcCer), respectively (Figure
32).
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Figure 32 Keto-type ceramide derivatives.

Chemical structure of keto-type ceramides and derivatives including 3-ketodihydroceramide (NdK-Cer),
3-ketoceramide (NK-Cer), 3-ketodihydrosphingomyelin (NdK-SM), 3-ketosphingomyelin (NK-SM), 3-
ketodihydroglucosylceramide (NdK-GlcCer) and 3-ketoglucosylceramide (NK-GlcCer). The 4-5
(double)bond (blue circle), 3-keto/hydroxyl group (red) and 1-OH modification (red/yellow circle) are
highlighted as structural features that distinguish these compounds. Figure taken from (293). License
number for republication: #5323550916865.
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Synthesis and characterization of 3-ketodihydroceramides standards

3-ketodihydroceramide (NdK-ceramide) standards were synthesized by
conjugation of activated fatty acids to KDS base of varying lengths. C12-, C18- and
C24-KDS (The term “C(number)” is used throughout this thesis to indicate the
number of carbon atoms of the respective lipid species) were coupled with non-
hydroxylated C14-, C16- and C24-fatty acids to cover a broad spectrum of
compounds in the skin (Figure 33B). Parts of these syntheses were performed in
collaboration with Lukas Opalka (Skin Barrier Research Group, Department of
Organic and Bioorganic Chemistry, Faculty of Pharmacy in Hradec Kralove,
Charles University), who also provided the commercially non-available C24-KDS

base. The synthesized compounds were quantified by weight.
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Figure 33 Synthesis of 3-ketodihydroceramide (NdK-Cer) standards.

NdK ceramides were synthesized by conjugation of the free sphingoid base with a fatty acid in a
coupling reaction. (A) The reaction scheme for the synthesis of 3-ketodihydroceramides (NdK-Cer). (B)
Several combinations of KDS base and fatty acid were prepared to cover the possible variability of
NdK ceramides in the body: NdK-Cer(m18:0/14:0); NdK-Cer(m18:0/16:0); NdK-Cer(m18:0/24:0); NdK-
Cer(m24:0/14:0); NdK-Cer(m24:0/16:0); NdK-Cer(m24:0/24:0).
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The synthesized NdK-ceramide standards were characterized by LC-MS/MS
analysis to determine fragmentation patterns and retention times of the
compounds. Fragmentation of NdK-ceramides revealed a distinct fragment,
specific for the 3-keto-sphingoid base at m/z 270 (for NdK-Cer(m18:0/X)) and m/z
354 (for NdK-Cer(m24:0/X)), that was not dependent on the N-acyl moiety (X). This
fragment can be explained by a McLafferty-type rearrangement (McL) including the
3-keto group and the y-Hydrogen of the 1-hydroxyl group and allows a distinction
between NdK-ceramides and isobaric NS-ceramides (NS - with a sphingosine
backbone) that only differ in the position of the double bond, as well as NdS-
ceramides (NdS - with a sphinganine backbone) (Figure 34A, Supplementary
Figure 6). Additional discrimination can be achieved by reversed phase liquid
chromatography (Figure 34B-C). The exchange of a 3-hydroxyl group against the
3-keto group increases interaction with the stationary phase of the CSH C18
separation column used in this study. The retention times and collision energies for
synthetical and hypothetical compounds are depicted in Figure 34B-C.
Hypothetical compounds were estimated using a multiple linear regression model
using sphingoid base length and fatty acyl length as determinants. The optimal
collision energy for collision-induced dissociation (CID) of each standard for the
most abundant fragments was empirically determined and hypothetical compounds
were estimated using a multiple linear regression model. | observed a positive
correlation between collision energy and sphingoid base and N-acyl length,

whereas the dependence on N-acyl length was more pronounced.
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Figure 34 LC-MS/MS characterization of 3-ketodihydroceramides.

3-ketodihydroceramides (NdK-ceramides) were characterized to establish LC-MS/MS analysis
conditions. (A) Product ion spectra of NdK-Cer(m18:0/16:0), NdS-Cer(d18:0/16:0) and NS-
Cer(m18:0/16:0) were recorded at a collision energy of 25 eV (and 45 eV). Isobaric NdK-Cer and NS-
Cer can be distinguished by the characteristic fragment m/z 270 that is generated due to neutral loss
of formaldehyde in an McLafferty rearrangement (McL) that is dependent on the presence of the 3-keto
group. (B) Retention time of NdK-Cer, NdS-Cer and NS-Cer in reversed phase chromatography. (C)
Retention times as determined and estimated for different NdK-Cer standards. * indicates retention
times that were empirically determined based on synthetic standards. Filled symbols indicates
presence of these species in biological samples. Figure taken from (293). License number for
republication: #5323550916865.

Accumulation of free KDS

New sphingoid bases are generated via the de novo sphingolipid biosynthesis
pathway. De novo sphingolipid synthesis via the serine-palmitoyl-CoA transferase
complex (SPT) leads to the formation of the first sphingoid base and intermediate
metabolite 3-ketodihydrosphingosine (KDS) from its precursors L-serine and
palmitoyl-CoA. Complex variants of SPT are promiscuous regarding their choice of
substrate and an incorporation of longer acyl-CoAs results in the formation of
sphingoid bases with increased length and sphingoid bases up to a length of 28
carbons have been described specifically in the skin (20, 131). KDS is rapidly
converted by KDSR into sphinganine (Sa), which is not considered a rate limiting
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factor in de novo sphingolipid synthesis. Sphingosine (So) is not a direct
intermediate of de novo sphingolipid biosynthesis. Sphingosine bases are usually
generated by desaturation of the N-acylated sphinganine (dihydroceramide) and
free sphingosine is then obtained by release from ceramide due to the action of

ceramidases (Figure 35C).

Stratum corneum of both KDSR patients and age-matched controls was collected
by tape stripping of palmar and volar forearm (VA) skin with D-Squame® tapes.
Palmar stratum corneum samples were taken from skin areas with palmoplantar
keratoderma (lesional) and volar forearm samples from visually non-affected skin
areas (non-lesional). Additional samples of palmar stratum corneum from the
mother of patient 1 were provided. During tape stripping the outer layer of the
stratum corneum is separated from the remaining skin in a reproducible manner by
application of an adhesive disc with a defined pressure. Relative protein
quantification on tapes was done by infrared densitometry at 850 nm using a
SquameScan 850A device (Heiland electronic GmbH, Wetzlar, Germany). The
resulting absorbance value correlates linearly with the amount of protein on the

disc.

| analysed the impact of KDSR mutations on free sphingoid bases and especially
on the levels of the substrate KDS and product sphinganine. KDS was not
described in stratum corneum before, and | observed minor amounts of very long
chain-KDS bases (VLC-KDS; in accordance with fatty acid nomenclature, | will use
the term “very long chain” or “VLC” to describe sphingoid bases with a length
between 22 and 28 carbon atoms as opposed to “long chain” or “LC” sphingoid
bases with a length of 13 to 21 carbon atoms) ranging from C22-C26 in healthy
controls. In patients with KDSR mutations | observed increased levels of free KDS
(calculated as the sum of all measured KDS species) in palmar and volar forearm
stratum corneum of both patients, though not significant in palmar stratum corneum
of patient 2 (Figure 35A).

This accumulation of KDS indicates an insufficient capacity of KDSR to accomplish
the scope of KDS influx, either due to a reduced conversion of KDS to sphinganine
by KDSR or an increased flux into KDS by the preceding KDS reaction the is
independent of the patients’ skin state (lesional or non-lesional). No increase of
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KDS was observed for the mother of patient 1, carrying the c.879G>A exon 9 splice
site mutation, indicating that one healthy allele is sufficient to compensate the loss
or reduced enzymatic function of the other allele in terms of substrate
accumulation. The lipid-to-protein ratio was generally higher in volar forearm skin,
which indicates differences between skin areas and explains the comparatively

higher values for sphingoid bases, which | observed in volar forearm of patients.

As sphinganine is the product of the reduction of KDS by KDSR, | expected to find
a decrease in sphinganine levels. This was observed in palmar skin of patient 2
(as compared to age-matched control group 2), but not in volar forearm of both
patients. In contrary, palmar skin of patient 1 even unveiled increased levels of
sphinganine. This indicates a compensation mechanism in outer layers of
epidermis of patient 1. This compensation may be due to sufficient residual KDSR

activity or a reduction of sphinganine flux into other metabolites.

A pathway for sphinganine production from sphingosine is not known but could
explain the increase observed in patient 1 via the salvage pathway. Interestingly,
in a leukemia cell model with a knockout of KDSR also an increase of sphinganine
was observed (294), which could hint at an underlying biological compensation

mechanism.

Free sphingosine levels of patient 1 appear to be generally increased, while no
difference was observed for patient 2. These differences observed between the
patients hint at a heterogeneity in the disease characteristics of both patients.
Although sphinganine levels were not changed, | observed an increase in free

sphingosine in volar forearm of patient 1.
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Figure 35 Analysis of free sphingoid bases in stratum corneum.

The free sphingoid bases (A) 3-ketodihydrosphingosine (KDS), (B) sphinganine (Sa) and (C)
sphingosine (So) were measured in tape stripping stratum corneum samples of patients. The graph
depicts the sum of the measured lipid species in each sphingoid base class. The /eft panel shows
palmar stratum corneum (P1: n=4; P2 n=9) and for the mother of patient 1 (M(P1), 31y, n=4, homoallelic
c.879G>A) and the right panel volar forearm (VA) stratum corneum (P1: n=4; P2: n=9). The age-
matched control group 1 was comprised of a boy (3y, n=4) and a girl (3y, n=4) and control group 2 of
a female (37y, n=3) and a male subject (51y, n=3). Statistical testing was done by ordinary one-way
ANOVA with Tukey correction for multiple comparisons (*** p<0.001; ** p<0.01; * p<0.05). Graphs
show mean + standard deviation. (D) Free sphingoid bases as products of sphingolipid metabolism.
Figure partially taken from (293). License number for republication: #5323550916865.

Total sphingolipid hydrolysis reveals metabolized KDS

To chemically release all sphingoid bases in stratum corneum lipid extracts (free
and bound in other sphingolipids) total hydrolysis with hydrochloric acid of palmar
stratum corneum extracts was performed. Total hydrolysis cleaves the amide bond

between fatty acyl and sphingoid backbone and removes possible modifications of
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the 1-hydroxyl group. This reaction releases the free sphingoid base from complex
sphingolipids (295). By quantitation of free and bound sphingoid bases, this
procedure can address whether and to which extent KDS is present as building
block in higher sphingolipids, for example ceramides, sphingomyelins, or

glucosylceramides.

In proportion, KDS bases amounted for 25.3% and 35.2%, respectively, of the
measured sphingoid bases (KDS, sphinganine and sphingosine species) in patient
1 and patient 2, while | only discovered low amounts of KDS base in control
samples (Figure 36A) after total hydrolysis. Subtracting the amount of free KDS,
almost all KDS bases found after total hydrolysis could be attributed to complex
sphingolipids of unknown composition (Figure 36B). Interestingly, after hydrolysis
a relative increase in long-chain KDS (LC-KDS) bases and a decrease in VLC-KDS
was observed compared to the free base (Figure 36C-D), indicating a majority of
C18- and C20-KDS species was released due to total hydrolysis, and hinting at a
higher affinity of metabolizing enzymes towards these species or differences in
substrate availability. An increase in KDS levels in control samples was also

observed, but at a generally low level.
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Figure 36 Increased KDS after total hydrolysis of sphingolipids.

Analysis of free and bound sphingoid bases in palmar stratum corneum. (A) Amount of total 3-hydroxyl
bases (stacked, blue) and 3-keto bases (red) in patients and control groups after acid hydrolysis.
Student’s t-test (* p<0.05; **p<0.01) (Graph shows mean+SD, n=2 (P1 and C1) and n=7 (P2 and C2).

(B) Ratio of free and bound KDS base. Bound KDS was determined as the difference between the
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amount of free and total KDS (Graph shows mean+SD). (C+D) Profile of KDS species in patient 1 and
patient 2, respectively, before and after total hydrolysis indicating an increase in LC-KDS species C18
and C20 (Graph shows mean+SD). Figure modified from (293) License number for republication:
#5323550916865.

Identification of 3-ketodihydroceramide in patient stratum corneum

Reports in literature suggest that ceramide synthases could be able to utilize KDS
as a substrate in in vitro experiments (296). Though not described under
physiological conditions in vivo, the formation of these products may be possible
under pathological conditions. | used the previously described method and the
specific McLafferty fragment (Figure 34A) to investigate the presence of possible

3-ketodihydroceramides (NdK-ceramides) in the patients’ stratum corneum.

To cover a broad range of NdK-ceramide species, | decided to focus on
combinations with an even-numbered KDS backbone (ranging from C18 to C28)
and even-numbered N-linked fatty acyl residue (ranging from C16 to C26). | found
several prominent signals in patient samples, that were not present in control
samples and that matched the retention time of the synthetic standards indicating
the presence of 3-ketodihydroceramide primarily in patient samples (Figure 37A-
C). Exemplarily, chromatograms for NdK-ceramides with C18-KDS sphingoid base
and varying N-linked fatty acyl length (C16 — C26) (Figure 37A), and
chromatograms with C24-N-fatty acyl and varying KDS base length (C18 — C28)
(Figure 37B) are displayed for the analysis of palmar stratum corneum samples.
The fragment ratios of the observed compounds fitted the ratios observed with
synthetic standards confirming these compounds are 3-ketodihydroceramides
(Figure 38A-B). In all cases the specific McLafferty fragment was present and used

for the quantification of 3-ketodihydroceramides.
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Figure 37 3-ketodihydroceramides in stratum corneum of KDSR patients.

LC-MS/MS analysis of NdK-ceramides reveals multiple distinct signals with the characteristic
McLafferty fragment. Lipids from tape stripped stratum corneum discs were extracted and NdK-
ceramides were analysed by LC-MS/MS using reversed phase chromatography and the characteristic
transition of [M+H]* > McL (McLafferty fragment) (Figure 34A). (A) Chromatograms show NdK-
ceramides with C18-KDS base (blue) and varying lengths of N-acyl residue (red) for synthesized
standards of KSDR patients and samples from healthy controls. (B) Chromatograms show NdK-
ceramide analysis with varying KDS base length (blue) and constant N-lignoceryl residue of
synthesized standards of KDSR patients and healthy controls. Signal intensities are normalized to the
base peak. NdK-Cer(m18:0/14:0) (C14 (IS)) was added as an internal standard (purple). # indicates
non-specific signals. (C) Structure of NdK-ceramide and hypothetical pathway for the generation of
NdK-ceramides by N-acylation of KDS. Figure modified from (293) License number for republication:
#5323550916865.
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Figure 38 Fragmentation pattern of endogenous NdK-ceramides.

NdK-ceramides produce a specific fragmentation pattern. The transition of the molecular ion [M+H]* to
the fragment ions [M+H-FA]*/[M+H-FA-H20]*/[M+H+FA-CH20]*/[M+H-FA-CH202]* was used in multiple
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reaction monitoring mode (MRM) to determine a fragmentation profile at a constant collision energy of
35 eV of each the observed peaks in biological samples (Endo) and compare it to synthetic standards
(STD). The graph indicates the relative signal intensities for each transition of the respective peak or
compound for NdK-ceramides with a (A) C18-KDS base or a (B) C24-KDS base. The transition to
[M+H-FA-CH202]*is not depicted for C24-KDS-containing NdK-ceramides due to the overlap with the
transition to [M+H-FA-H20]* in C22-KDS-containing NdK-ceramides (A28u). Figure modified from
(293). License number for republication: #5323550916865.

Absolute and relative quantification in stratum corneum

To get a quantitative estimate of the relative NdK ceramide content of selected
marker species (lignoceric (C24:0) and cerotic acid (C26:0)-containing ceramides
covering the even-chained sphingoid base length range from C18 to C28) was
evaluated in comparison to non-hydroxylated ceramides with variable sphingoid
base structures (NX-type ceramides) of the same species composition. The
investigated NX-type ceramides included NS-ceramides (sphingosine backbone),
NdS-ceramides (sphinganine backbone), NP-ceramides (phytosphingosine
backbone) and NH-ceramide (6-hydroxysphingosine backbone).

With 6.9% and 9.1% respectively, NdK-ceramides were found to make up a
considerable fraction of the measured NX-type ceramide species in lesional palmar
stratum corneum of both patients (Figure 39A left). Interestingly, NdK-ceramides
were not only identified in lesional palmar stratum corneum, but also in non-lesional
volar forearm stratum corneum. In non-lesional volar forearm stratum corneum the
relative amount of NdK-ceramide species was similar for patient 1 (11.7%), but
lower for patient 2 (1.6%) (Figure 39B left). These differences may be related to
the state of the skin at this time. The absence of visible lesions may not exclude
underlying pathological changes. In lesional palmar stratum corneum of both
patients, as well as (apparently) non-lesional volar forearm of patient 1, | observed
a relative reduction of NP-ceramides and an increase in NS-ceramides, indicative
of pathological changes in skin properties. Similar effects were observed in lesional
stratum corneum of atopic dermatitis and psoriasis vulgaris patients ((297) and this
study section 5.1.4). The [NPJ/[NS] ratio (298) was found to be a marker for
transepidermal water loss (TEWL) and was correlated with keratinocyte
differentiation (298). A binary distinction between lesional and non-lesional areas
may not suffice to cover a continuous spectrum of pathological changes in the

patients.
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In addition to relative changes in NX-ceramide ratios, | observed a marked
reduction in total NX-ceramides of patient 2 in palmar stratum corneum, that was
not observed to the same degree in volar forearm or in patient 1 (Figure 39A-B
right).
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Figure 39 NX-type ceramides in stratum corneum of KDSR patients.

NdK- and NX-type ceramides (including NS (sphingosine base), NdS (sphinganine base), NH (60H-
sphingosine base), NP (phytosphingosine base) ceramides) were quantified and the sum of all
measured species was determined in (A) palm and (B) volar forearm of KDSR patients and healthy
controls. For quantification a set of marker species with varying even-chained sphingoid bases (C18 —
C28) and N-lignoceric acid (C24) or N-cerotic acid (C26) residues. Left panels depict the relative
amount of respective ceramide classes and right panels the absolute level of all measured NX-type
ceramides. Statistical testing was done by ordinary one-way ANOVA with Tukey correction for multiple
comparisons (** p<0.01; * p<0.05). Graphs show mean + standard deviation. Figure partially taken
from (293). License number for republication: #5323550916865.
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The total NdK-ceramide amount in stratum corneum was estimated by summing
up NdK-ceramide species with even-chained sphingoid bases (C18 — C28) and
even-chained N-acyl residues (C16 — C26). Due to the limited availability of sample
material, the complete indicated range of NdK-ceramide species could not be
investigated for patient 2 and few species (with expected minor amounts) are
missing in the evaluation, possibly underestimating the amount of NdK-ceramide
(for comparison check Figure 54). Significant amounts of NdK-ceramide were
observed in palmar stratum corneum of KDSR patients (Figure 40 leff) and even
higher amounts in volar forearm of patient 1 (Figure 40 right). The reason for this
could be an underlying and unknown pathology or differences in the biological
effects due to lipid species composition (for comparison check Figure 54). It is also
possible that differences in the total amount of lipids between volar forearm and
palmar stratum corneum contribute to a higher tolerance towards the presence of
NdK-ceramides, although compared to NX-type ceramides the relative levels
appear to be higher in volar forearm. The low amounts of 3-ketodihydroceramides
found in control samples can be attributed to the presence of minor amounts of the
NdK-Cer(m24:0/24:0) species.
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Figure 40 Quantification of NdK-ceramide in KDSR patient stratum corneum.

The level of NdK-ceramides in palmar (P1: n=2; P2: n=6; control group C1: n=6; control group C2: n=6)
and volar forearm (P1: n=4; P2: n=6, control group C1: n=4; control group C2: n=6) stratum corneum
of KDSR patients was determined as sum of all even-chained NdK-ceramide species with C18-C28
KDS base and C16-C18 N-acyl residue. Due to limited sample amount not all species of NdK-ceramides
could be measured for P2 and C2 and (expected) minor species (Figure 54) are missing, possibly
underestimating NdK-ceramide amount in these samples. Statistical testing comparing KDSR patients
and the respective controls was done using a two-tailed Student’s t-test (*** p<0.001). Graphs show

mean + standard deviation.
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KDS and NdK ceramides in epidermis and dermis

For the further assessment of NdK-ceramide occurrence in different tissues and
body fluids | obtained skin punch biopsies and blood samples of the palm (patient
1) or sole (patient 2). Due to the invasive nature of the procedure and to minimize
the impact on the patients, only one sample per patient was obtained. The skin
punch biopsies were enzymatically digested using dispase, which allows a
separation of dermis and epidermis. Skin biopsies of KDSR patients were
characterized by a thickened epidermal layer compared to control samples.
Separated tissue sample fractions were lyophilized and subjected to lipid extraction
for a quantification of NdK-ceramide content. While stratum corneum sample
indicate changes in the upper layer of the skin and could be considered an indirect
measurement of changes in sphingolipid metabolism in stratum basale and stratum
granulosum, epidermal and dermal biopsies provide insights into sphingolipid

metabolism at the place of biosynthesis.

Quite strikingly, no NdK-ceramides were observed in the dermis fraction of the skin
of both patients, while | observed a high abundance in epidermis samples (Figure
41A). This indicates a close association of NdK-ceramides with the pathological
changes in the patients’ epidermis and a possible connection of NdK-ceramide
formation to the skin- and keratinocyte-specific sphingolipid metabolism.

Similar to stratum corneum samples, free KDS was higher in epidermis, but also
dermis, of KDSR patients (Figure 41C-D). In contrast, | observed high levels of free
sphinganine in control epidermis samples that appear to be completely diminished
in both KDSR patients, while only minor changes in free sphingosine were
observed (Figure 41C). This effect was not observed in dermis samples (Figure
41D). The reduction of free sphinganine in epidermis could indicate a lack of KDSR
activity especially under high demand conditions as observed during production of
skin barrier lipids, while the presence of low levels of KDS does not contribute to
apparent pathological changes. This is in line with the observation of increased
free KDS in whole blood samples of both patients compared to a control sample
(Figure 41). | was not able to identify NdK-ceramides in whole blood samples of

the patients.
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In comparison to other NX-type ceramides in epidermis, NdK-ceramides made up
approximately 20% and 28% of these lipids in patient 1 and patient 2, respectively
(Figure 42A). | was able to confirm the decrease in NP-ceramides and increase in
NS-ceramides that | observed in stratum corneum also in total epidermis, pointing
to a possible defect in keratinocyte differentiation (298). The level of NX-type
ceramides (including NdK-ceramide) in relation to dry weight was strongly reduced
for both patients in epidermis (Figure 42A right) and slightly reduced in dermis
(Figure 42B right). Given the high increment in NX-type ceramide levels between
epidermis and dermis (appr. 15000 pmol NX-Cer/mg dry weight in epidermis
versus 225 pmol NX-Cer/mg dry weight dermis) an incomplete separation of both
skin layers and minor contamination of dermis samples with epidermis could have
an impact on lipid levels in dermis, and cannot be fully excluded, especially in
control sample with a comparatively thin epidermal layer. This may contribute to

the difference observed in dermal lipid levels.
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Figure 41 Sphingoid base and NdK-ceramide analysis of biopsy samples.



5. Chapter 2 - Sphingolipids and KDSR mutations 105

Skin punch biopsies and whole blood samples of KDSR patients were obtained. Skin punch biopsies
from the palm (patient 1, n=1) or the sole (patient 2, n=1) were enzymatically digested with dispase
and separated into an epidermal and dermal fraction. The tissue samples were lyophilized, the dry
weight was determined, and lipids were extracted. (A) NdK-ceramides were measured and quantified
by LC-MS/MS and compared to lipid extracts from healthy control samples (male, 84y, right ventral
thigh; female, 70y, forehead; female, 62y, shank; n=1 respectively). (B) Free sphingoid bases from
whole blood samples were extracted, the amount of free KDS analysed by LC-MS/MS and compared
to a control sample (male, 51y) (n=3, technical replicates). (C) Free sphingoid bases in complete
epidermis of KDSR patients were analysed by LC-MS/MS and compared to control samples. Lipid
species of one class were summed to estimate the total amount per class. (D) Free sphingoid bases
in dermis of KDSR patients were analysed and compared to control samples. Graphs show mean +
standard deviation. Figure partially taken from (293). License number for republication:
#5323550916865.
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Figure 42 Analysis of NdK- and NX-type ceramides in dermis and epidermis.

NX-type ceramides (including NS (sphingosine), NdS (sphinganine), NH (60H-sphingosine), NP
(phytosphingosine)) were quantified and the relative amount of each NX-ceramide class is depicted in
the left panel for (A) epidermis or (B) dermis samples from KDSR patients (n=1) or controls (male, 84y,
right ventral thigh; female, 70y, forehead; female, 62y, shank; n=1 respectively). Right panels show
the sum of NX-type ceramides measured in the respective fractions. Graphs show mean + standard

deviation.
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5.1.3 No derivatives of NdK-ceramide in patient skin

3-ketoceramides

The discovered 3-ketodihydroceramides (NdK-ceramides) may be substrates for
further enzymatic metabolization. A dihydroceramide desaturase like DES1 or
DES2 may be able to introduce a 4,5-trans-double bond into the molecule to yield

3-ketoceramides (NK-ceramides).

To check this hypothesis a nervonic acid containing synthetic ceramide standard
(Cer(d18:1/24:1)) was oxidized with 2,3-dichlor-5,6-dicyano-1,4-benzoquinone
(DDQ) to convert the 3-hydroxyl group into a 3-keto group (299). Furthermore, a
non-enzymatic rearrangement for 3-ketoceramides by Michael addition under mild
alkaline conditions was reported (300). To be able to evaluate the presence of
rearranged NK-ceramides in patient samples, cyclization of NK-ceramide standard
was induced by treating the oxidized compounds with 0.1M sodium hydroxide
(NaOH). The respective 3-keto-derivatives were prepared by Adam Majcher
(ERASMUS student) under my supervision.

NK-ceramides eluted later than NS-ceramides (+0.07 min). Too peaks with m/z
646.5 were observed in single reaction monitoring (SRM) mode (Figure 43A). While
the first peak fits to the expected mass of C24:1-NK-ceramide, the second peak
seems to be derived from in-source decay of a compound with a molecular ion at
m/z 716.5 (+70 u) (Figure 43B). The in-source decay to m/z 646.5 and identical
product ion spectra indicate the formation of an unknown side product (likely a
C24:1-NK-ceramide conjugate). For the product of the cyclization reaction (cNK-
ceramide) | observed an increased retention time compared to NS-ceramides
(+0.34 min) (Figure 43A top).

Although, minuscule amounts of the fragment m/z 268.2 were observed, 3-
ketoceramides do not perform an abundant McLafferty type rearrangement,
possibly due to the conjugation of the -electrons between the 3-keto group and
the 4,5-trans-double bond. | expected increased in-source elimination of the 1-
hydroxyl group as water driven by the possible extension of the 1r-electron system,
but the observed in-source water loss was weaker compared to NS-ceramides
(Figure 43B). NK-ceramides produce an intense fragment at m/z 280.1 ([M+H-
FA]') and a less intense fragment at m/z 298.2 ([M+H-(FA-H20)]"). These
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fragments were used for a screening of NK-ceramides in epidermis of patient 1,
but no NK-ceramide could be detected in stratum corneum or biopsy samples
(Figure 44A). In addition, cyclized NK-ceramide generated a characteristic
fragment involving the N-acyl residue at m/z 434.2. | did not observe signals for
cyclic NK-ceramides that were distinguishable from noise in stratum corneum of
patient 1 (Figure 44B).
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Figure 43 Characterization of (cyclic) 3-ketoceramide.

NS-ceramide(d18:1/24:1) was oxidized and treated with sodium hydroxide (NaOH) to vyield 3-
ketoceramide(m18:1/24:1) and a possible cyclic Michael-type rearrangement product (cNK-
Cer(m18:1/24:1)). (A) Chromatograms show single reaction monitoring for NS-, NK- and cNK-ceramide
at m/z 648.6 (NS-Cer) and m/z 646.6 (NK- and cNK-Cer). (B) Full MS scan (m/z 613 — 768) of eluting
compounds. Predicted molecular ions are annotated for the observed peaks. Letter codes refer to
chromatograms from (A). (C) Product ion scan of compounds a — d performed at 25 eV collision energy.
(D) Chemical structure and hypothetical route for biosynthesis of NK- and cNK-ceramides. (E)
Hypothetical fragmentation mechanism for the generation of fragments x and y (see product ion

spectra) in cNK-ceramides. Data produced jointly with Adam Maijcher.
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Figure 44 Analysis of 3-ketoceramide and cyclic 3-ketoceramide.

NdK-ceramide, NK-ceramide and cyclic NK ceramide were determined in epidermal biopsies and
stratum corneum samples of KDSR patients. (A) Chromatograms show transitions for C16-NS-, NK-
and NdK-ceramide species in synthetic standards and epidermal lipid extracts from patient 1 and
control. Coloured boxes indicate the expected retention time of the respective lipid species (red — NK-
Cer; blue — NdK-Cer). (B) Chromatograms show transitions for C24-cNK-ceramide in volar forearm
stratum corneum lipid extracts of patient 1 and control. Red boxes indicate expected retention time in

biological samples.
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Analysis method for 3-keto-sphingomyelin derivatives

For the transfer into lamellar bodies and the incorporation into lipid lamellae of the
skin barrier, the derivatization of ceramides to glucosylceramide or sphingomyelin
is considered a requirement (301). To investigate the formation of 3-keto-
sphingomyelin and 3-keto-glucosylceramide derivatives the respective standards
were prepared by oxidation of the 3-hydroxyl group to a 3-keto group with DDQ
(302) and subsequent reduction of the 4,5-trans-double bond with hydrogen and

palladium on charcoal (Pd/C) as a catalyst.

An isolated mixture of sphingomyelins from porcine brain with varying N-acyl
chains and a d18:1-sphingosine was used to generate either keto-
dihydrosphingomyelin or keto-sphingomyelin as shown in Figure 32. This mixture
resembles the sphingomyelin profile of brain extracts with a C18-sphingosine
backbone conjugated to stearic acid (C18:0), but also other fatty acyl residues in
lower concentrations (Figure 45A). The consecutive oxidation/reduction procedure
allows the generation of a broad spectrum of 3-ketodihydrosphingomyelin and 3-

ketosphingomyelin species.

| characterized these standards to establish an LC-MS/MS method for an analysis
of KDSR patient samples. An evaluation of the retention time using the previously
established reversed phase-chromatography method demonstrated a small
difference (0.05 min) between isobaric NS- and NdK-sphingomyelin species. The
4,5-unsaturated 3-ketosphingomyelin eluted appr. 0.14 min earlier than the NS-
sphingomyelin equivalent (Figure 45A-B). In addition, the fragmentation of
sphingomyelin results in an energetically highly preferred, charged phosphocholine
ion (m/z 184) that is insufficient for a distinction between NS- and NdK
sphingomyelin. Fragmentation of the [M+H]" molecular ion of NdK-Cer(m36:1) and
NK(m36:0) using standard conditions did not reveal further fragments suitable for
a differentiation from NS-Cer(d36:1) (Figure 45C).

It was demonstrated before that the formation of the phosphocholine fragment (m/z
184) can be suppressed by promoting the formation of the lithium adduct [M+Li]*,
which provides structural information about the lipid moiety of sphingomyelin (303).
In this mechanism the 3-hydroxyl group is required to stabilize the resulting

fragments. | found, that in presence of a 3-keto group an intense fragment with m/z
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190 is generated for 3-keto-containing sphingomyelins, but not for 3-hydroxy-
sphingomyelins (Figure 45D). These fragments allow to distinguish isobaric NS-
and NdK-sphingomyelin species. The fragment likely resembles the lithiated
phosphocholine fragment, which is formed in absence of a 3-hydroxyl group. For
analytical purposes this behaviour was exploited by post-column injection of lithium
acetate into the chromatographic flow and subsequent fragmentation of lithium

adducts.

Interestingly, the effect on retention time of the 3-keto group appears to be reversed
for sphingomyelin compared to ceramides. While 3-ketodihydroceramides (NdK-
Cer) elute after the equivalent dihydroceramide (NdS-Cer), 3-
ketodihydrosphingomyelin (NdK-SM) elute slightly earlier than equivalent
dihydrosphingomyelin (NdS-SM). With the 1-OH modification being the only
difference between the molecules, this points to a difference in interaction between
the phosphocholine group and the 3-keto group compared to the 3-hydroxy group
that could affect hydrophobic interactions in reversed phase chromatography. It
could be speculated that the 3-hydroxy group forms a intramolecular H-bond with

the phosphate moiety, which is not possible with the 3-keto group.

| used palmar stratum corneum of patient 1 to screen for keto-type sphingomyelin
(NdK-SM and NK-SM) with the described method. The applicability of this method
for biological samples was tested by spiking control extracts with synthetic NdK-
sphingomyelin. These analyses did not reveal signals that were indicative of the
presence of these compounds in stratum corneum (Figure 46A). For the formation
of lipid lamellae most sphingomyelin in the stratum corneum is hydrolysed to yield
ceramides. The lack of an apparent accumulation of NdK- or NK-sphingomyelin
could also indicate a possible degradation of these compounds in stratum

corneum.

To further elucidate this, | analysed epidermal and dermal biopsies of both patients.
| did not observe marked signals for the presence of NdK-sphingomyelin of NK-
sphingomyelin in epidermis (Figure 46B) or dermis (Figure 46C). This indicates,
that 3-ketodihydroceramides are not converted to 3-ketodihydrosphingomyelin or

3-ketosphingomyelin in a significant manner.
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Figure 45 LC-MS/MS characterization of keto-type sphingomyelin.

Oxidation (DDQ) and reduction (Hz2 on Pd/C) of a porcine brain sphingomyelin mix yielded NdK- and
NK-sphingomyelin, which were characterized using LC-MS/MS. (A) Retention time of NS-, NdS-, NK-,

and NdK-sphingomyelins on a reversed phase C18 CSH column. Sum chromatograms are generated

by combination of multiple MRM transitions for each lipid class (B) Correlation of the retention time

with number of carbon atoms of the respective species (left panel) and indication of the retention time

differences for species with 36 carbon atoms (right panel). (C) Product ion spectra for the [M+H]*

molecular ion of SM-derivatives with 36 carbons recorded at 35 eV collision energy. (D) Product ion

spectra recorded for [M+Li]* molecular ions of SM-derivatives at 35 eV collision energy and with

infusion of lithium acetate into the LC flow. Data produced jointly with Adam Majcher.
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Figure 46 Analysis of keto-type sphingomyelin in patient samples.

Lipid extracts from palmar stratum corneum of patient 1 and skin biopsy material from patient 1 and
patient 2 were subjected to keto-type sphingomyelin analysis. (A) Chromatograms show total ion
current (TIC) for NS-sphingomyelin and analytical transitions for [M+H]* and [M+Li]* of NK- and NdK-
sphingomyelin(d34:x) in the patient sample. The expected elution time is highlighted for NK-SM(d34:1)
(orange) and NdK-SM(d34:0) (red). (B) Epidermal and (C) dermal lipid extracts were analysed
regarding the presence of NK- and NdK-SM. Exemplarily the transitions for [M+Li]* to m/z 190.07 of

N(d)K-SM(d36:x) are shown. Chromatograms of synthetic standards indicate the expected elution time.



5. Chapter 2 - Sphingolipids and KDSR mutations 113

Analysis of 3-keto-glucosylceramides

Alternatively, to keto-type sphingomyelin, NdK-ceramide could be metabolized to
the respective glucosylated form (Figure 32). 3-ketodihydroglucosylceramide
(NdK-GlcCer) and 3-ketoglucosylceramide (NK-GlcCer) were prepared from
synthetic GlcCer(d18:1/24:1) by oxidation with DDQ and reduction with H2 and
Pd/C.

The observed retention times of the synthesized standards are documented in
Figure 47 (left). NdK-GlcCer produced analogous to NdK-ceramides a
characteristic McLafferty fragment (m/z 270), which | used for screening of these
compounds in patient samples. | did not observe the formation of a McLafferty-type
fragment in NK-GlcCer (m/z 268). The main fragment observed in NK-GlcCer for
the C18-sphingoid base was at m/z 280 ([M+H-FA-(Glc-H20)]*) (Figure 47)

analogous to what | observed for NK-ceramides (Figure 43).

Screening of palmar stratum corneum of patient 1 and epidermal biopsies of both
KDSR patients did not reveal significant signals indicative for NdK-GlcCer or NK-
GlcCer (Figure 48A-D). From these data | conclude that neither N(d)K-GlcCer nor
N(d)K-SM do accumulate in the patients’ skin in detectable amounts.
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Figure 47 Characterization of keto-type glucosylceramides.

Characterization of 3-ketodihydroglucosylceramide (NdK-GlcCer) and 3-ketoglucosylceramide (NK-
GlcCer) by LC-MS/MS. (A) Retention time of synthetic NS-GlcCer(d18:1/24:1), NK-GlcCer(m18:1/24:1)
and NdK-GlcCer(m18:0/24:0). (B+C) Product ion scan of the respective [M+H]* molecular ions at (B)
25 eV and (C) 45 eV collision energy. Data produced jointly with Adam Majcher.
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Figure 48 Keto-type GlcCer in stratum corneum and skin biopsies.

Stratum corneum of patient 1 and epidermis biopsies of both KDSR patients and a control were
analysed for the presence of 3-ketodihydroglucosylceramide (NdK-GlcCer) and 3-
ketoglucosylceramide (NK-GlcCer). (A) Lipid extracts from palmar stratum corneum of patient 1.
Chromatograms show the respective transitions for the detection of NS- (total ion current), NK- and
NdK-GlcCer(m18:0/24:0). Intensities are normalized to the base peak and intensity values are
indicated in the upper right corner. Red and orange box indicate expected retention time for NdK- and
NK-GlcCer species, respectively (B-D) Chromatograms for transitions of NS- (total ion current), NK-,
and NdK-GlcCer(m18:0/24:0) in epidermal lipid extracts of (B) patient 1 (C) patient 2 and (D) control.
(E) Chemical structure and hypothetical enzymatic reaction for the generation of NK- and NdK-GlcCer

species.
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5.1.4 Reduced sphingolipid length in KDSR, AD and Pso

Shorter sphingoid bases in KDSR patients
Lipid length is an important factor for the function of lipid lamellae (304). As
mentioned before (section 5.1.2), | observed species of varying length of free

sphingoid bases.

Strikingly, in patient samples from palm, apart from the general increase in free
KDS, a relative increase in free LC-KDS (C18 and C20) compared to free VLC-
KDS (C22 - C28) was noticed. In both patients the average chain length was
significantly reduced not only for KDS (by up to 2.5 carbon atoms), but also for
sphinganine (by up to 3 carbon atoms) and sphingosine (by up to 1.8 carbon
atoms) (Figure 49A-B). In volar forearm samples these differences are smaller.
Free KDS length was significantly reduced only in patient 1 (0.3 carbon atoms)
(Figure 50A-B).

For sphinganine and sphingosine the reduction in length | observed in patient 1
was bigger compared to patient 2 (1 carbon atom vs 0.2 carbon atoms (Sa) and 3
carbon atoms vs 1 carbon atom (So)) (Figure 49C-F, Figure 50C-F). These
stronger effects in patient 1 could further point to an unnoticed underlying
pathology or a differentiation defect and are in line with the observed higher amount

of NdK-ceramides in volar forearm of patient 1 (Figure 40).
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Figure 49 Sphingoid base length analysis in palmar stratum corneum.

Overview of measured KDS species as determined in palmar stratum corneum tape stripping lipid

extracts. The relative amount of each species and the average length for (A) KDS, (C) sphinganine

and (E) sphingosine are depicted in the left or right panel, respectively, for patient 1 (n=4), patient 2

(n=9), control group 1 (male, 3y, n=4; female, 3y, n=4), control group 2 (male, 51y, n=3; female, 37y,

n=3) and the mother of patient 1 (31y, n=4, monoallelic c.879G>A). The absolute levels of single lipid

species are plotted for (B) KDS, (D) sphinganine and (F) sphingosine. Statistical testing was done by

ordinary one-way ANOVA with Tukey correction for multiple comparisons (*** p<0.001;

** p<0.01; *

p<0.05). Graphs show mean + standard deviation. License number for republication: #5323550916865.
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Figure 50 Sphingoid base length analysis in volar forearm stratum corneum.

Overview of measured KDS species as determined in palmar stratum corneum tape stripping lipid

extracts. The relative amount of each species and the average length for (A) KDS, (C) sphinganine

and (E) sphingosine are depicted in the left or right panel, respectively, for patient 1 (n=4), patient 2

(n=9), control group 1 (male, 3y, n=4; female, 3y, n=4), control group 2 (male, 51y, n=3; female, 37y,

n=3) and the mother of patient 1 (31y, n=4, monoallelic c.879G>A). The absolute levels of single lipid

species are plotted for (B) KDS, (D) sphinganine and (F) sphingosine. Statistical testing was done by

ordinary one-way ANOVA with Tukey correction for multiple comparisons (*** p<0.001; ** p<0.01; *

p<0.05). Graphs show mean + standard deviation.
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This length reduction effect for free sphingoid bases could be confirmed in
epidermal biopsies of both KDSR patients (Figure 51A), while, as expected, dermis
contained only minor amounts of free C18-sphingoid bases (Figure 51B). The
relatively low amount of free sphingoid bases in dermis and the presence of VLC-

sphinganine (0.5% of epidermal level) could hint at an incomplete separation from
the epidermal fraction.

In epidermal biopsies a strong increase in free LC-KDS was observed and a loss
of VLC-sphinganine. In comparison to stratum corneum samples, less free VLC-
KDS species were observed in patient epidermis, and almost no free VLC-
sphinganine or VLC-sphingosine (Figure 51A). These findings could be related to
the thickening of the epidermal layer that | observed in patient biopsies and a failure
of keratinocytes to differentiate and initiate the production of VLC-species.
Although only one biopsy sample per patient could be analysed, the similar effects

observed in both patients indicate biological significance of these findings.
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Figure 51 Sphingoid base analysis in epidermis and dermis biopsies.

Skin punch biopsies were enzymatically digested and separated into dermal and epidermal fractions.
Levels of free sphingoid bases in (A) epidermis and (B) dermis of KDSR patients and control (male,
84y, right ventral thigh; female, 70y, forehead; female, 62y, shank; n=1 respectively). KDS (left),

sphinganine (middle) and sphingosine (right). Graphs show mean + standard deviation.
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Sphingoid bases in atopic dermatitis and psoriasis vulgaris

To investigate, if this length reduction effect generalizes across other skin
pathologies like atopic dermatitis (AD) and psoriasis vulgaris (Pso), | obtained tape
stripping stratum corneum samples of lesional and non-lesional skin areas of three
AD and two Pso patients (Table 8) in cooperation with Dr Silvia Mihalceanu, Prof
Dr Knut Schakel, Prof Dr Alexander Enk (Hautklinik Heidelberg). | extracted lipids
from the tape stripping discs and performed LC-MS/MS analysis analogous to
KDSR patients.

Table 8 Overview of atopic dermatitis and psoriasis vulgaris patients.

Patient Age Sex PASI / EASI BSA Location
Pso-1 57 Female 13.1 10.5% Lateral abdominal (left)

Lateral abdominal
Pso-2 25 Male 10.1 11% .

(right)

AD-1 28 Female 11.7 12% Forearm (left)
AD-2 57 Female 16.9 35% Forearm (right)
AD-3 26 Female 10.5 14% Armpit (left)

PASI: Psoriasis Activity Index; EASI: Eczema Area and Severity Index; BSA: Body Surface Area

An analysis of free sphingoid bases revealed a reduced length in both Pso patients
in lesional skin areas, but not in non-lesional areas (Figure 52A, C, E). The effect
was weaker compared to KDSR patients for KDS (up to 1 carbon atom),
sphinganine (up to 0.6 carbon atoms) and stronger for sphingosine (up to 3 carbon
atoms). For an interpretation of these findings, it should be considered that |
osberved generally less VLC-sphingosine in palmar stratum corneum, which could
explain the bigger difference observed in samples from lateral abdominal skin. No
marked difference was observed in KDS and sphinganine length between palmar
and non-palmar skin areas. In AD patients the observed effects were more
differentiated and varied between the patients, which may be explained by
differences in diseases severity, disease state and other factors like age.
Especially for patient AD-2 with a comparatively higher eczema area and severity
index (EASI = 16.9) and involved body surface area (BSA = 35%), KDS and
sphinganine length was affected not only in lesional, but also non-lesional skin
(Figure 52B, D). For patient AD-1 (EASI 11.7; BSA 12%) only KDS length was
affected in lesional skin, while in patient AD-3 (EASI 10.5; BSA 14%) KDS,
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sphinganine and sphingosine length were affected in lesional skin areas (Figure
52B, D, E). Overall, it appears that sphingoid base length reduction is a common
feature in different skin pathologies und may be attributed to a common underlying

mechanism, possibly a loss of keratinocyte differentiation and hyperproliferation.

In addition to changes in average free sphingoid base length, | found that the levels
of free sphingoid bases are affected in Pso and AD patients. In both diseases, |
observed increased KDS levels in lesional skin areas (Figure 52A, B middle and
right panel). In lesional skin of Pso patients the amount of LC-sphingosine, but not

VLC-sphingosine is significantly increased (Figure 52E middle and right panel).
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Figure 52 Sph

Free sphingoid bases were extracted from stratum corneum tape stripping disc material three patients

diagnosed with atopic dermatitis (AD) and two patients diagnosed with psoriasis vulgaris (Pso).

Samples were acquired from lesional and non-lesional skin of forearm (AD-1, AD-2), armpit (AD-3) or
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the lateral abdominal region (Pso-1, Pso-2). A detailed description of the patients is provided in Table
8. The average length, sum and amount of single lipid species of (A, B) free KDS, (C,D) free
sphinganine and (E, F) free sphingosine was determined in lesional and non-lesional skin for each
patient (n=3) and a control group (n=15). Statistical testing by ordinary one-way ANOVA with Tukey
correction for multiple comparisons (*** - p<0.001; ** - p <0.01; * - p<0.05) (Graph shows mean +

standard deviation).

VLC-sphinganine is incorporated into NdS-ceramide

It is unclear to what extent VLC-sphingoid bases are incorporated into other
sphingolipids like ceramides. | investigated the abundance of different NdS-
ceramide species to evaluate differences between skin areas and the effect of

lesions as seen in KDSR patient 1 and map the abundance of each species.

| observed the N-acylation products of VLC-sphinganine (NdS-ceramides) up to a
sphingoid base length of C26 with C22 and C24 as the major sphingoid bases in
volar forearm of control samples and a slightly reduced length in palmar stratum
corneum samples of controls (Figure 53 bottom). A very similar pattern emerged in
volar forearm stratum corneum samples of KDSR patient 1, with a slight reduced
sphingoid base length compared to control samples. In contrast, a very strong
reduction of sphingoid base length was found in lesional palmar stratum corneum
with almost all species being comprised of C18 and C20 sphingoid bases. In
addition, N-acyl length is reduced in lesional palmar stratum corneum. While the
majority of NdS-ceramide was found to contain C24 and C26 N-acyl residues, a
major amount of C16- and C18 N-acyl NdS-ceramides was found in lesional palmar
stratum corneum (Figure 53 top). Although reduced sphingoid base length seems
to correlate with local variances due to different skin areas, a more pronounced

association with a lesional skin state was observed.
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Figure 53 Relative abundance of NdS-ceramide species in stratum corneum.

NdS-ceramides with even-chained KDS base length ranging from C18 to C28 and N-acyl length ranging
from C16 to C26 in stratum corneum of patient 1 and a control (female, 3y) were quantified. Relative

levels of each species are shown in the heatmap. License number for republication: #5323550916865.

Skin state also affects NdK-ceramide species or vice versa?

| analysed the abundance of NdK-ceramide species in both patients’ stratum
corneum and complete epidermis samples. Similar to NdS-ceramide, | observed
primarily VLC-KDS containing species (C22 and C24) in volar forearm samples
and a very pronounced reduction to LC-KDS containing species (C18 and C20) in
lesional palmar stratum corneum together with a reduction of N-acyl length. These
effects were even more pronounced in epidermal biopsy samples. Despite the
availability of free VLC-KDS, solely LC-KDS appears to be N-acylated into NdK-
ceramides in lesional palmar stratum corneum, possibly due to a higher ceramide
synthase affinity for LC-sphingoid bases. Nevertheless, conversion of VLC-KDS to
NdK-ceramide is possible and can be observed in non-lesional volar forearm
stratum corneum. The biological effects of sphingolipids are not only dependent on
their core structural motifs, but also on the length of N-acyl residue and sphingoid
base. It seems possible, that NdK-ceramide species of different length composition
have altered biological effects, with a possibly higher contribution of LC-KDS-

based species to pathogenesis.
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Figure 54 Relative abundance of NdK-ceramide species in SC and epidermis.

NdK-ceramide species with even-chained KDS base length ranging from C18 to C28 and N-acyl length
ranging from C16 to C26 were quantified in stratum corneum (SC) and epidermis of both KDSR
patients. Relative levels of the respective species are shown in the heatmap. License number for
republication: #5323550916865.

Length of N-acyl and sphingoid base affected in ceramide

For an evaluation of changes in sphingoid base and N-acyl length across multiple
samples, | decided to use the average length of sphingoid bases or N-acyl residues
of all lipid species in a lipid class as a characteristic value and established the
range of these values in volar forearm stratum corneum of a control group. For the
analysis, | considered combinations of even-chained sphingoid bases (C18 — C28)
and N-acyl residues (C16 — C26). Control samples were collected from five
different subjects in triplicates and, interestingly, exhibited a very narrow range of
observed ceramide lengths (Figure 55), indicating a tight regulation and control of

mechanisms contributing to their synthesis.

For KDSR patients | observed a significant reduction of sphingoid base length and
N-acylation length in all NX-type ceramides, except for NP ceramides in all samples
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of palmoplantar keratoderma-affected skin areas (Figure 55 red). In non-lesional
volar forearm stratum corneum of patient 1 NS- and NH-ceramide lengths were
significantly reduced, though with a smaller effect size compared to palmar
samples. Interestingly, similar effects were observed in both psoriasis vulgaris
patients. While lesional skin areas demonstrated a strong reduction in sphingolipid
length, non-lesional areas were not affected and NP-ceramide contained even
longer N-acyl species. A more differentiated response was observed in atopic
dermatitis patients. While a reduction of sphingoid base length was observed in
patients AD-2 and AD-3 in NS- and NdS-ceramides, an increase was observed in
patient AD-1. Non-lesional skin may also show differences in sphingolipid length in
atopic dermatitis, which may be related to alterations on a molecular level in a pre-
acute skin state. A change in average sphingolipid length may be of use as a
marker for pathological changes of the skin in the future and could correlate with

other parameter of skin state like permeability.
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Figure 55 NX-type ceramide sphingoid base and N-acyl length in KDSR, AD and Pso patients.

NX-ceramides (including NS- (sphingosine), NdS- (sphinganine), NH- (60H-sphingosine) and NP-

(phytosphingosine) containing ceramides) with even-chained KDS base length ranging from C18 to

C28 and N-acyl length ranging from C16 to C26 were quantified in stratum corneum of KDSR, atopic

dermatitis and psoriasis vulgaris patients (n=3), volar forearm (VA) stratum corneum of controls (n=5)

and in epidermal biopsies of KDSR patients (n=1). The average length of the sphingoid base backbone

and N-acyl residue was calculated and plotted in (A) for NS-ceramides, (B) for NdS-ceramides, (C) for

NH-ceramides and (D) NP-ceramides. Statistical testing was done by one-way ANOVA with Dunnett

correction for multiple comparison. (* indicates significant difference (p < 0.01) to control (VA)). Graph

shows mean + 95% confidence interval.
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5.2 Discussion

5.2.1 3-ketodihydroceramides in epidermis of KDSR patients

The presented work demonstrates that mutations in the KDSR gene can result in
the formation of novel, non-canonical and structurally distinguished
dihydroceramides with a sp?-hybridized 3-keto group instead of a sp3-hybridized
erythro-3-hydroxy group. | established a LC-MS/MS-based method to quantify
these unknown sphingolipids in human stratum corneum and tissue samples and
found that these 3-ketodihydroceramides are present in lesional and non-lesional
stratum corneum and lesional epidermal biopsies of patients with biallelic
mutations in the KDSR gene and they could not be observed to the same extend
in control samples. This observation further supports the assumption that the novel
mutations of KDSR in patient 2 indeed have metabolic consequences, which was

previously unknown.

Although earlier studies of KDSR patients investigated changes in the general
sphingolipid profile of skin (183) or KDS in plasma (184), no specific analysis of 3-
ketodihydroceramides was performed, and it appears likely that these compounds
will also be found in other patients suffering from mutations in KDSR, if the

respective analysis is done.

5.2.2 Reports of 3-keto-sphingolipids in literature

Reports of 3-ketodihydroceramides in literature are scarce. By increasing the flow
through the initial rate limiting step of the SPT due to overexpression of SPTLC1
and SPTLC2 and by feeding additionally the substrates L-serine and palmitate,
expression of NdK-Cer was achieved in a cell culture of HEK293 cells pointing out
that a saturation of cells with KDS will shuttle it into acylation rather than
accumulation (305). Later, HeLa cells were shown to express low amounts of long
chain (C16- and C18-N-acyl) 3-ketodihydroceramides (306). This was attributed to
the fact, that HelLa cells lack regulation by the transcription factor FOXC1 (307).
FOXC1 was found to be regulating KDSR expression (308) and lack of FOXC1
could result in lower KDSR activity and cause the formation of detectable 3-

ketodihydroceramides in these cells (306).
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Another study investigated the sphingoid base composition of rat liver mitochondria
and submitochondrial fractions (309). The study reported glucosylceramide and
lactosylceramide in inner membranes of mitochondria, that contained exclusively
the 3-ketodihydrosphingosine backbone structure. Additionally, 41% of inner
mitochondrial membrane ceramides were found to have a keto-sphinganine
backbone. 3-keto-glucosylceramide and 3-ketodihydroceramide were found in
outer mitochondrial membranes at 26% and 15.6%, respectively. The presence of
a rather implausible t21:1 phytosphingosine base was reported in this study as
well. I analysed rat liver homogenate for 3-ketoglucosylceramides and was not able
to observe signals indicative of the presence of these compounds (data not shown).
This may still be a matter of analyte enrichment, since no (sub)mitochondrial

enrichment was performed.

Besides these reports, 3-ketodihydroceramides have not been reported in human

tissues or other organisms.

5.2.3 Therole of KDSR in de novo sphingolipid biosynthesis metabolism of
3-keto-sphingolipids
The canonical sphingolipid de novo biosynthesis pathways describes the synthesis
of ceramides from L-serine and palmitoyl-CoA via the intermediates 3-
ketodihydrosphingosine, sphinganine and dihydroceramide in the presented order.
It is commonly accepted, that the 3-keto-group in 3-ketodihydrosphingosine is
reduced to a 3-hydroxy group in sphinganine by KDSR in a NADPH-dependent
manner (25). In early investigations of the sequence of these enzymatic steps it
was hypothesized that there is an isomerization mechanism that may yield
sphingosine from 3-ketodihydrosphingosine. Fujino and Nakano demonstrated in
vitro an enzymatic conversion of 3-ketodihydrosphingosine to sphingosine in an
NADPH-independent manner with enzymes obtained from rat liver particulate (310,
311) indicating the possibility for an alternative pathway for the reduction of the 3-
keto-group by isomerization. They also demonstrated in vitro an enzymatic
conversion of 3-ketodihydrosphingosine to 3-ketosphingosine (312). Though this
isomerization mechanism may explain the increased amounts of sphingosine
bases in KDSR patients’ epidermis, it provides no explanation for the presence of
sphinganine and dihydroceramides without an additional - yet unknown — reaction,
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to convert the sphingosine bases to sphinganine bases. Even though these
findings did not contribute to the canonical model of de novo sphingolipid
biosynthesis, it appears possible that some of these mechanisms increase in
importance under conditions of a dysfunctional de novo sphingolipid metabolism
caused by mutations in KDSR and a metabolic bypass for dysfunctional KDSR may

exist.

Studies of the de novo sphingolipid biosynthesis pathway by Kishimoto et al.
investigated the metabolism of 4,5-unsaturated 3-ketoceramides to address the
question whether the reduction of the 3-keto-group occurs at the level of the
sphingoid base or the level of an N-acylated ceramide derivative (313). Ventricular
injection of exogenous 3-ketoceramide([1-'*C]m18:1/[1-3H2]24:0) into the heart of
rats and analysis of the liver one hour after injection revealed an equal “C/3H
labelling ratio in ceramides indicating the possibility for a conversion of 3-keto-
ceramide to ceramides without hydrolysis of the N-linked lignoceryl group (314).
Similar findings were reported for in vivo metabolism of exogenous 3-
ketoceramide([1-'*C]m18:1/[1-3H2]24:0) after injection into rat brain. A conversion
of the injected material into ceramide (without hydroxylated N-acyl residue),
cerebroside and sphingomyelin and for some sphingolipid species considerable
fatty acid remodelling was observed (315).

Although Shoyama and Kishimoto did not observe changes in labelling ratio this
does not necessarily prove that radioactivity of sphingoid base and N-linked acyl
derives from the same molecule. N-acyl hydrolysis before conversion of 3-
ketoceramide to ceramide cannot be completely excluded. If there is a direct
reduction of the 3-keto group in 3-ketoceramide, it could be speculated that there
is a yet unknown KDSR-independent pathway for the reduction the 3-keto-group
in 3-ketodihydroceramides or that KDSR could also accept 3-ketoceramide and
possibly 3-ketodihydroceramide as a substrate opening the possibility for an
alternative pathway for ceramide synthesis. It is possible that an inefficient
conversion of 3-ketodihydroceramide as a competitive substrate for 3-
ketodihydrosphingosine may further reduce KDSR activity towards 3-
ketodihydrosphingosine.
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Using mouse brain microsomes, Morell and Radin demonstrated that ceramide
synthases may be able to use 3-ketodihydrosphingosine in vitro as an alternative
acceptor for the stearoyl-CoA moiety. No direct data was shown, and it is unclear
if other substrates were tested together with 3-ketodihydrosphingosine (296). Brain
tissue contains primarily ceramide synthase 1 (CerS1) that is known to synthesize
neuronal C18:0-FA containing ceramides (316) which might explain why only the
stearoyl-CoA moiety was reported to be accepted by 3-ketodihydrosphingosine.
The different ceramide synthases (CerS1-6) vary in the specificity for the acyl-CoA
substrate (317) but little is known about the sphingoid base specificity and
differences regarding the sphingoid base substrate. A variability in the utilization of
3-ketodihydrosphingosine by certain ceramide synthases may be possible.
Especially murine CerS3 was shown to have a broad substrate specificity towards
acyl-CoAs (42, 43). This could be important given the extraordinary role of CerS3
for skin sphingolipid metabolism (43, 149, 318-320) and could explain why 3-
ketodihydroceramides were only found in the epidermal layer, which is
characterized by increasing expression of CerS3 with keratinocyte differentiation
(149).

Interestingly, Sphingolipid A(4)-desaturase DES1 (DEGS1), the enzyme that
desaturates dihydroceramide at the 4,5-position (32) (and candidate for a possible
desaturation of 3-ketodihydroceramides), was shown to be promiscuous regarding
the utilization of retinol as a substrate (321). Treatments with retinoids were shown
to alleviate KDSR patients’ symptoms in some cases (182). It is tempting to
speculate, that retinoids are competitive substrates for dihydroceramides, and
treatment with retinoids might lower the amount of produced desaturated 3-
ketoceramide, a possibly highly reactive allylic ketone, but further investigations
are needed to support this hypothesis. Since systemic retinoid treatment as
transcription regulator acts on many cellular mechanisms, often associated with a
lot of side effects, it would be interesting to see if a more specific inhibition of DES1

mimics the symptom relief observed with retinoids.

The skin is one of the few organs that expresses sphingolipids with a 4-hydroxy-
sphinganine (or phytosphingosine) base. They are generated via enzymatic
conversion of sphinganine by Sphingolipid A(4)-desaturase/C4-monooxygenase
DES2 (DEGS2). DEGS2 is highly expressed in the skin and upregulated during
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keratinocyte differentiation (322), which may provide a link to the skin pathology
observed with KDSR mutations. In addition to its 4-monooxygenase activity to
produce phytosphingosine, DEGS2 is also a 4,5-desaturase for sphinganine and
may be another interesting candidate for a conversion of 3-ketodihydroceramide to

3-ketoceramide that could explain the strong skin association of the disease.

Interestingly, sphingolipid synthesizing bacteria do not reduce KDS to sphinganine,
but bacterial ceramide synthases integrate KDS directly to produce NdK-ceramides
(323). NdK-ceramides then are reduced to dihydroceramides by a bacterial
ceramide reductase (CerR), which phylogenetically appears to be most closely
related to NADH dehydrogenase 1A subcomplex subunit 9 (NDUF9A), which is a
component of Complex | in the mitochondrial oxidative phosphorylation pathway
(323).

A relatively low specificity of sphingolipid metabolizing enzymes was shown for
other enzymes of the pathway. Lysosomal glucosylceramide B-glucosidase (GBA)
from human placenta was shown to be able to also degrade B-D-glucosyl-3-
ketoceramide with similar vmax, but higher Km value, compared to glucosylceramide
in a liposomal assay system (324, 325). Similarly, a survey for inhibitors of
mitochondrial ceramidase (mtCDase) revealed that 3-ketoceramide behaves as a

competitive substrate when compared to ceramide (326).

Given the low specificity of anabolic and catabolic enzymes of sphingolipid
metabolism regarding the stereoisomeric threo- or erythro- conformation of the 3-
hydroxy group (327-329), the oxidation state of this group may not be an essential
structural determinant for the affinity of many enzymes of sphingolipid metabolism.
This indicates that in general a metabolization of epidermal 3-
ketodihydroceramides towards glucosylceramide and sphingomyelin  3-
ketoderivatives may be possible. | did neither detect the respective
glucosylceramide or sphingomyelin derivatives, nor a 4,5-unsaturated (rearranged)
3-ketoceramide in stratum corneum, epidermis or dermis of the patients. Stratum
corneum may not be the ideal sample type to investigate the presence of
glucosylceramide or sphingomyelin  derivatives as most epidermal
glucosylceramide should be hydrolysed to ceramide(330). Also, an analysis of

epidermal biopsies of KDSR patients did not reveal any 3-keto-
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(dihydro)glycosphingolipids or 3-keto-(dihydro)sphingomyelins, indicating, that
there may be a mechanism, that prevents their formation. This might be a failure
of enzymatic conversion. Localization of 3-ketodihydroceramide in the cell may
also be an important factor for an interaction with other metabolizing enzymes.
Sphingomyelin synthesis may require a transport by ceramide transfer protein
(CERT) to the trans-Golgi network. Glucosylceramide synthesis is localized to the
cis-Golgi. Also, a fast degradation and reactivity of 3-keto-precursors and 3-keto-
products or an abundance below the limit of detection of the method | used, may

render it difficult to detect these compounds in patient samples.

Several non-enzymatic reactions of 3-keto-sphingolipids have been reported.
Alkaline conditions above pH 11.5 in aqueous solution and only 0.0005M Na2CQO3
in chloroform/methanol (2:1 (v/v)) can induce a [B-eliminative cleavage of 3-
ketocerebroside and 3-ketosphingomyelin yielding a C1-dehydroxylated sphingoid
base with a 1,2-double bond that forms a 1r-conjugated system with the 3-keto-
group and the 4,5-double bond (331). The 4,5-unsaturated 3-ketoceramide was
shown to undergo cyclization under mild alkaline conditions by a Michael-type
addition (300). Interestingly, lwamori and Nagai state that application of 3-
ketocerebroside and 3-ketosphingomyelin to a TLC plate and leaving it overnight
at room temperature results in a B-eliminative cleavage of at least 60% of the 3-
ketosphingolipid, highlighting the importance of careful and controlled sample
preparation for the detection of these compounds. The reactive nature of these

compounds could explain difficulties in detecting them.

Given the pH requirement for the B-eliminative cleavage a similar reaction in the
aqueous milieu of the body appears unlikely, although the reactivity may be
affected by incorporation of 3-ketosphingolipids into cellular membranes or
extracellular lipid lamellae. The pH in intracellular and extracellular compartments
differs and especially stratum corneum provides a rather acidic environment
(ranging from pH 4.1 — 5.8 (332)). Pathological changes have been reported to
increase the pH of the skin (332) and topical lotions or cleanser often have a high
pH (333), which potentially interferes with the analysis of 3-ketodihydroceramide

derivatives.
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5.2.4 Functional consequences of 3-ketosphingolipids

To explain to differences between sphingosine backbone and sphinganine-
backbone containing ceramides in apoptosis-induction, Norman Radin
hypothesized, that 3-ketoceramides may have an important function in the
mitochondrial regulation of apoptosis as reactive allylic ketones (334, 335). He
argues that the only difference between ceramide and dihydroceramide, the 4,5-
trans-double bond has a major impact on their respective biological functions. This
could be explained due to the structure of ceramide and the unusual reactivity of
the C-3 hydroxy group as part of an allylic alcohol. The 3-hydroxy group of
sphingolipids can be chemically oxidized to a 3-keto group using 2,3-dichloro-5,6-
dicyanobenzoquinone (302), which is structurally related to ubiquinone of complex
Il of the mitochondrial respiratory chain. As part of a physiological apoptosis-
inducing pathway ubiquinone may be able to oxidize ceramide to 3-ketoceramide,
that may react by (A) elimination of water and formation of a 1,2-double bond in a
conjugated Tr-electron system together with the 3-keto group and the 4,5-double
bond, (B) Michael addition of glutathione (GSH), amines or thiols to the 4,5-double
bond or (C) elimination of formaldehyde in a reverse Mannich reaction yielding
again an allylic ketone that can undergo addition of GSH (334). These hypotheses
are supported by the observation that (short-chain) 3-ketoceramides are more
potent inducers of mitochondrial apoptosis compared to (short-chain) ceramides in
HL-60 and HelLa cells, while pre-treatment with GSH protected from the pro-
apoptotic effect of 3-ketoceramide (336, 337). Furthermore, it was confirmed that
3-ketoceramide can undergo Michael addition with GSH (337).

Taking this into account, the generated 3-ketodihydroceramides in patients with
KDSR mutations may be converted to 4,5-desaturated 3-ketoceramide via an
enzymatic or a non-enzymatic reaction. | did not observe 3-ketoceramide nor a
possible cyclic rearrangement product (300) in stratum corneum samples of KDSR
patients, but it appears possible that these reactive allylic ketones undergo
conjugation with GSH, thiol- or amine-containing proteins and are rapidly depleted
after their formation. An analysis by LC-MS/MS could reveal potential 3-
ketoceramide-GSH conjugates in epidermal or stratum corneum samples of the
patients. Furthermore, this may result in a depletion of GSH levels in cells with a

high burden of 3-ketosphingolipids and lower their tolerance towards oxidative
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stress and the generation of reactive oxygen species (ROS). The relatively low
reactivity of the 3-ketodihydroceramide backbone may allow its accumulation and
renders its detection possible compared to 4,5-unsaturated allylic ketones. A
possible future in vitro experiment to check this could involve treatment with
exogenous 3-ketodihydroceramides and a measurement of GSH and ROS levels
and 3-ketoceramide-GSH adducts. This mechanism may explain the biological

need for a fast and efficient reduction of the 3-keto group by KDSR in the first place.

Interestingly, the study of a loss-of-function kdsr''®R mutation in zebrafish
described a hepatic injury phenotype that was associated with depletion of GSH
levels (despite GSH synthesis and reduction enzymes are highly upregulated) and
swollen mitochondria with cristae damage in the mutant animals. This was
attributed to sphingosine-1-phosphate (S1P) accumulation and (hyper)activation of
the salvage pathway. Deletion of sphingosine kinase 2 (sphk2) suppressed liver
defects in the mutants (338). Park and colleagues found increased levels of
sphingolipids but did not study 3-ketosphingolipids. It is possible that the production
of reactive 3-ketoceramides may contribute to the observed depletion of GSH and

oxidative stress in kdsr mutant zebrafish and the observed liver phenotype.

KDSR was also found to be an essential gene in a CRISPR/Cas9 library screening
of leukaemia cells (294). The authors presented a link between free KDS in the
endoplasmic reticulum and an inhibition of the unfolded protein response, but non-
canonical 3-keto-sphingolipids were not considered in this study. Given the
intrinsically increased oxidative stress of leukaemia cells (339), a loss of KDSR
function, concomitant with an increase in 3-ketoceramide and a depletion of the
ROS scavenger GSH may also explain the strong dependency on KDSR in
leukaemia cells and it may provide a promising target for exploiting this

vulnerability.

In summary, given the high non-enzymatic reactivity of allylic ketones by Michael
addition and cyclization, as well as the demonstrated conjugation to GSH and the
depleted GSH levels in kdsr mutant zebrafish, the lack of detection of 4,5-
unsaturated 3-ketoceramides does not exclude the biosynthesis and biological
effects of these metabolites and further experimental validation should be

considered to investigate the transient generation of these compounds.
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5.2.5 Pathological role for keto-dihydroceramides in skin metabolism

KDSR mutations may have other biological consequences considering the
characteristics of sphingolipid metabolism in the skin. The most frequently reported
pathological response to KDSR mutations is erythrokeratodermic skin with scaly
lesions and palmoplantar keratoderma. Skin sphingolipid metabolism differs
greatly from other tissues. Concordant with the differentiation of keratinocytes,
sphingolipid de novo synthesis is thought to be upregulated in suprabasal cell
layers during the generation of barrier lipids (142). Generated ceramide is
immediately converted to glucosylceramide and sphingomyelin and transferred into
lamellar bodies. The high rate of ceramide synthesis and its increasing abundance
is thought to necessitate these protective measures against ceramide induced

apoptosis (340).

KDSR was shown to have a ten times higher specific activity compared to serine
palmitoyl-CoA transferase (25, 341) and is not considered the rate-limiting step in
de novo sphingolipid synthesis. The residual capacity of mutant forms of KDSR to
turnover of 3-ketodihydrosphingosine to sphinganine may still meet the demand of
most tissues and may not lead to an accumulation of 3-ketosphingolipids. This may
not be the case with an increase in de novo synthesis as seen in differentiating

skin.

Thrombocytopenia is another pathology observed in some KDSR patients (183,
184). Thrombopoiesis is characterized by a marked increase in mass of
megakaryocytes (and possible activation of de novo sphingolipid synthesis) before
the shedding of pro-platelets (342—-344), that are devoid of de novo sphingolipid
synthesis (345). Though there is no direct data on SPT activity, an upregulation of
sphingolipid de novo synthesis during differentiation could explain the sporadically

observed thrombocytopenia in KDSR patients.

The fate of 3-ketodihydroceramides in differentiating keratinocytes is unclear.
Consistent with the presented hypothesis, they may form adducts with glutathione
or other antioxidants and deplete the ROS scavenging system in maturing
keratinocytes. As an external organ the skin is considered the organ with the
highest ROS exposure (346) and exposed to various other stressors like

environmental pollutants, UV irradiation and mechanical stress. This highlights the
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need for a working system to prevent oxidative damage (340, 347) and the cornified
envelope is considered the first line of defence against ROS (348). This
combination of a depleted scavenging system and increased oxidative stress may
explain the often-observed localization of skin lesions to body folds that are prone
to mechanical stress. Defects of the skin barrier have been linked to compensatory
hyperproliferation of keratinocytes (349). Similarly, mechanical stress can induce
hyperproliferation of keratinocytes (350, 351), that may in turn lead to the
production of additional 3-ketosphingolipids and a depletion of the ROS

scavenging system.

The major role for sphingolipid metabolism in the skin is the formation of skin barrier
lipids. Structural differences as seen in 3-ketosphingolipids may have an impact on
the formation of lipid lamellae. In model skin lipid membranes, it was demonstrated
that (dihydro)ceramides with unusual stereochemistry at the 3-hydroxy group
(threo instead of erythro) can increase permeability of the barrier (352), while the
lack of a 4,5-trans-double bond does not significantly alter permeability (353),
although other studies have shown an impact on lipid barrier phases (354). 3-
ketodihydroceramides may transition into lipid lamellae and the different
stereochemistry of the 3-keto group and altered ability to form intermolecular bonds
could disturb the packaging of the lipid sheets and reduce barrier function.
Oxidative damage and barrier dysfunction in turn is associated with an increase in
SPT activity and ceramide production (340, 355), which may further enhance the
formation of 3-ketodihydroceramides causing positive feedback loop. It is unclear
whether 3-ketodihydroceramides are packed into lamellar bodies. For ceramides
this necessitates the enzymatic formation of a glucosyl- or phosphocholine-
derivative and active transfer by ABCA12 (301). The fact that these derivatives
were not observed in epidermal biopsies may argue against this mechanism. The
proposed model for the biogenesis of lamellar bodies suggests that they are
derived from the trans-Golgi network (TGN) (356), which may contain 3-

ketodihydroceramide that could be integrated into lamellar bodies.

The localization and fate of 3-ketodihydroceramides in keratinocytes and in the
macrostructure of the epidermis as well as their possible mode of action remains

an important question for future investigations.
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Furthermore, it remains an important question why some skin areas are affected
while other, despite the presence of 3-ketodihydroceramides, do not exhibit
pathological signs. It has been shown that the skin of different areas of the body
varies in lipid and protein composition (357). In addition, environmental and
physiological factors like UV irradiation, temperature, the presence of hair follicles
and sweat glands, physical strains and exposure to chemicals may vary across
different skin areas. Differences in protein or lipid composition and lipid-to-protein
ratio in palmar epidermis may render bioactive effects of 3-ketodihydroceramides
more relevant. The lipid content of palmar tape stripping discs was generally lower

compared to volar forearm tape stripping discs.

5.2.6 Sphingoid bases and ceramides are shorter in KDSR patients

In addition to the described 3-ketodihydroceramides, | observed a reduction in the
length of free sphingoid bases and ceramides in lesional, palmar stratum corneum
of both KDSR patients. The length of sphingoid bases in non-lesional, volar forearm

stratum corneum was not reduced or only slightly reduced.

Free sphingoid bases including sphingosine, sphinganine and phytosphingosine
are implicated in the protection of the inner cutaneous layer against pathogenic
microbial infection (34, 43, 358-360). Furthermore, free sphingoid bases, and
especially sphinganine, were shown to promote the formation of VLC- ceramides
and keratinocyte differentiation in a confluence-induced in vitro keratinocyte
differentiation model (361).

Several factors determine the length of sphingoid bases. The body produces C18-
, and in some cases C20-sphingoid bases (19), in most tissues. In the human skin
“‘unusually” long free sphinganines (20), total (free and bound) VLC-sphingoid
bases (131), and covalently bound omega-hydroxy-ceramides up to C22-sphingoid
bases have been described in human epidermis (21). Though VLC-sphingoid
bases make up a major portion of sphingoid bases, their presence is often
unacknowledged in comparative studies. Although the presence of VLC-sphingoid
bases in total hydrolysates of skin lipids was shown (131), the specific N-acylation
of VLC-sphinganine as a main contributor to the dihydroceramide population was
not demonstrated before. The fact that in healthy human stratum corneum N-

acylated VLC-sphinganine (NdS-ceramide) makes up a high proportion of all NdS-
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ceramide species (Figure 53) should be considered when reviewing lipid class
changes in earlier studies. Though in NS-, NP- and NH-ceramides a higher
proportion of C18- and C20-sphingoid bases was observed, considerable amounts
of VLC sphingoid bases could still be observed in stratum corneum. These findings
indicate that DEGS1, DEGS2 and a putative 6-hydroxylase can utilize VLC-
sphingoid base substrates. Considering the strong effect on sphingoid base length
observed in KDSR patients, but also psoriasis vulgaris and in part atopic dermatitis
patients it may not be sufficient to examine changes in only C18-sphingoid base

containing ceramides.

Given the sparse literature about VLC-sphingoid bases a specific biological role
has not been established and remains a subject for speculation. It appears
possible, that the incorporation and intermolecular arrangement in the lipid
lamellae of the human skin barrier requires VLC-sphingoid bases. The
antimicrobial effect of sphingoid bases may also be increased though
investigations demonstrating this are lacking. Short acyl-chains of NS-ceramides
were shown to transition into the gel phase, which could be related to an increased
transepidermal water loss as seen in atopic dermatitis patients (354)and a
reduction of sphingoid base length in ceramides may have similar effects on the

skin barrier.

The length of sphingoid bases is determined by the availability of substrates,
specifically acyl-CoA and VLC-acyl-CoA, the SPT complex subunit composition
(SPTLCS3 has been shown to have less stringent substrate requirements (14) and
ssSPTb is important for longer C20-sphingoid base production (19)) and the
specificity of the metabolizing enzymes. Though KDSR has a high substrate
turnover (362), it was shown to have a slower reaction velocity and a higher
Michaelis constant for C20-3-ketodihydrosphingosine compared to the C18-variant
(363). This effect could be even more pronounced with longer bases. A reduction
of KDSR activity due to mutation could favour the conversion of shorter 3-
ketodihydrosphingosines, resulting in the severe reduction of sphinganine length
that | observed in lesional palmar skin of the patients, but does not explain a

reduction in KDS base length.
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Elongation of acyl-CoAs (via ELOVL1 and ELOVL4) for the generation of ultra-
long-chain ceramides (ULC-Cer) is important for the biosynthesis of the barrier
lipids and is associated with keratinocyte differentiation. Defective keratinocyte
differentiation as seen in skin pathologies could influence substrate availability. It
could be argued that VLC-sphingoid bases are a by-product of increased synthesis
of VLC-and ULC-acyl-CoAs for ULC-ceramide production. The observation that
mice do not express VLC-sphingoid bases, but ULC-ceramides argues against this
hypothesis.

The reduction in sphingoid base length does not only affect physiological
sphingolipids. 3-ketodihydroceramide from lesional palm stratum corneum was
significantly shorter than from non-lesional volar forearm stratum corneum. This
may influence the biological effects of these compounds, for example with respect
to enzyme affinity or biological effects. C16-ceramides are specifically associated
with apoptosis induction (364). A desaturation of LC-3-ketodihydroceramides
(especially C16-N-acylated) to (possible) bioactive 3-ketoceramides may be

favoured under these conditions.

Similar effects on sphingolipid length were observed in atopic dermatitis and
psoriasis vulgaris patients. Especially for atopic dermatitis the heterogeneity of the
disease may need to be considered given the small sample size of three different
patients. Including more patients into the study may help to explain the changes
observed in atopic dermatitis. A reduction in sphingoid base length may be a more
general effect of erroneous keratinocyte differentiation and an interesting subject
for future studies of not only psoriasis vulgaris and atopic dermatitis but also other
skin pathologies. The similar effect in psoriasis vulgaris and KDSR patients
indicates that a reduction of sphingoid base length may be a general feature
especially of hyperkeratotic skin disorders.

5.2.7 Genetic aspects of the specific mutations for protein function

Due to the low number of patients identified, it is difficult to draw genotype-
phenotype correlations. A broad phenotypic variability has been observed for the
skin involvement, ranging from mild and spontaneously resolving
erythrokeratoderma to severe Harlequin-like ichthyosis (Table 7). This variability

may be explained by the different mutations of the patients that could affect KDSR
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activity to different degrees, but also age, gender, environmental factors, skin care
routine and genetic predispositions may contribute to disease pathogenesis.
Despite the severe Harlequin phenomenon at birth, the lack of the typical
PERIOPTER symptoms in patient 2 could be explained by residual catalytical
activity of the proteins coded by both KDSR alleles.

The ¢.879G>A mutation of the functional KDSR variant of patient 1 was observed
in four other patients (out of 12 described patients) from two different pedigrees
(182, 183) and causes a skipping of exon 9 that includes the sequence for the
second transmembrane domain. The mother of patient 1 carries the same mutation
without apparent pathologies or detectable amounts of 3-ketodihydroceramides. It
can be concluded that a healthy second allele compensates potential effects of the

mutation.

Although there was no exon skipping observed in patient 2, the c.865G>A
(p-Glu289Lys) mutation (reported in one other patient (365)) seems to affect a
critical amino acid of the second transmembrane domain. Residual activity from
the second allele with a ¢.737_738delinsG mutation (inducing a frameshift and
premature stop codon), affecting the Rossmann fold of the protein, cannot be
excluded. The energetically unfavourable position of glutamate within the plasma
membrane may hint at a specific function in protein-protein or protein-lipid
interactions and the exchange of an acidic glutamate against a basic lysine
(p.Glu289Lys) likely disturbs possible interactions. Other mutations involving the
second transmembrane domain have been reported (182, 183, 365, 366) and
include ¢.879G>A (exon 9 skipping) and a ¢c.869G>A (p.Gly290GIlu) mutation. The
prevalence of mutations involving exon 9 indicates a role of the C-terminus for not
only enzymatic function, but possibly also regulation and interaction with other
proteins, as for example SPT or CerS.

The presence of sphingolipids indicates that the mutant KDSR variants
investigated still have residual activity. An activation of the salvage pathway was
hypothesized (182, 184) to compensate a lack of ceramides and mismatches in
metabolic balance by hydrolysis of sphingomyelin and glycosphingolipids. In the
skin this mechanism seems unlikely to be able to supply the necessary amount of

additional sphingoid bases for the formation of the skin barrier. Although it was
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shown that a dietary intake of sphingolipids can affect the state of the skin
barrier(367), salvage of dietary sphingolipids from the blood stream seems unlikely,
given the presence of skin-specific VLC-sphingoid bases that are likely derived
from de novo synthesis and never had been reported in serum or plasma.

5.2.8 Future investigations and outlook for patients

Future investigations may focus on the contribution of 3-ketodihydroceramide to
pathogenesis. Since primary keratinocytes of the patients are not available,
modelling of these mutations in established cell lines seems to be a feasible
approach. If the level of de novo synthesis is not sufficient to trigger 3-keto-
ceramide production stimulation of the cells with KDS may be an option to simulate
high SPT activity. Alternatives include overexpression of the respective large SPT
subunits or reduction of ORMDL inhibition. Other approaches could include
modelling the overload of KDSR to enhance 3-ketodihydroceramide production or
external treatment with these compounds. Readouts may include the analysis of
KDSR activity towards different KDS substrates, analysis of ceramide-GSH
adducts, which could be produced in vitro as analytical standards, effects on the
redox balance of cells or tissue and possible treatments to reduce oxidative burden
could be evaluated. The preference of different ceramide synthases for KDS
substrates could also be tested in vitro as well as desaturase activity towards 3-
ketodihydroceramides. Additionally, mutant forms of KDSR can be expressed in
production organisms like yeast or insect hosts and substrate affinity may be

assayed in vitro.

Furthermore, synthetic NdK-Ceramides with stable isotope labelling in both, the
KDS base and the N-acyl chain could be used to revisit the possibility of
mammalian cells to reduce NdK-Ceramides to NdS-Ceramides, paralleling the
bacterial ceramide reductase pathway. Mass spectrometric detection will prove if
the double labelled compounds stay intact prior to reduction. Possibly, such
pathway exists in most, but not all, cell types of the mammalian body, giving rise to

NdK-Ceramides in epidermis but not dermis or blood.

If a mechanistic link between keto-type sphingolipids and pathogenesis can be
established several therapeutic strategies may be feasible. The production of 3-

ketodihydroceramides could be blocked by reduction of SPT activity using topical



142 5. Chapter 2 - Sphingolipids and KDSR mutations

application of inhibitors like myriocin (368) to reduce 3-ketodihydrosphingosine
reduction to a level that does not exceed the enzymatic capacity of mutant KDSR.
This reduction needs to be balanced against de novo synthesis, which is necessary
for skin barrier lipid production. Other strategies may prevent the formation of
bioactive metabolites like the hypothesized 3-ketoceramides by blocking the
respective enzyme. If 3-ketoceramides turn out to deplete the oxidative stress
scavenging system several strategies may be feasible to counteract this including
an application of GSH and enhancement of GSH production (for example via

Vitamin D3) or the use of antioxidants to reduce oxidative burden.
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6 Material and Methods

6.1 Materials and Devices

6.1.1 Devices and Instruments

Table 9 Instruments and devices.

Equipment

Manufacturer

20 port Vacuum Extraction Manifold
ABT 120-4M scale

BioLinker UV crosslinker

Camag TLC Sprayer

Casy cell counter and analyzer
Cell culture incubator C200
Centrifuge 5415C

Centrifuge 5417R

Centrifuge 5804R

Centrifuge 5810R

ChemiDoc™ MP Imaging System
D100-D-Squame Sampling Discs

D500-D-Squame Pressure Intrument

Evaporator

Incubator B6030
Incubator B6060
Incubator BD115

Julabo SW20 water bath

Keyence BZ-9000
microscope

Leica SP5 confocal microscope

Linomat IV

Magnetic Stirrer MR3002

MiniAmpPlus Thermal Cycler
Mini-PROTEAN® tetra cell

Mr Frosty

Nikon Eclipse Ts2-FL inverted
microscope

Safety cabinet MAXISAFE 2030i

fluorescence

Agilent Technologies Inc., California, USA

Kern & Sohn GmbH, Balingen-Frommern,
Germany
Vilber Lourmat Deutschland GmbH,
Eberhardzell, Germany
Camag Chemie-Erzeugnisse &
Adsorptionstechnik
AG & Co. GmbH, Muttenz, Switzerland

Roche Life Science, Basel, Switzerland
Labotect, Goettingen, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Bio-Rad Laboratories, Hercules, CA, USA
Clinical and Derm LLC., Dallas, Texas, USA

Clinical and Derm LLC., Dallas, Texas, USA

Gebr. Liebisch GmbH & Co. KG, Bielefeld,
Germany

Heraeus Holding GmbH, Hanau, Germany
Heraeus Holding GmbH, Hanau, Germany
BINDER GmbH, Tuttlingen, Germany

JULABO GmbH, Seelbach, Germany

Keyence Deutschland GmbH, Neu-Isenburg,
Germany

Leica Microsystems, Wetzlar, Germany

Camag Chemie-Erzeugnisse &
Adsorptionstechnik
AG & Co. GmbH, Muttenz, Switzerland
Heidolph Instruments GmbH, Schwabach,
Germany

Thermo Fisher Scientific, Waltham, MA, USA
Bio-Rad Laboratories, Hercules, CA, USA
Thermo Fisher Scientific, Waltham, MA, USA

Nikon Corporation, Tokyo, Japan

Thermo Fisher Scientific, Waltham, MA, USA
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Sartorius MC1 laboratory LC4800P
SpectraFluor Plus

Synergy H1 microplate reader

Thermomixer comfort
Tissue Lyser Il

Ultrasonic water bath Sonorex Super
Vacupack plus
Vilber Lourmat 365nm 8W Tubes

Vortex mixer K 7-2020
Waters I-class UPLC system

WTW pocket pH meter pH 3110

Xevo TQS mass spectrometer

Sartorius AG, Goettingen, Germany

Tecan Group AG, Mannedorf, Switzerland

BioTek Instruments GmbH, Bad
Friedrichshall, Germany

Eppendorf AG, Hamburg, Germany

Qiagen N.V., Venlo, Netherlands

Bandelin electronic GmbH & Co. KG, Berlin,
Germany

KRUPS, Solingen, Germany

Vilber Lourmat Deutschland GmbH,
Eberhardzell, Germany

neoLab Migge GmbH, Heidelberg, Germany

Waters GmbH, Eschborn, Germany

Xylem Analytics Germany Sales GmbH &
Co.KG, Weilheim, Germany

Waters GmbH, Eschborn, Germany

6.1.2 Reagents and Media

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA), Avanti Polar
Lipid (Alabaster, AL, USA), Carl Roth GmbH & Co.KG (Karlsruhe, Germany),
AppliChem GmbH (Darmstadt, Germany), Thermo Fisher Scientific (Waltham, MA,
USA), Cayman Chemicals (Ann Arbour, MI, USA), Merck Millipore (Darmstadt,
Germany) and Honeywell International Inc. (Morristown, NJ, USA) in analytical

grade, if not stated otherwise. Materials used for tissue culture were of cell culture

grade, if available.

Table 10 Reagents and media.

Reagent

Supplier

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

2-Propanol LC-MS CHROMASOLV®
3-azido-7-hydroxycoumarin

Acetic acid

Agarose

Ampicillin

Ammonium formate
Biotin-PEG3-azide

CaCl2

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,

MA, USA
Jena Bioscience GmbH, Jena,

Germany

Thermo Fisher Scientific, Waltham,
MA, USA

Carl Roth GmbH & Co. KG, Karlsruhe,

Germany

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Jena Bioscience GmbH, Jena,
Germany

Sigma Aldrich Inc., St. Louis, MI, USA
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Chloroform HPLC-grade

Citric acid monohydrate

CuS0O4

Cyb5-azide

Dde Biotin-PEG4-Azide (284BP-22678)
DDQ

Dimethylsulfoxide (DMSO)

Dulbecco’s PBS (#D8537)

Ethanol

Ethylenediaminetetraacetic acid (EDTA)
FBS, charcoal stripped (F6765)

Fetal Calf Serum (FCS)

FITC-albumin

Formic acid

Gentamicin sulfate

Gibco™ DMEM/F-12 (#11320074)
Gibco™ IMDM (#12440053)

Hank’s buffered saline solution (HBSS)
HEPES

HOBT

HPTLC silica gel 60 Fas4

Hydrazine Monohydrate

Isobutyl methacrylate

Lithium acetate

Methanol
Methanol LC-MS CHROMASOLV®
Midori Green Advance (617004)

Miglustat

Honeywell International Inc.,
Morristown, NJ, USA
Thermo Fisher Scientific, Waltham,
MA, USA
Jena Bioscience GmbH, Jena,
Germany
Jena Bioscience GmbH, Jena,
Germany
Tebu-bio GmbH, Offenbach am Main,
Germany

Sigma Aldrich Inc., St. Louis, MI, USA
Sigma Aldrich Inc., St. Louis, MI, USA
Sigma Aldrich Inc., St. Louis, MI, USA
Sigma Aldrich Inc., St. Louis, MI, USA
Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

VWR International, Radnor, PA, USA

Serva Electrophoresis GmbH,
Heidelberg, Germany
Thermo Fisher Scientific, Waltham,
MA, USA
Thermo Fisher Scientific, Waltham,
MA, USA
Thermo Fisher Scientific, Waltham,
MA, USA
Thermo Fisher Scientific, Waltham,
MA, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Merck KGaA, Darmstadt, Germany

Thermo Fisher Scientific, Waltham,
MA, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Nippon Genetics Europe GmbH,
Dueren, Germany
Cayman Chemical, Ann Arbor, MI,
USA
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N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide

N, N-Dimethylformamide
NaOH
Orcinol monohydrate

Palladium on charcoal

PenStrep (2.5%)
Phalloidin-CF488A
Phosphate-buffered saline (PBS)
Puromycin

Q5 polymerase

Ringer solution

RP18 material

SOC Medium

Sodium ascorbate

StxB-Cy3

T4 DNA Ligase

T7 Endonuclease | (M0302S)

TAQ Polymerase (#733-1301)

Tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyllamin (TBTA)

TCEP (0.5M) (#646547)
TEMED

Tetrakis(acetonitrile)copper(l)tetrafluoroborate

TexasRed-albumin

TexasRed-X succinimidyl ester

THF

Tris(3-hydroxypropyltriazolylmethyl)amine

(THPTA)
Trypsin

Tween-20

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Cell Signaling Technology, Denver,
MA, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany
New England Biolabs GmbH,
Frankfurt, Germany

VWR International, Radnor, PA, USA

Waters GmbH, Eschborn, Germany

Thermo Fisher Scientific, Waltham,
MA, USA
Jena Bioscience GmbH, Jena,
Germany

Kindly provided by Ludger Johannes

New England Biolabs GmbH,
Frankfurt, Germany
New England Biolabs GmbH,
Frankfurt, Germany

VWR International, Radnor, PA, USA
Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA
GeneCopoeia Inc., Rockwell, MD,
USA

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Sigma Aldrich Inc., St. Louis, MI, USA
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Water LC-MS CHROMASOLV
Wheat Germ Agglutinin-CF488A

NeutrAvidin-HRP

NeutrAvidin agarose (#29200)

Thermo Fisher Scientific, Waltham,
MA, USA

Biotium, Fremont, CA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

6.1.3 Buffers and Solutions

Table 11 Buffers and solutions.

Solution

Composition

10x PBS, pH 7.4

1X PBS, pH 7.4

10x TBS, pH 7.5

1x TBS-T, pH 7.5

2X HBS

DNA purification buffer

Transformation Buffer 1
(TFB1), pH 5.8

Transformation Buffer 2
(TFB2), pH 7.0

50X TAE buffer, pH 8.0
Agarose gel loading buffer

Lysis Buffer (Pull-down)

Solubilization Buffer (Pull-
down)

Elution Buffer (Pull-down)
3X Sample Buffer

PBS++

1.5M NaCl, 30mM KCI, 80mM Na2HPO4, 20mM
KH2PO4

150 mM NaCl, 3 mM KCI, 8 mM Na2HPO4, 2 mM
KH2PO4

0.2M Tris-Base, 1.5M NacCl

20 mM Tris-Base, 150 mM NaCl, 0.1% Tween-20

50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4,
pH 7.0 with HCI + filter sterilized

500mM Tris-HCI, 100mM EDTA, 100mM NaCl,
1%SDS, (add freshly) 0.85mg/mL Proteinase K

30 mM Kac, 10 mM CaCl2, 50 mM MnClI2, 100 mM
KCIl, 15% glycerol (w/v), pH adjusted with 0.2M
acetic acid
10 mM MOPS, 10 mM KCI, 75 mM CaCl2 15%
glycerol (w/v), pH adjusted with 1M NaOH

50 mM EDTA, 2M Tris-base, pH adjusted with glacial
acetic acid

0.25% xylene cyanol FF in 1:1 glycerol/Tris-HCI

50 mM HEPES, 150 mM NacCl, 1% SDS, 2x
Protease Inhibitor, Benzonase

50 mM HEPES, 150 mM NaCl, 1% SDS, 2x
Protease Inhibitor
50 mM HEPES, 150 mM NaCl, 1% SDS, 2%
hydrazine (v/v)

40% glycerol (w/v), 250 mM Tris-HCI, 8% SDS, 5%
B-mercaptoethanol, 0.01% Bromophenol Blue

PBS with 0.5 mM CaCl; and 1 mM MgCl,
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6.1.4 Antibodies

Table 12 Antibodies.

Abbreviations: rb — rabbit, ck — chicken, ms — mouse, sw - swine, WB — western blotting, PLA —

proximity ligation assay, |I-TLC — immune thin layer chromatography, IF - immunofluorescence

Antibody Target Species Application Supplier
SPINT1 (hHAI-1 Ecto) rb (poly) WB: 1:1000 Bio-techne, Minneapolis, USA
SPINT1 (#15036-1-AP) rb (poly) PLA: 1:100 Proteintech, Manchester, UK

WB: 1:1000
c-MET rb (poly) Proteintech, Manchester, UK

PLA: 1:100

Thermo Fisher Scientific,

ATP9A (#PA5-97489) rb (poly) PLA: 1:100

Waltham, MA, USA
Kindly provided by Claudia

EPCAM ms (mono) Undil. Tessmer (GPCF, DKFzZ
Heidelberg)
IF: 1:100 Kindly provided by J. Muthing
Gb3Cer ck (poly)

I-TLC: 1:50 (JM06/298-1)

BD Biosciences, Franklin Lakes,

GD2 (#554272) ms (mono) I-TLC: 1:50

NJ, USA

Santa Cruz Biotechnology, Dallas,
Cy5 (B-2) sc-166896 ms (mono) PLA: 1:100

TX, USA

Santa Cruz Biotechnology, Dallas,
ITGA3 (A-3) sc-374242 ms (mono) WB: 1:1000 X USA

Cell Signaling Technology,
Danvers, MA, USA
Gb3Cer-PLA-MINUS ck (poly) PLA: 1:100 DuoLink ProbeMaker

HA-tag rb WB: 1:1000

Secondary antibodies

I-TLC: Thermo Fisher Scientific,
Anti-mouse-IgG-AP gt
1:187.5 Waltham, MA, USA
I-TLC: Thermo Fisher Scientific,
Anti-chicken-IgG-AP gt
1:187:5 Waltham, MA, USA
Anti-mouse-HRP rb WB: 1:1000 Agilent, Santa Clara, CA, USA
Anti-rabbit-HRP sw WB: 1:1000 Agilent, Santa Clara, CA, USA
Anti-chicken-
gt IF: 1:200 Invitrogen, Waltham, MA, USA
AlexaFluor594
Anti-mouse-
gt IF: 1:200 Invitrogen, Waltham, MA, USA

AlexaFluor488
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6.1.5 Kits

Table 13 Kits.

Kit

Supplier

DuoLink® In Situ Probemaker MINUS
DuoLink® In Situ Detection Reagent Orange

QIAquick PCR Purification Kit
QIAGEN®PIlasmid Mini Kit
QIAGEN®PIlasmid Maxi Kit
QIAquick Gel Extraction Kit

Pierca BCA assay

Sigma Aldrich Inc., St. Louis, MI, USA
Sigma Aldrich Inc., St. Louis, MI, USA
Qiagen N.V., Venlo, Netherlands
Qiagen N.V., Venlo, Netherlands
Qiagen N.V., Venlo, Netherlands
Qiagen N.V., Venlo, Netherlands
Thermo Fisher Scientific, Waltham,
MA, USA

6.1.6 Lipids

Table 14 Lipids for synthesis or as analytical standards.
Lipid Supplier
C18-KDS Matreya LLC., State College, PA, USA
C24-KDS Kindly provided by Lukas Opalka
Palmitic acid Sigma Aldrich Inc., St. Louis, MI, USA
Stearic acid Sigma Aldrich Inc., St. Louis, MI, USA

Lignoceric acid

Myristic acid
pacSph

Total ganglioside porcine brain
GM2 (Tay-Sachs)
GM3 (bovine milk)
LacCer

Neutral GSL mix
Sphingomyelin
(isolated porcine brain)
pacFA-Cer
pacFA-GlcCer
pacFA-PC
C16-Dihydroceramide

Sigma Aldrich Inc., St. Louis, MI, USA

Sigma Aldrich Inc., St. Louis, MI, USA

Kindly gifted by Per Haberkant /

Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA

Kindly gifted by the Herbert Wiegandt lab, Marburg
Avanti Polar Lipids Inc., Alabaster, AL, USA
Matreya LLC., State College, PA, USA

Kindly gifted by the Herbert Wiegandt lab, Marburg

Matreya LLC., State College, PA, USA

Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
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C24-Dihydroceramide
C16-Phytoceramide
C18-Phytoceramide
C24-Phytoceramide

NdK-Cer(m18:0/16:0)

NdK-Cer(m18:0/24:0)

NdK-Cer(m24:0/14:0)

NdK-Cer(m24:0/16:0)

NdK-Cer(m24:0/24:0)

NdK/NK sphingomyelin mix

NdS sphingomyelin mix

NdK-GlcCer(d18:1/24:0)

NdK-GlcCer(d18:1/24:1)

(Cyclic) NK-Cer(d18:1/24:1)

Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
This study and Pilz et al. 2022

Synthesized by me

This study and Pilz et al. 2022

Synthesized by Lukas Opalka

This study and Pilz et al. 2022

Synthesized by Lukas Opalka

This study and Pilz et al. 2022

Synthesized by Lukas Opalka

This study and Pilz et al. 2022

Synthesized by Lukas Opalka

This study and Pilz et al. 2022

Synthesized by Adam Majcher

This study and Pilz et al. 2022

Synthesized by Adam Majcher

This study and Pilz et al. 2022

Synthesized by Adam Majcher

This study and Pilz et al. 2022

Synthesized by Adam Majcher

This study and Pilz et al. 2022

Synthesized by Adam Majcher

Lipid standards

Table 15 Internal standard mix used for pacLipid LC-MS/MS analysis.

Internal standard pmol per sample

Cer(d18:1/14:0)
Cer(d18:1/19:0)
Cer(d18:1/25:0)
Cer(d18:1/31:0)
GlcCer(d18:1/14:0)
GlcCer(d18:1/19:0)
GlcCer(d18:1/25:0)

10
10
10
10
10
10
10

Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff




6. Material and Methods

151

GlcCer(d18:1/31:0)
SM(d18:1/12:0)
SM(d18:1/17:0)
SM(d18:1/31:0)
D31-PC(34:1)
Gb3Cer(d18:1/19:0)*
LacCer(d18:1/14:0)*
LacCer(d18:1/19:0)*
LacCer(d18:1/27:0)*

10
100
100
100
100

10

5
5
5

Synthesized by Roger Sandhoff
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA

Synthesized by Roger Sandhoff
Avanti Polar Lipids Inc., Alabaster, AL, USA

Synthesized by Roger Sandhoff

Synthesized by Roger Sandhoff

Synthesized by Roger Sandhoff

Synthesized by Roger Sandhoff

* not used in all measurements as internal standard and quantification by external standards

Table 16 Internal standard mix used for skin ceramide LC-MS/MS analysis

Internal standard

pmol per sample

GlcCer(d18:1/14:0
GlcCer(d18:1/19:0
GlcCer(d18:1/25:0
GlcCer(d18:1/31:0
Cer(d18:1/14:0)
Cer(d18:1/19:0)
Cer(d18:1/25:0)
Cer(d18:1/31:0)
SM(d18:1/12:0)
SM(d18:1/17:0)
SM(d18:1/31:0)
C12-KDS
C17-Sphinganine

~— ~— ~— ~—

C14-Sphingosine
NdK-Cer(m18:0/14:0)

PC(24:0)
PC(28:0)
PC(44:0)
PC(48:0)

12.5
12.5
12.5
12.5
20
20
20
20
10
10
10
125
87
51.5

20.5

40
37
28
26

Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Synthesized by Roger Sandhoff
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Synthesized by Roger Sandhoff
Matreya LLC., State College, PA, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
This study and Pilz et al. 2022
Synthesized by Lukas Opalka
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
Avanti Polar Lipids Inc., Alabaster, AL, USA
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6.2 Methods - Chapter 1

6.2.1 Cell culture and Cloning

Cell Lines
. _ Genetic
Cell Line Origin Source Modifications
HEK293 Human embryonic kidney In house WT
HEK293 AGb3S Human embryonic kidney This study AGb3S
Immortalized human proximal (185)
HK-2 tubular epithelial cell line ATCC WT
P #CRL-2190
HK-2 AGb3S [OTMORENESE WUCED EResliiell g AGb3S
tubular epithelial cell line
This study;
HK-2 AS1PL Immortallzeq human pro.X|maI Ger)eratlon AS1PL
tubular epithelial cell line assisted by
Emily Steffke
HK-2 Immortalized human proximal .
AS1PL/AGb3S tubular epithelial cell line Uk gy AIIHLREEES

Cultivation of the HEK293T cell lines

HEK293T cells were cultured at 37°C and 5% CO2 in a humidified incubator.
Iscove’s modified Dulbecco media (IMDM) with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin (P/S) was used as culture medium. HEK293 cells were
cultured as adherent cells and in monolayers. At 80% confluence the cells were
subcultured and split at a 1:10 ratio in new cell culture flasks. In brief, cell layers
were washed once with prewarmed 1X phosphate-buffered saline (PBS) and
trypsinated with Trypsin-EDTA solution (0.05% Trypsin, 0.5mM EDTA) for 5 min at
37°C. The detached cells were suspended in IMDM (10% FCS, 1% P/S) to quench
the enzymatic reaction and pelleted by centrifugation at 160 x g for 5 min at room
temperature. The cell pellet was resuspended in fresh IMDM (10% FCS, 1% P/S)
and seeded at a 1:10 split ratio into new cell culture flasks.

Cultivation of the HK-2 cell lines

HK-2 cells were cultured at 37°C and 5% CO2 in a humidified incubator. Dulbecco’s
modified Eagle medium/F-12 (DMEM/F-12) with 10% FCS and 100 U/mL penicillin
and 100 pg/mL streptomycin was used as culture medium. HK-2 cells were
cultured as adherent cells and in monolayers. Cells were subcultured at 80%
confluence and split twice a week at a 1:10 or 1:4 ratio in new cell culture flasks. In
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brief, cell layers were washed once with prewarmed 1X phosphate-buffered saline
(PBS) and trypsinated with Trypsin-EDTA solution (0.05% Trypsin, 0.5mM EDTA)
for 5 min at 37°C. The detached cells were suspended in DMEM/F-12 (10% FCS,
1% P/S) to quench the enzymatic reaction and pelleted by centrifugation at 160 xg
for 5 min at room temperature. The cell pellet was resuspended in fresh DMEM/F-
12 (10% FCS, 1% P/S) and seeded at a 1:10 or 1:4 split ratio into new plates.

Cell counting

Counting of cells was performed using a CASY cell counter and analyzer.
Trypsinated cells were resuspended by pipetting and diluted 1:200 in isotonic
CASYton buffer in CASYcups. Before measurement, CASYcups were inverted
three times. Samples were measured according to the manufacturer’s instructions

and the instrument was cleaned three times with CASYton after the measurement.

Cryopreservation and Thawing

Cells were seeded in culture dishes of an appropriate size to yield a sufficient
number of cells at 90% confluence. Cell detachment was performed as described
for the respective cell lines. After centrifugation cells were resuspended in freeze
medium (FCS, 10% DMSO) and frozen at -80°C with a rate of approximately
1°C/min using a precooled (4°C), 2-propanol-filled Mr. Frosty device. For long-term
storage cryopreserved vials were transferred to and stored in the vapor phase of a

liquid nitrogen tank.

For thawing cell vials were obtained from the storage location. The cells were
thawed rapidly in a 37°C water bath and immediately diluted in prewarmed (37°C),
full medium. The thawed cells were centrifugated at 160 x g for 5 min at room
temperature. The pellet was resuspended in full medium and seeded into
appropriate cell culture flasks. The next day, medium was exchanged to remove

cell debiris.

Mycoplasma testing
Mycoplasma testing was performed by PCR using the Venor™ GeM mycoplasma
detection kit (MP-0025) according to the manufacturer’s instructions using cell

culture supernatant.
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Transfection of HK-2 cells

For overexpression and delivery of CRISPR/Cas9 targeting constructs HK-2 cells
were transfected using the calcium phosphate method (369, 370). Target cells
were seeded into 6-well plates to reach 50% - 70% confluence after one day of
cultivation. One hour before transfection, media was replenished with full standard
growth medium (DMEM/F-12, 10% FCS, 1% P/S). Transfection solutions were
prepared as described (Table 17). Slowly and dropwise transfection solution B was
added to transfection solution A, while gently snapping the tube to facilitate mixing
of the solutions. The final transfection mix was incubated for 25 min at room
temperature. After incubation, slowly and dropwise the transfection mix was added
to the cells, while gently agitating the plate. Transfection was performed for 24h
and afterwards the transfection medium was removed, cells were stringently
washed with 1X PBS and standard growth medium was added for further

cultivation. If required, selection was started the next day.

Table 17 Calcium phosphate precipitation solutions

Transfection Solution A

2x HBS 100 pL
Transfection Solution B

2M CacCl2 12.2 uL
Plasmid DNA 2.5 ug
ddH20 To 100 uL

Transfected plasmids

Cells were transfected using the calcium phosphate method with the indicated
plasmids (Table 18). Selection was performed using puromycin (4 ug/mL) for 14
days for stable overexpression. Cell lines were expanded, and aliquots were

frozen.

Table 18 Plasmids and transfected target cells

Plasmid Target Characteristic/Use
px459-empty HK-2 Cas9, no gRNA, control, Puro
px459-SGPL1-gR1 HK-2 Cas9, gRNA targeting S1PL, Puro
px459-SGPL1-gR2 HK-2 Cas9, gRNA targeting S1PL, Puro

px459-SGPL1-gR3 HK-2 Cas9, gRNA targeting S1PL, Puro
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px459-A4GALT-gR1
px459-A4GALT-gR2
px459-A4GALT-gR3
px459-A4GALT-gR1
px459-A4GALT-gR2
px459-A4GALT-gR3
pLVX-puro-empty
pLVX-puro-CPM-HA
pLVX-puro-DPP4-HA
pLVX-puro-SCCPDH-HA

pLVX-puro-empty

pLVX-puro-CPM-HA

pLVX-puro-DPP4-HA

pLVX-puro-SCCPDH-HA

HK-2

HK-2

HK-2

HK-2 AS1PL
HK-2 AS1PL
HK-2 AS1PL
HK-2 AS1PL
HK-2 AS1PL
HK-2 AS1PL
HK-2 AS1PL
HK-2
AS1PL/AGb3S
HK-2
AS1PL/AGb3S
HK-2
AS1PL/AGb3S
HK-2
AS1PL/AGb3S

Cas9, gRNA targeting Gb3S, Puro
Cas9, gRNA targeting Gb3S, Puro
Cas9, gRNA targeting Gb3S, Puro
Cas9, gRNA targeting Gb3S, Puro
Cas9, gRNA targeting Gb3S, Puro
Cas9, gRNA targeting Gb3S, Puro
Control, Puro

Overexpression of CPM-HA, Puro
Overexpression of DPP4-HA, Puro
Overexpression of SCCPDH-HA, Puro

Control, Puro

Overexpression of CPM-HA, Puro

Overexpression of DPP4-HA, Puro

Overexpression of SCCPDH-HA, Puro
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Figure 56 Vector maps of pSpCas9(BB)-2A-Puro (px459) and pLVX-Puro



156 6. Material and Methods

Generation of CRISPR/Cas9 edited cell lines

Targeting guides were established using the CRISPOR tool (192). For S1PL
transcript ID  ENSTO00000373202.8 and for Gb3S transcript ID
ENST00000401850.5 from the Ensembl database (371) were obtained and used
for guide RNA design as described in section 4.1.2 and 4.1.3. Guide sequence
oligos were cloned into the pSpCas9(BB)-2A-Puro (addgene, #PX459) vector
backbone (Figure 56), which co-expresses the sgRNA, SpCas9 and a puromycin
resistance gene. Target cells were transfected as described. Selection was
performed using puromycin (4 ug/mL) in full growth medium for 4 days. Single
clones were isolated from the transfected cell population after selection with
puromycin (4 days, 4 ug/mL) and expanded in a 96-well plate containing full growth
medium. Individual clones were characterized by either glycosphingolipid
expression (for Gb3S targeting) or pacSph labelling (for S1PL targeting) by HPTLC
and UPLC-MS2. Genomic loci were analysed by Sanger sequencing and raw
sequencing data was evaluated by tracking of indels by decomposition (TIDE)
(196).

Isolation of genomic DNA for PCR and sequencing

For DNA isolation from cultured cells 700 uL DNA purification buffer (incl. 10 pL of
10 mg/mL proteinase K) was added to a cell pellet and incubated overnight at 58°C.
300 pL saturated NaCl was added to the cells and mixed. The suspension was
centrifuge at 12,000 rpm for 15 min at 4°C. 700 pL of the supernatant were
transferred into a fresh reaction tube. RNA was digested by addition of 2 yL RNAse
A (2 mg/mL) and incubation at 37°C for 20 min. DNA was precipitated by addition
of 700 pL 2-propanol (analysis grade). After mixing and repeated centrifugation,
the supernatant was discarded, and the resulting DNA pellet washed with ice-cold
ethanol (70%). DNA was dried at room temperature and dissolved in an appropriate
amount of dH20.

Cultivation of bacteria

E. coli DH5a were cultured in lysogenic broth medium (LB medium) or on lysogenic
broth agar (LB agar) at 37°C (200 rpm for liquid cultures). If required, ampicillin
(Sigma Aldrich, St. Louis, MO, USA) was added as an antibiotic selection marker
at 50 - 100 pg/mL.
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Table 19 Composition of lysogenic broth medium and agar.

LB Medium (or agar), pH 7.0 Y%owlv

Tryptone 1

NaCl 0.5
Yeast Extract 0.5
Optional: Agar 1.5

Table 20 Bacterial strain used for cloning.

Bacterial Strain Characterization Supplier

F-®80/acZAM15  A(lacZYA-argF) U169 nermo Fisher

E.coliDH5a  recAl endA1 hsdR17(rc, mc*) phoA supEd4  SCentific
1 - Waltham, MA,
thi-1 gyrA96 relA1 A USA

Generation of chemically competent bacteria

Equipment for the generation of chemically competent bacteria was kept sterile
and precooled. E. coli DH5a were plated on LB agar and incubated overnight at
37°C. One colony was used to inoculate a 5 mL overnight culture (37°C, 200 rpm)
in LB medium. 1 mL of this culture was used to inoculate four times 200 mL LB
medium and growth was monitored until an optical density (ODssonm) of 0.3 to 0.4
was reached. Bacterial cultures were spun down (5 min, 2500 rpm, 4°C) and
resuspended in precooled transformation buffer (TFB1). Cultures were incubated
10 min on ice and centrifuged again (5 min, 2500 rpm, 4°C). After resuspension of
the bacterial pellet in precooled transformation buffer (TFB2), the suspension was

incubated on ice for 45 min. Aliquots were prepared and stored at -80°C.

Transformation of chemically competent bacteria

Chemically competent bacteria (E. coli DH5a) were thawed on ice. 4 pL of plasmid
or ligation mix were added to the bacteria on ice. Bacteria are incubated for 30 min
on ice. Heat shock was performed at 42°C for exactly 90 sec. Afterwards, bacteria
were incubated on ice for 2 min and 450 yL SOC medium was added before
incubation at 37°C and 800 rpm in a thermoshaker for 30 min. An aliquot of the
transformation mix was plated onto an agar plate containing a selection marker

and incubated over night at 37°C.
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Freezing of glycerol stocks

Liquid overnight culture of the desired plasmid producing bacteria were prepared
(37°C, 200 rpm). 500 pL of the bacterial culture was added to 500 pyL of 50%
glycerol in a 2 mL screw-capped tube and gently mixed. Glycerol stocks were
frozen at -80°C.

Agarose Gel Electrophoresis

For gel casting, agarose was dissolved in 1X TAE buffer at 1% or 2% (w/v)
depending on the size of the DNA by heating in a microwave oven. DNA samples
were applied in 1X loading buffer and DNA was visualized using Ethidium bromide

or Midori Green Advance DNA stain. Gels were developed for 30 — 40 min at 120V.

Restriction Digest

Restriction digests were performed using the recommended parameters (Table
21). The standard reaction volume was 20 yL with 1 — 2 yg DNA and 2U restriction
enzyme. Complete digest was controlled by agarose gel electrophoresis (1% gel)
and digested plasmids were purified using QIAGEN gel extraction kit according to

the manufacturer instructions.

Table 21 Parameters used for restriction digests.

Restriction enzyme Digest conditions
Bbsl (Thermo Fisher Scientific, Waltham, MA, USA) 2h, 37°C
EcoRV conc. (Roche Diagnostics, Basel, Switzerland) 2h, 37°C
EcoRI (Invitrogen, Waltham, MA, USA) 2h, 37°C
BamH| (Invitrogen, Waltham, MA, USA) 2h, 37°C
Ligation

Ligation was performed using a molar vector-to-insert ratio of 1:4. Ligation was
performed with 50 - 100 ng of digested plasmid using T4 DNA Ligase in T4 DNA
Ligase buffer for 1h at room temperature followed by transformation of chemically

competent E.coli DH5q.
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Cloning and vector construction for CRISPR-KO

Guide RNA sequences were ordered as single stranded and complementary DNA
oligos with overlaps for Bbsl restriction-ligation cloning and an additional guanine
base for the U6 promoter, if necessary (section 4.1.2 and 4.1.3). Complementary
oligos were annealed at a concentration of 100 uM by incubation in a water-filled
2.5 L beaker at 98°C and continuous cooling to 35°C. Correct annealing was
controlled by agarose gel electrophoresis (2% gel) and products were purified
using the QIAGEN gel extraction kit according to the manufacturer instructions.
Restriction digest of pSpCas9(BB)-2A-Puro (addgene, #PX459) plasmid was done
with Bbsl as described before. Linearization was controlled by agarose gel
electrophoresis. Ligation of linearized pSpCas9(BB)-2A-Puro with guide oligo DNA
was done using T4 DNA ligase as described. Competent E.coli DH5a were
transformed as described. Per guide sequence 8 colonies were picked and correct
insertion was controlled by colony PCR. One colony per guide sequence was
selected for inoculation of an overnight culture (5 mL). Plasmid DNA was extracted
using QIAGEN Plasmid Mini kit according to the manufacturer’s instructions and a
control digest was performed with Bbsl and EcoRV to ensure insertion of the guide
sequence. Increased amount of plasmid DNA were generated in bacterial maxi
cultures (200 mL) and extracted using QIAGEN Maxi kit according to the

manufacturer instructions.

Cloning of genes for overexpression

Coding DNA sequences of target genes were amplified from pre-isolated cDNA of
human kidney by PCR using proofreading Q5 polymerase. Primers were designed
to include an HA-tag, a Kozak sequence and EcoRI or BamHI restriction cut site
for cloning. PCR was performed with 2 uyL cDNA, in 50 uL reaction volume (1 uL
10 mM dNTPs, 5 uyL 5 yM F/W primer mix, 0.2 yL Q5 polymerase, 10 yL 5X Q5
reaction buffer). PCR products were purified by agarose gel electrophoresis and
extracted using a QIAGEN gel extraction kit according to the manufacturer’s
instructions. Restriction digest and ligation of purified PCR products and pLVX
vector was done as described before. Competent E.coli DH5a were transformed,
and correct insertion was checked by colony PCR as described. Positive colonies
were used to inoculate mini cultures and plasmid DNA was extracted using

QIAGEN Plasmid mini kit according to the instructions. A control restriction digest
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was performed, and correct sequence was confirmed by Sanger sequencing

(Eurofins).

Colony PCR

Correct ligation of inserts and vector was checked by colony PCR. Colonies were

picked with a sterile pipet tip and briefly dipped into a PCR tube. Parameters for

PCR reactions were optimized for each reaction (Table 22). For CRISPR/Cas9

plasmid colony PCRs were performed using hU6-rev and guide-sense as primer

pairs.

Table 22 Colony PCR.

Reagent Volume
Reaction buffer 10x 1.5 uL
dNTPs (10 mM) 0.5 uL
F/R Primer Mix (5 uM) 1.5 uL
Taq polymerase 0.25 uL

filled to 15 pL with nuclease-free water

Primers and Oligos

Table 23 Primer and oligo sequences.

For guide RNA the targeting sequence highlighted by bold letters.

Sequence (5°-3’)

Application

hUG-rev
A4GALT-gR1-sense

A4GALT-gR1-antisense
A4GALT-gR1+3-fwd
A4GALT-gR1+3-rev

A4GALT-gR2-sense

A4GALT-gR2-antisense
A4GALT-gR2-fwd
A4GALT-gR2-rev

A4GALT-gR3-sense
A4GALT-gR3-antisense
A4GALT-gR4-sense

A4GALT-gR4-antisense
A4GALT-gR4-fwd
A4GALT-gR4-rev

SGPL1-gR1-sense

CTGCAGACAAATGGCTCTA
CACCGCTGCACGGCCGCGTACCAGT

AAACACTGGTACGCGGCCGTGCAGC
CCGTTGTAGTGGTCCACGAA
CTTCTGAGCTGCTTCCCGAA

CACCGCATGATCTACTGGCACGTTG

AAACCAACGTGCCAGTAGATCATGC
GACTCCACCGAGCACATGAA
CTCCTGGTCTGATCTGGGGA

CACCGCCGCGTACCAGTCGGCCAG
AAACCTGGCCGACTGGTACGCGGC
CACCGGACCAGCACGTGGGATTCG

AAACCGAATCCCACGTGCTGGTCC
TTCGGGAAGCAGCTCAGAAG
ATCTACTGGCACGTTGTGGG

CACCGAATCTCTAAGTAGGGCTCAA

Annealing control
CRISPR/Cas9

Colony PCR
CRISPR/Cas9
gDNA PCR
gDNA PCR
CRISPR/Cas9

Colony PCR
CRISPR/Cas9
gDNA PCR
gDNA PCR
CRISPR/Cas9

Colony PCR
CRISPR/Cas9
CRISPR/Cas9

Colony PCR
CRISPR/Cas9
gDNA PCR
gDNA PCR
CRISPR/Cas9
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Colony PCR
SGPL1-gR1-antisense AAACTTGAGCCCTACTTAGAGATTC CRISPR/Cas9
CRISPR/Cas9
SGPL1-gR2-sense CACCGCCTCTGGAACAGTGTACAGT
Colony PCR
SGPL1-gR2-antisense AAACACTGTACACTGTTCCAGAGGC CRISPR/Cas9
CRISPR/Cas9
SGPL1-gR3-sense CACCGCCTCTATCTTGCGTAGTCC
Colony PCR
SGPL1-gR3-antisense AAACGGACTACGCAAGATAGAGGC CRISPR/Cas9
SGPL1-gR3-Exon7-Fwd GTTGTTCCCTCTTCAGGGTCC gDNA PCR
SGPL1-gR3-Exon7-Rev ATCTGGTCCCCCATTGAACAG gDNA PCR
SGPL1-gR1-Exon3-Fwd AGAAATGACATTGATATTGGGGGT gDNA PCR
SGPL1-gR1-Exon3-Rev TCCTATCTCTCAGCAATTAGTTTGA gDNA PCR
SGPL1-gR2-Exon6-Fwd GGCAAGTGAGGTGGAAGACA gDNA PCR
SGPL1-gR2-Exon6-Rev AAGTCAGCCAGCTGCATGTT gDNA PCR

A4GALT gDNA_F

A4GALT gDNA R

SCCPDH_gDNA F

SCCPDH_gDNA R

DPP4_gDNA_F

DPP4_gDNA_R

CPM_gDNA_F

CPM_gDNA_R

CCGACGAATTCACCATGTACCCCTACGAC
GTCCCCGACTACGCCTCCAAGCCCCCCG
TGTGGATCCTCACAAGTACATTTTCATGG
CCTCG
CCGACGAATTCACCATGTACCCCTACGAC

GTCCCCGACTACGCCGCGACCGAGCAGA
GG
TGTGGATCCTCAGACTTCAGAGCTGCTAA
TAACACTAAACTCAA
CCGACGAATTCACCATGTACCCCTACGAC
GTCCCCGACTACGCCAAGACACCGTGGA
AGGTTCTTC
TGTGGATCCTCAAGGTAAAGAGAAACATT
GTTTTATGAAGTGGC
CCGACGAATTCACCATGTACCCCTACGAC
GTCCCCGACTACGCCGACTTCCCGTGCC
TCTG
TGTGGATCCTCATTTGAAGAATATGTGCA
AAAGACTCACTAAAA

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

cDNA amplification
for subcloning

6.2.2 Protein assays

Metabolic labelling of cultured cells with pacSph

For metabolic labelling pacSph (25 mM ethanoic stock) was diluted to 6 uM (pull-
down proteomics) or 0.5 pyM (pull-down western blotting and PLA) in DMEM/F-12
(1:1) with 10% charcoal-treated FCS and 1% P/S. Cells were washed once with
1X PBS and labelling medium was added. After 22h the labelling medium was
removed, and full growth medium was added for 4h. If inhibitors were used, they
were added during the labelling and chase period (5 yM Genz-1233346 or 100 uM

Miglustat in dH20). For the formation of protein-sphingolipid conjugates the cells
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were washed and overlayed with cold 1X PBS and irradiated by UV light (365 nm,
5x 8W, 5 min, BioLinker) on an ice-cooled metal block. After irradiation, cells were
washed with 1X PBS and harvested by scraping in 1.4 mL cold 1X PBS. Cells were
pelleted at 4000 rpm and 4°C for 4 min and the pellet was either snap-frozen and

stored at -80°C or directly used for subsequent analysis.

Pull-down of protein-sphingolipid conjugates for proteomics identification

For each replicate and condition one 10 cm dish of the respective cell line was
prepared and grown to confluence. Cells were metabolically labelled with pacSph
as described before. Cell pellets were resuspended in 200 uL lysis buffer, vortexed
and kept on ice for 30 min. To facilitate lysis, the suspension was ultrasonicated
two times for one minute in an ice bath before rotating for 10 min at 25 rpm. Non-
bound lipids were removed by 2x methanol/chloroform precipitation as described.
The resulting protein pellet was resuspended in 200 uL resolubilization buffer (RB)
by vigorous shaking at 37°C till the pellet was dissolved. Insoluble particulates were
removed by centrifugation at 14,000 x g at room temperature for 5 min and the
protein solution was transferred into a new reaction tube. A 6 uL aliquot was saved

for protein determination by Pierce BCA protein assay according to the instructions.

Aliquots of 1 mg total protein were prepared, and volumes adjusted to 200 yL with
RB. CuAAC click reactions were prepared as described (Table 24) and incubated
at 38°C and 600 rpm for 2h. After the reaction, proteins were precipitated by 2x

methanol/chloroform precipitation as described and resolubilized in 200 uL RB.

After click reaction insoluble material was removed by centrifugation with 0.22 ym
spin filters (Corning) (14,000 rpm, 10 min, RT). Samples were diluted to 0.2% SDS
with SDS-free RB. For enrichment of biotinylated proteins, 200 yL Neutravidin
agarose slurry (equivalent to 100 pL beads) per sample were prepared in a reaction
tube. Neutravidin agarose was equilibrated with 2x with 1X PBS and 2x with RB
(0.2% SDS). Protein solutions were added to the preequilibrated Neutravidin
agarose and were incubated at room temperature and 25 rpm for 2h. Neutravidin
beads were washed 15x with 1 mL RB and 2x with 1 mL SDS-free RB. Bound
proteins were eluted with 300 uL RB supplemented with 2% hydrazine and 0.05%
SDS and samples were incubated at room temperature and rotating at 25 rpm for

30 min. Supernatants were collected in fresh reaction tubes, proteins were re-
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eluted with 200 yL RB and combined with the first elution. Proteins were
precipitated by chloroform/methanol and resolubilized in 40 uL RB for proteomics

analysis.

Table 24 CuAAC click reaction for pull-down proteomics.

Compound Stock Volume
THPTA 50 mM 100 pL
CuS0O4 25 mM 40 pL
Protein 5 mg/mL 200 pL
Dde-PEG4-biotin-azide 50 mM (in DMSO) 20 yL
Sodium ascorbate 1M 1.5 uL
RB 1X 687.5 uL

Pull-down of protein-sphingolipid conjugates for western blotting

For each replicate and condition one 10 cm dish of the respective cell line was
prepared and grown to confluence. Cells were metabolically labelled with pacSph
as described before. Cell lysis and protein extraction were done as described

before.

Aliquots of 200 ug total protein were prepared, and volumes adjusted to 100 L
with resolubilization buffer (RB). CuAAC click reactions were prepared as
described (Table 25) and incubated at 38°C and 350 rpm for 3h. After the reaction,
proteins were precipitated by 2x chloroform/methanol precipitation as described
and resolubilized in 200 uL RB.

Table 25 CuAAC click reaction for western blot analysis.

Compound Stock Volume
TBTA 2.5mM 5puL
CuS0O4 25 mM 5puL
Protein 5 mg/mL 100 pL
Biotin-PEG3-azide 25 mM (in DMSO) 5puL
Sodium ascorbate 25 mM 5uL
RB 1X 5L

Insoluble material was removed by centrifugation with 0.22 uym spin filters (Corning)
(14,000 rpm, 10 min, RT). An aliquot of 10 puL (5%) was saved as input fraction.
Samples were diluted to 0.2% SDS with SDS-free RB. For enrichment of
biotinylated proteins, 50 uL Neutravidin agarose per sample were prepared in a

reaction tube. Neutravidin agarose was equilibrated with 2x with 1X PBS and 2x
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with RB (0.2% SDS). Protein solutions were added to the preequilibrated
Neutravidin agarose and were incubated at room temperature and 25 rpm for 2h.
Neutravidin beads were washed 15x with 1 mL RB and 2x with 1 mL RB (without
SDS). Bound proteins were eluted with 20 pL elution buffer and 10 yL 3x sample
buffer by boiling at 95°C for 15 min each. Supernatants were collected in fresh

reaction tubes.

SDS-PAGE and Western Blotting

Proteins were separated by one-dimensional and discontinuous SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) based on bis-tris gels. Gels for
separation (10%) and stacking (5%) were prepared as described (Table 26).
Samples were diluted in 3X sample buffer and heated at 95°C for 5 min before
loading the gels. Bis-tris gels were run in 1X MOPS running buffer incl. 1X reducing

agent at 50 mA const. per gel for approximately one hour.

Table 26 Buffers for casting of SDS-PAGE gels.

Buffer Composition

3X gel buffer 1M bis-tris, pH 6.5

Resolving gel (10%) 1/3 3X gel buffer, 1/3 acrylamide (30%; 37:5:1), 1/3 ddH20
Stacking gel (5%) 1/3 3X gel buffer, 1/6 acrylamide (30%; 37:5:1), 3/6 ddH20

Table 27 Buffers for gel running and western blotting.

Buffer Composition
, 250 mM MOPS, 250 mM Tris, 5 mM EDTA, 0.5%
5X MOPS running buffer SDS, no pH adjustment
200X Reducing agent 1M sodium bisulfite
10X Towbin transfer buffer 0.25M Tris-base, 1.92M glycine
1X Transfer buffer 1X Towbin buffer, 20% methanol
Stripping Buffer, pH 7.0 52.5 mM Tris-HCI, 2.1% SDS, 50 mM DTT (fresh)

For protein transfer onto nitrocellulose membranes, the gels were pre-equilibrated
in Towbin buffer (20% methanol) for 20 min. Proteins were transferred by wet tank
transfer in Towbin buffer (20% methanol) at 350 mA const. for 90 min or 90 mA at
4°C overnight. Membranes were rinsed in 1X TBS-T and blocked with 5%
BSA/TBS-T for 1h while gently agitating. Primary antibodies were applied at the
indicated dilutions (Table 12) in blocking buffer at 4°C overnight. Membranes were
washed 3x 5 min in 1X TBS-T and secondary antibody solutions were applied at
the indicated dilutions in blocking buffer and at room temperature for 1h.



6. Material and Methods 165

Membranes were washed 3x 5 min with TBS-T and 1x 5 min with TBS before

detection by either chemiluminescence (Bio-Rad ECL) or fluorescence.

Detection of biotinylated proteins by Neutravidin-HRP

Biotinylation of proteins by CuAAC click reaction was checked by staining with
Neutravidin-HRP conjugate. Proteins were separated by SDS-PAGE and
transferred onto nitrocellulose as described before. Blocking was done with 5%
BSA/TBS-T and membranes were incubated with 1:20,000 Neutravidin-HRP in
blocking buffer at 4°C overnight. Biotinylated proteins were detected by

chemiluminescence (Bio-Rad ECL).

Proximity ligation assay with pacSph labelled cells

Cells were seeded on untreated glass coverslips in 24 well plates at 35,000 cells
per well one day prior to pacSph treatment. After treatment with pacSph (0.5 pM,
22h + 4h) cells were UV irradiated (365nm, 5 min) on an ice-cooled metal block.
Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature.
If anti-Gb3Cer antibody was used, fixation was repeated once. After fixation
coverslips were washed with 1X PBS and 2x with methanol to remove non-bound
lipids. CUAAC click reaction was performed on coverslips with 55 pL of click mix as
described (Table 28). The reaction was incubated for 1h at room temperature.
Afterwards coverslips were rinsed with 3x with 1X PBS, 2x with methanol and once
with ddH20. Cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min at
room temperature and blocked with DuoLink® Blocking Solution for 1h at 37°C in
a humidity chamber.

Table 28 CuAAC click reaction for proximity ligation assay.

Click mix Final concentration
Sodium ascorbate 1 mM

TBTA 0.1 mM

CuS0O4 1 mM

Cyb5-azide 0.08 mM

Primary antibodies were applied as indicated (Table 12) diluted in DuoLink®
Antibody Diluent. Chicken anti-Gb3Cer antibody was directly labelled with the
DuoLink® PLA-MINUS probe with a DuoLink® ProbeMaker kit according to the
manufacturer’s instructions (DuoLink®, Sigma Aldrich). If anti-Gb3Cer-MINUS
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antibody was used, all antibodies were diluted in DuoLink® ProbeMaker Diluent.
40 pL of diluted primary antibodies were applied per coverslip and incubated at
4°C overnight in a humidity chamber. DuoLink® PLA assay was performed
according to the instructions. In brief, antibodies with conjugated PLA Probes
(PLUS-anti-rabbit and MINUS-anti-mouse) were diluted 1:5 in DuoLink® Antibody
Diluent. If anti-Gb3Cer-MINUS antibody was used as a primary antibody, only
PLUS-anti-rabbit was added at this step. Coverslips were washed 2x 5 min in 1X
DuoLink® Wash Buffer A at room temperature before applying the PLA probe
solutions and incubated for 1h at 37°C. PLA probes were ligated at 37°C for 30 min
with DuoLink® Ligase. After washing 2x 5min with 1X DuoLink® Wash Buffer A,
amplification was performed with DuoLink® In-situ Orange (DUO92007) at 37°C
for 100 min. Coverslips were washed in 1X DuoLink® Wash Buffer B and
counterstained with phalloidin-CF488A (1:200) and DAPI. Z-stacks were acquired
by confocal microscopy with a 40X objective. PLA foci were counted and

normalized to the number of DAPI-positive nuclei.

Immunofluorescence studies

Cells were seeded on uncoated glass coverslips at the desired density in a 24 well
plate. For fixation, cells were covered with 4% PFA for 15 min at room temperature.
Coverslips were washed 3x with 1X PBS for 5 min and blocked with 5% BSA/PBS
for 60 min at room temperature. Primary antibodies (Table 12) were prepared in
antibody dilution buffer (1% BSA/PBS supplemented with or without 0.1% Triton-
X100) and applied to the coverslips overnight at 4°C. Coverslips were washed 3x
with 1X PBS for 5 min and fluorophore-conjugated secondary antibodies were
applied for 2h at room temperature in the dark. DAPI stock solution was diluted
1:20,000 in PBS. After 3x 5 min 1X PBS wash, DAPI staining solution was applied
for 5 min at room temperature in the dark. Coverslips were mounted onto glass
slides and left for drying at least 1h at room temperature in the dark. If not imaged

immediately, samples were stored at 4°C.

Albumin and gentamicin uptake assays

For uptake assays cells were seeded into 96 well plates at 25,000 cells per well
and grown until confluence was reached. The cells were kept serum-free for 24h
before the assay. Cells were washed 2x with pre-warmed 1X PBS. FITC-albumin,

BSA-TexasRed or gentamicin-TexasRed were diluted in Ringer solution (pH 7.4)
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to the indicated concentrations (25 ug/mL, 50 ug/mL or 250 pg/mL) and 200 pL
were added to the cells for the indicated time (10 min, 15 min or 30 min). Cells
were incubated either at 37°C or 4°C as control. Afterwards cells were washed 4x
with cold Ringer solution and 2x with ice-cold 50 mM MES/150 mM NacCl (pH 5.0)
buffer. Wash buffers were removed, and the cells were lysed in 100 uL ice-cold
0.1% Triton X-100/20 mM MOPS buffer by incubation on ice for 1h. Fluorescence
was measured using a Synergy H1 microplate reader.

StxB-Cy3 uptake assay

Cells were seeded into 96 well plates at 25,000 cells per well and grown until
confluence was reached. The cells were kept serum-free 24h before the assay.
StxB-Cy3 was diluted to 1 pg/mL in ice-cold complete DMEM/F-12. The cells were
washed 2x with pre-warmed 1X PBS and incubated with StxB-Cy3 solution for 30
min at 4°C in the dark. Unbound StxB-Cy3 was removed by washing 3x with ice-
cold PBS*™*. Pre-warmed complete DMEM/F-12 was added and the cells were
shifted to 37°C for 10 min. Afterwards, the medium was aspirated and 50 pL ice-
cold lysis buffer (0.1% Triton X-100/20 mM MOPS) was added. Cells were shaken
on ice for 10 min and fluorescence was measured at Aex 545 nm and Aem 570 nm

using a Synergy H1 microplate reader.

Synthesis of gentamicin-TexasRed

Gentamicin-TexasRed was synthesized as described in (97, 372). In brief, 300
pmol from a 50 mg/mL solution of gentamicin sulphate in 100 mM K2CO3/KHCO3
buffer (pH 10) was gently mixed with 3 pmol from 3.9 mM Texas Red-X
succinimidyl ester in N, N-Dimethylformamide at RT for 8 days. Reversed Phase
C-18 cartridges (Waters) were used to separate the conjugated product from
unconjugated gentamicin and dye. The fractions were analysed on a silica gel plate
and product identity was confirmed by mass spectrometry. The product was
lyophilized and quantified by fluorescence. Aliquots were stored at -20°C in the
dark.

Chloroform/methanol precipitation
To 200 pL cell suspension, 480 uL methanol, 160 pL chloroform and 640 yL ddH20
were added and the suspension was vortexed after each addition. After

centrifugation at 16,000 x g at room temperature for 5 min, the upper phase was
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removed. To the lower phase 300 uL methanol were added and the suspension
vortexed. Centrifugation was repeated with the same parameters and the upper

phase was removed.

Full proteomics sample preparation

Cells were seeded at 2 x 108 cells in a 10 cm dish and grown to 80% to 90%
confluence. Cell layers were washed 2x with pre-warmed PBS and harvested by
trypsin/EDTA (0.05%/0.5mM). Cells were pelleted by centrifugation (1000 x g, 5
min, 4°C) and washed 3x with 5 mL cold PBS. After the last wash cells were
resuspended in 2.5 mL cold PBS and counted using a Casy cell analyzer. An
aliquot of 2 x 10° cells was transferred into a fresh, precooled 1.5 mL reaction tube
and pelleted by centrifugation (4,000 rpm, 4 min, 4°C). Pellets were snap-frozen in

liquid nitrogen and stored at -80°C before further analysis.

Proteomics analysis of pull-down fractions and full proteome

Sample preparation and proteomics measurements were done by Dr Per
Haberkant (Proteomics Core Facility, EMBL Heidelberg). A description of the
methods was provided by Per Haberkant and is indicated by quotation marks. In

general, paragraphs that are not written by me, will be phrased by quotation marks.

“LC-MS/MS analysis. Cell pellets were lysed in 200 pl of 50 mM HEPES/NaOH,
pH 8.5 supplemented with 1% SDS and protease cocktail inhibitor EDTA-free
(Roche, #11873580001). Protein concentration of lysates were determined by BCA
protein determination (Pierce, #23225). 10 ug of each lysate were subjected to an
in-solution tryptic digest using a modified version of the Single-Pot Solid-Phase-
enhanced Sample Preparation (SP3) protocol (PMID: 25358341, PMID:
29565595). Lysates were added to Sera-Mag Beads (Thermo Scientific, #4515-
2105-050250, 6515-2105-050250) in 10 pl 15% formic acid and 30 pl of ethanol.
Binding of proteins was achieved by shaking for 15 min at room temperature. SDS
was removed by 4 subsequent washes with 200 pl of 70% ethanol. Proteins were
digested overnight at room temperature with 0.4 pg of sequencing grade modified
trypsin (Promega, #V5111) in 40 yl HEPES/NaOH, pH 8.4 in the presence of 1.25
mM TCEP and 5 mM chloroacetamide (Sigma-Aldrich, #C0267). Beads were
separated, washed with 10 pl of an aqueous solution of 2% DMSO and the

combined eluates were dried down. Peptides were reconstituted in 10 pl of H20
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and reacted for 1 h at room temperature with 80 ug of TMT10plex (Thermo
Scientific, #90111) (PMID: 24579773) label reagent dissolved in 4 pl of acetonitrile.
Excess TMT reagent was quenched by the addition of 4 pl of an aqueous 5%
hydroxylamine solution (Sigma, 438227). Peptides were reconstituted in 0.1 %
formic acid, mixed to achieve a 1:1 ratio across all TMT-channels and purified by
a reverse phase clean-up step (OASIS HLB 96-well pElution Plate, Waters
#186001828BA). Peptides were subjected to an off-line fractionation under high
pH conditions (PMID: 25358341). The resulting 12 fractions were then analysed by
LC-MS/MS on an Orbitrap Fusion Lumos mass spectrometer (Thermo Scentific)
as previously described (PMID:30858367). To this end, peptides were separated
using an Ultimate 3000 nano RSLC system (Dionex) equipped with a trapping
cartridge (Precolumn C18 PepMap100, 5 mm, 300 um i.d., 5 ym, 100 A) and an
analytical column (Acclaim PepMap 100. 75 x 50 cm C18, 3 mm, 100 A) connected
to a nanospray-Flex ion source. The peptides were loaded onto the trap column at
30 pl per min using solvent A (0.1% formic acid) and eluted using a gradient from
2 to 40% Solvent B (0.1% formic acid in acetonitrile) over 2 h at 0.3 pl per min (all
solvents were of LC-MS grade). The Orbitrap Fusion Lumos was operated in
positive ion mode with a spray voltage of 2.4 kV and capillary temperature of 275
°C. Full scan MS spectra with a mass range of 375-1500 m/z were acquired in
profile mode using a resolution of 120,000 (maximum fill time of 50 ms or a
maximum of 4e5 ions (AGC) and a RF lens setting of 30%. Fragmentation was
triggered for 3 s cycle time for peptide like features with charge states of 2—7 on
the MS scan (data-dependent acquisition). Precursors were isolated using the
quadrupole with a window of 0.7 m/z and fragmented with a normalized collision
energy of 38. Fragment mass spectra were acquired in profile mode and a
resolution of 30,000 in profile mode. Maximum fill time was set to 64 ms or an AGC

target of 1e5 ions). The dynamic exclusion was set to 45 s.

Acquired data were analysed using IsobarQuant (PMID: 26379230) and Mascot
V2.4 (Matrix Science) using a reverse UniProt FASTA Homo sapiens database
(UP000005640) including common contaminants. The following modifications
were taken into account: Carbamidomethyl (C, fixed), TMT10plex (K, fixed), Acetyl
(N-term, variable), Oxidation (M, variable) and TMT10plex (N-term, variable). The

mass error tolerance for full scan MS spectra was set to 10 ppm and for MS/MS
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spectra to 0.02 Da. A maximum of 2 missed cleavages were allowed. A minimum
of 2 unique peptides with a peptide length of at least seven amino acids and a false
discovery rate below 0.01 were required on the peptide and protein level (PMID:
25987413).”

Bioinformatic analysis of proteomics data
Bioinformatic analysis of proteomics data were provided by Dr Frank Stein
(Proteomics Core Facility, EMBL Heidelberg). A description of the methods was

provided by Frank Stein and is indicated by quotation marks.

“The raw output files of IsobarQuant (protein.txt — files) were processed using the
R programming language (ISBN 3-900051-07-0). Only proteins that were
quantified with at least two unique peptides were considered for the analysis. Raw
signal-sums (signal_sum columns) were first cleaned for batch effects using limma
(PMID: 25605792) and further normalized using vsn (variance stabilization
normalization - PMID: 12169536). During the normalization of IP conditions,
separate coefficients were estimated for cross-link and non-cross-link conditions in
order to maintain abundance differences. Proteins were tested for differential
expression using the limma package. The replicate information was added as a
factor in the design matrix given as an argument to the ‘ImFit’ function of limma. A
protein was annotated as a hit with a false discovery rate (fdr) smaller 5 % and a
fold-change of at least 100 % and as a candidate with a fdr below 20 % and a fold-

change of at least 50 %.”

6.2.3 Lipid assays

Lipid extraction from cultured cells for pacLipid analysis

Cells were seeded in 6 cm dishes to the desired density and treatments were
performed as indicated. Cell layers were washed 2x with PBS and harvest by
scraping in 1 mL cold PBS. Suspended cells were collected in 1.5 mL reaction
tubes and pelleted by centrifugation (4,000 rpm, 4 min, 4°C). If necessary, cell
pellets were stored at this step by freezing to -80°C. Cell pellets were resuspended
in 300 pL cold PBS. 600 pL methanol and 150 L chloroform were added and
samples were vortexed after each addition. Precipitating proteins and cell debris
were removed by centrifugation (14,000 rpm, 5 min, RT) and used for protein

determination by Pierce BCA assay after hydrolysis in 100 yL 1M NaOH. Organic
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supernatant was transferred into a fresh 2 mL reaction tube and phase separation
was induced by addition of 300 yL chloroform and 600 uL 0.1% acetic acid in H20.
Samples were vortexed after each addition and centrifuged (14,000 rpm, 5 min,
RT). The lower layer was collected and transferred into a new 1.5 mL reaction tube

and solvents were evaporated under nitrogen stream at 39°C.

For CuAAC click reaction with coumarin azide and subsequent visualization of
pacLipids on a HPTLC plate, the lipid extracts were resuspended in 8 pL
chloroform. A CuAAC click mix was prepared (Table 29) and 30 uL of CUAAC click
mix were added to the lipid extracts. Dissolving of lipids in chloroform was
facilitated by repeated vortexing and spinning with a tabletop centrifuge. CuAAC
click reactions were performed at 42°C for 1h. Lipid/CUAAC mixes were directly

applied to TLC plates for analysis.

Table 29 CuAAC click reaction for coumarin-TLC.

Compound Volume
3-azido-7-hydroxycoumarin (44.5 mM) 2.5 L
Tetrakis(acetonitrile)copper(l)tetrafluoroborate in acetonitrile (10 mM) 250 pL
Ethanol 1 mL

Lipid extraction from cultured cells for glycosphingolipid analysis

For the analysis of their glycosphingolipids by HPTLC or LC-MS/MS cells were
seeded into 10 cm dishes and treatments were performed as indicated. Cells were
harvested by scraping in 1 mL cold PBS and collect in pre-rinsed screw-capped
glass vials on ice. After addition of 3 mL 2-propanol the cell suspension was dried
under nitrogen stream at 39°C. All subsequent steps were performed at room
temperature. Lipid extraction was carried out by additon of 3 mL
chloroform/methanol/water (10:10:1, v/v/v), careful vortexing and sonication for 3 x
3 minutes. After centrifugation at 2,700 x g for 10 minutes the supernatant was
transferred into a new pre-rinsed glass vial and dried under nitrogen stream. The
pellet was reextracted with chloroform/methanol/water (30:60:8, v/v/v), combined
with the first extract and dried under nitrogen stream. The remaining pellet was
used for protein determination by Pierce BCA assay after hydrolysis in 0.5 mL 1M

NaOH. Alkaline hydrolysis of the lipid extracts was performed with 1 mL 0.1M
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potassium hydroxide (KOH) in methanol at 50°C for 3 hours and samples were
neutralized by addition of 6 uL glacial acetic acid. The hydrolysed extract was dried
under nitrogen stream and reconstituted in 5 mL 0.1M potassium acetate (KAc) by
vortexing and 3 x 3 minutes sonication. Lipid extracts were desalted using 200 mg
preconditioned RP18 SPE columns (Waters). Samples were loaded onto the
columns and tubes washed with 5 mL 0.1M KAc which was added onto the column.
Bound lipids were washed with 3 column volumes (cv) ddH20 and eluted into pre-
rinsed glass tubes with 2 cv methanol and 2 cv chloroform/methanol (1:1, v/v).
Neutral and acidic glycosphingolipids were then separated using diethylaminoethyl
(DEAE) sepharose columns. Desalted extracts were applied onto preconditioned
(2 cv methanolic KAc (1M), 2 cv methanol, 2 cv C/M/W (30:60:8)) 200 mg DEAE
columns. Neutral lipids in the flow through and from 3 cv methanol washes were
collected in pre-rinsed glass tubes. Acidic lipids were eluted with 3 cv 500 mM
methanolic KAc (2x) into the dH20-rinsed previously used samples tubes. Both
extracts were dried under nitrogen stream and acidic lipids were subject to an
additional desalting step by RP18 SPE before further analysis.

High-performance thin layer chromatography (HPTLC)

Equivalents of 75 ug or 200 ug protein (as indicated) were spotted on high-
performance TLC plates (HPTLC, Silica gel 60 F254, Merck) using an automated
TLC loader (Linomat IV, Camag) and plates were developed as indicated. In brief,
pacLipid analysis was done by a first run in CHCI3s/MeOH/H20/AcOH (65:25:4:1) to
50% and a second run in n-Hexane/ethyl acetate (1:1) to 100%. Glycosphingolipid
analysis was done by a pre-run with chloroform/acetone (1:1) and a run in
chloroform/methanol/water (60:35:8) both over the full length of the plate.
Glycosphingolipids were visualized by spraying the plate with orcinol reagent and
developing at 120°C for 10 minutes. pacLipids were visualized by coumarin
fluorescence using a BioRad ChemiDoc MP.

HPTLC Immune Overlay

Samples preparation, lipid extraction and HPTLC separation were done as
described. Neutral lipids were separated by chloroform/acetone (1:1) and
chloroform/methanol/0.2% CacCl2 (60:35:8) over the full length of the plate. Acidic
glycosphingolipids were separated by chloroform/acetone (1:1) and
chloroform/methanol/0.2% CaClz (45:45:10) over the full length of the plate. Dried
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HPTLC plates were fixed in Plexigum solution (0.5% (w/v) isobutyl methacrylate in
n-Hexane/chloroform) for 2 min. HPTLC plates were air dried under a fume hood
for 5 min. Blocking was done with 1% BSA in PBS for 30 min at room temperature.
Primary antibodies were diluted in blocking buffer as indicated (Table 12) and
250 pL were applied to the HPTLC plates. Plates were covered with a plastic wrap
to ensure even distribution of the antibody solution and incubated in a humidity
chamber at 4°C over night. The plates were washed 4x with 0.05% Tween-20/PBS
and 1x with 1% BSA/PBS for 5 min each. Secondary antibodies were diluted in
blocking buffer and 300 pL were applied to the plates. Plates were covered with
plastic wraps and incubated for 2h at room temperature in a humidity chamber.
Afterwards, HPTLC plates were washed 5x with 0.05% Tween-20/PBS for 5 min
by agitation on a swivel table. For development a SigmaFast™ BCIP®/NBT tablet
was dissolved in 10 mL ddH20 by vortexing and ultrasonication. HPTLC plates
were dipped in BCIP/NBT solution and developed until bands appear.
Development was stopped by washing in ddH20 and subsequent drying under air.
Visualized bands were recorded and HPTLC plates were destained and defixed
with acetone for 5 min. The plate was left to dry under air and glycosphingolipids
were visualized by staining with orcinol reagent and development at 120°C for 10

min.

Protein determination

Total protein content was determined from hydrolysed protein pellets (1M NaOH,
37°C, 4h). Protein solutions were diluted 1:10 with ddH20 and protein content was
determined using the Pierce BCA assay in microplate format according to the

manufacturer’s instructions.

LC-MS/MS analysis
Lipid extracts were dissolved in methanol/H20 (95:5) for LC-MS/MS analysis and
in methanol/H20 (95:5) + 5 mM ammonium formate for direct injection mass

spectrometry (DI-MS).

Equivalents of 100 ug or 250 ug protein were aliquoted into screw-capped GC vials
in a total volume of 1 mL and 5 pmol ceramide standards (Cer(d18:1/14:0);
Cer(d18:1/19:0); Cer(d18:1/25:0); Cer(d18:1/31:0)), 50 pmol sphingomyelin
standard (SM(d18:1/12:0); SM(d18:1/17:0); SM(d18:1/31:0)) and 2.5 pmol
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hexosylceramide standards (HexCer(d18:1/14:0); HexCer(d18:1/19:0);
HexCer(d18:1/25:0); HexCer(d18:1/31:0)) were added as internal standards.

UPLC-ESI-(QqQ)MS? analysis was performed on a Xevo TQ-S tandem mass
spectrometer coupled to an automated Acquity I-class UPLC system using an
ACQUITY UPLC® CSH C18 100 mm x 2.1 mm (pore size 1.7 um) column from
Waters Corporation. The column was equilibrated in 57% buffer A (50% methanol,
0.1% formic acid, 10 mM ammonium formate) and 43% buffer B (99% 2-propanol,
1% methanol, 0.1% formic acid, 10 mM ammonium formate) and lipids were eluted
with increasing amount of buffer B at a flow rate of 0.35 mL/min with the indicated
gradient (Table 30). Total method run time was 14 minutes. The column was kept
at 60°C.

Table 30: UPLC gradient for pacLipids.
UPLC-MS? gradient used for pacLipid analysis. Solvent A (50% methanol, 50% water, 10 mM

ammonium formate, 0.1% formic acid, 5 yM citrate) and solvent B (1% methanol, 99% isopropanol, 10

mM ammonium formate, 0.1% formic acid, 5 uM citrate). Additives and solvents were of HPLC-grade.

Time [min] Flow rate % A % B Type of curve
Initial 0.35 57 43 Initial

0.20 0.35 57 43 Linear (6)

0.40 0.35 50 50 Linear (6)

4.00 0.35 30 70 Linear (6)

10.00 0.35 5 95 Linear (6)

11.00 0.35 5 95 Linear (6)

11.50 0.35 1 99 Linear (6)

12.00 0.35 57 43 Linear (6)

14.00 0.35 57 43 Linear (6)

Detection by MS/MS was done by electron spray ionization in positive mode (ESI+)
with multiple reaction monitoring (MRM) mode. The respective transitions for the
investigated compounds are described (Table 31). Source temperature was kept
at 100°C. Capillary voltage was set to 3.0 kV and cone voltage to 50V.

Direct infusion mass spectrometry was performed with a flow rate of 5 pyL/min in

parent ion scan, product ion scan, neutral loss, or full scan mode as indicated.
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Table 31 Multiple reaction monitoring (MRM) transitions for pacLipid analysis
c q Transition Collision
ompoun
P Precursor lon Product lon energy [eV]
. . [M+H-(H20+FA)]* i
Cer Quantifier  [M+H] (m/z 264) 25-36
. 3 . [M+H-(H20+FA)]* i
Quantifier2 [M+H — H.0] (m/z 264) 25-36
. . [M+H-Hex-
HexCer Quantifier  [M+H] (H20+FAY* (m/z 264) 44
- R [M+H-2Hex-
LacCer Quantifier  [M+H] (HO+FAY* (m/z 264) 44
. . [M+H-3Hex-
Gb3Cer Quantifier  [M+H] (H20+FAY* (m/z 264) 50
o . [M+H-3Hex-HexNAc-
Gb4Cer Quantifier  [M+H] (H0+FAY* (m/z 264) 60
. [Phosphocholine+H]+
SM Quantifier  [M+H]+ (m/z 184) 34
o [Phosphocholine+H]+
PC Quantifier  [M+H]+ (m/z 184) 35
. [M+H-(FA+H20)-N]* i
pacCer Quantifier  [M+H]+ (+36u) (m/z 272.2) 26 - 31
- 3 . [M+H-(FA+H20)-N]* i
Quantifier2 [M+H —H.O]* (+36u) (miz 272.2) 26 - 31
e [M+H-Hex-(FA+H20)-
pacHexCer Quantifier [M+H]+ (+36u) NoJ* (m/z 272.2) 44
[M+H-2Hex-
pacLacCer Quantifier [M+H]+ (+36u) (FA+H20)-N2]* (m/z 44
272.2)
[M+H-3Hex-
pacGb3Cer Quantifier [M+H]+ (+36u) (FA+H20)-N2]* (m/z 44
272.2)
o [Phosphocholine+H]+
pacPC Quantifier  [M+H]+ (+36u) (m/z 184) 34
pacSM Quantifier  [M+H]+ (+36u) IPOSEne s el g

(m/z 184)
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6.3 Methods - Chapter 2

6.3.1 Synthesis of lipid standards

Synthesis of 3-ketodihydroceramides

Synthesis was performed as described before (293). “1 mg of C18- or C24-3-
ketodihydrosphingosine were mixed with 1.2 equivalents of myristic acid, palmitic
acid or lignoceric acid, 3 equivalents HOBT and dried. 0.5 mL of dry THF was
added and the reaction mixture was cooled to 0°C in an ice bath. 2 equivalents N-
(3-dimethylaminopropyl)-N*-ethylcarbodiimide were added, the temperature was
slowly increased to room temperature and stirred overnight under nitrogen
atmosphere. The reaction was quenched with water (0.25 mL) and evaporated to
dryness. The crude product was purified by column chromatography on silica with
CHCI3/MeOH (50:1).”

Synthesis of (cyclic) 3-ketoceramide, 3-keto(dihydro)sphingomyelin, and 3-
keto(dihydro)glucosylceramide

Synthesis was performed as described before (293). Cer(d18:1/16:0) for the
synthesis of (cyclic) NK-ceramide, GlcCer(d18:1/16:0) for the synthesis of NK/NdK-
glucosylceramides and an isolated (non-hydroxylated) porcine brain
sphingomyelin mixture for the synthesis of NK/NdK-sphingomyelin were purchased
from Matreya, LLC. The a,B-unsaturated 3-hydroxy group of NS-ceramide, NS
sphingomyelin or NS glucosylceramide was oxidized using DDQ. In brief, 500 pg
of NS-sphingomyelin was dried in a PTFE-screw capped glass tube and 100 uL of
DDQ in anhydrous THF (3% for NS-Cer, 6% NS-GlcCer, 10% for NS-SM (w/v))
was added. The mixture was vortexed and incubated at 37°C for 48 hours. After
given time the reaction was diluted with 1 mL chloroform and solid-phase extraction
on normal phase silica was performed. Fractions were eluted with 100%
chloroform, chloroform/methanol (80:20) and 100% methanol and analysed by
TLC.

The NK sphingolipid products were dried under N2 stream and used for analysis or
reduction by Pd/C catalysed hydrogen gas. Cyclization of NK-ceramides by
Michael rearrangement was induced by treatment with 0.1M NaOH in
methanol/chloroform. For reduction, lipids were dissolved in 1 mL dry methanol

and a catalytic amount of 10% (w/w) palladium on charcoal was added. Under
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hydrogen atmosphere the reaction was stirred in a Schlenk tube at RT overnight.
For solid-phase extraction the reaction mixture was diluted with 2 mL chloroform
and elution performed as described before. The NdK sphingolipid reaction product
was dried under N2 stream and used for analysis. Furthermore, NS sphingomyelin

was reduced to NdS sphingomyelin as described above.

6.3.2 Sample preparation and lipid extraction

Tape stripping

Tape stripping was done as described before (293). Tape stripping procedures and
genetic analysis took place in a diagnostic setting and are in accordance with
federal laws / Declaration of Helsinki — Ethical Principles for Medical Research
Involving Human Subjects. Patients consent for publication of their images was

obtained.

A D-Squame disc (Clinical and Derm LLC., diameter 22 mm) was placed on the
skin. The area was marked with four dots to secure consecutive tape stripping. The
D-Squame Disc Applicator (Clinical and Derm LLC.) was pressed onto the disc
until the pressure of the upcoming screw can be recognized by the thumb and was
kept like this for five seconds. The disc was peeled off carefully. In total, 8 (Patient
1) or 6 (Patient 2) consecutive D-Squame discs were collected this way from the

same skin location.

Lipid extraction from tape stripping material
A SquameScan 850A (Heiland electronic GmbH, Wetzlar, Germany) was used to
determine the relative protein content of the D-Squame discs according to the

instructions of the manufacturer.

Two consecutive discs were extracted together with an internal standard mix
(Table 16) with 5 mL chloroform/methanol/water (30:60:8) at 37°C in an
ultrasonication bath for 15 min. After centrifugation at 3500 g and room temperature
for 10 min, 4.5 mL supernatant was transferred into a fresh glass tube and the discs
were reextracted. Combined extracts were dried under a gentle nitrogen stream at
45 °C and dissolved in 1 mL chloroform/methanol/water (10:95:5) for ceramide

analysis or methanol/water (95:5) for sphingoid base analysis.



178 6. Material and Methods

For acid methanolysis, 500 pL of HClconc/water/methanol (8.6:9.4:82 (v/v/v)) were
added to dried lipids samples and incubated at 80 °C for 20 h. Afterwards, the

solvent was removed under a gentle nitrogen stream at 45°C.

Lipid extraction from skin biopsies

Skin punch biopsies were collected and frozen fresh at -80°C. Skin biopsies were
thawed on ice. To separate dermis and epidermis the tissue was submerged in 4
mL dispase solution (2.5 mg/mL in PBS) in the well of a 6-well plate with the
epidermal side facing down. The tissue was digested for 16h at 4°C and briefly
rinsed in 1X PBS. Epidermis and dermis were mechanically separated using fine
forceps and collected in 2 mL tubes for further analysis. Samples were lyophilized,
minced with a scalpel and the dry weight was determined.

For the extraction of epidermal and dermal lipids the samples were spiked with 250
ML internal standard mix and 1 mL chloroform/methanol/water mixture (30:60:8)
was added together with a stainless-steel bead. Sample disruption was done using
a Tissue Lyser Il bead mill (Qiagen, LLC.) with 2 x 2 min pulses at 30 Hz.
Subsequently, the samples were vortex and ultrasonicated for 5 min at 37°C. After
centrifugation at 13000 rpm for 5 min, the supernatant was collected in fresh tubes.
The remaining pellet was reextracted with a mixture of chloroform/methanol/water
(10:10:1) and combined with the first extract. Samples were dried under a gentle
stream of nitrogen at 45°C. For LC-MS/MS analysis dried lipid extracts were
redissolved in 1 mL chloroform/methanol/water (10:95:5) and transferred to GC

vials.

Lipid extraction from whole blood samples

Whole blood of KDSR patients and a control was collected in ETDA-coated blood
collection tubes. 100 uL aliquots were prepared in 2 mL tubes in three technical
replicates. To the samples 950 pL of a mixture of 1-butanol/methanol (1:1, 10 mM
ammonium formate) and 100 uL of internal standard mixture was added. Samples
were ultrasonicated for 5 min at room temperature and centrifuged at 13000 rpm
for 10 min. Supernatants were collected and dried under a gentle stream of
nitrogen at 45°C. For KDS analysis by LC-MS/MS the samples were reconstituted
in 200 yL chloroform/methanol/water/formic acid (10:95:5:1) and transferred to GC

vial with inserts.
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6.3.3 Lipid analysis

Liquid chromatography-coupled mass spectrometry

Sphingolipids were analysed by UPLC-ESI-MS? according to (29, 48) with slight
modifications. In brief, sphingolipids were measured in reversed-phase-LC mode.
For the analysis of NdK-sphingomyelin 10 mM lithium acetate was added to the
flow at a rate of 20 uyL/mL. In general, 10 pl aliquots were injected. For

quantification, lipids were detected in MRM mode (Table 34).

UPLC-ESI-(QqQ)MS? analysis was performed on a Xevo TQ-S tandem mass
spectrometer coupled to an automated ACQUITY | class UPLC system using an
ACQUITY UPLC® CSH C18 100 mm x 2.1 mm (pore size 1.7 ym) from Waters
Corporation. The gradient was run as described (Table 32-Table 33) and total run
time was 14 minutes. The column was kept at 60°C. Samples were dissolved in
chloroform/methanol/water (10:95:5) for membrane sphingolipid analysis and
methanol/water (95:5) for sphingoid base analysis and in general 10 pyL of sample
(100% injection needle capacity) were injected. Data was recorded in multiple

reaction monitoring (MRM) mode with the indicated transitions (Table 34).
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Table 32: UPLC gradient for membrane sphingolipids.

LC-MS? gradient used for membrane sphingolipid analysis. Solvent A (50% methanol, 50% water, 10
mM ammonium formate, 0.1% formic acid, 5 yM citrate) and solvent B (1% methanol, 99% isopropanol,

10 mM ammonium formate, 0.1% formic acid, 5 pM citrate). Additives and solvents were of HPLC-

grade.

Time [min] Flow rate [mL/min] %A %B Type of curve
Initial 0.35 57 43 Linear (6)
0.20 0.35 57 43 Linear (6)
0.40 0.35 50 50 Linear (6)
4.00 0.35 30 70 Non-linear (7, starting slow)
10.00 0.35 5 95 Linear (6)
11.00 0.35 5 95 Linear (6)
11.50 0.35 1 99 Linear (6)
12.00 0.35 57 43 Linear (6)
14.00 0.35 57 43 Linear (6)

Table 33 UPLC gradient for sphingoid bases.

LC-MS? gradient used for free sphingoid base analysis. Solvent A (50% methanol, 50% water, 10 mM
ammonium formate, 0.1% formic acid, 5 yM citrate) and solvent B (1% methanol, 99% isopropanol, 10

mM ammonium formate, 0.1% formic acid, 5 uM citrate). Additives and solvents were of HPLC-grade.

Time [min] Flow rate [mL/min] %A %B Type of curve
Initial 0.35 65 35 Linear (6)

0.2 0.35 65 35 Linear (6)

0.4 0.35 58 42 Linear (6)

4.0 0.35 30 70 Non-linear (7, starting slow)
10 0.35 5 95 Linear (6)

11 0.35 5 95 Linear (6)

11.5 0.35 1 99 Linear (6)

12 0.35 65 35 Linear (6)

14 0.35 65 35 Linear (6)
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Table 34 Multiple reaction monitoring (MRM) transitions for skin ceramides
Collision
Transition
Compound energy
Precursor lon Product lon
[eV]

KDS Quantifier [M+H]* [M+H — H2COJ* 15
Sphinganine Quantifier [M+H]* [M+H — (H20+H2CO)]* 12
Sphingosine Quantifier [M+H]* [M+H — (H20+H2CO)]* 8

+ Quantifier  [M+H — H20]* [M+H — (H20+H2CO)J* 8
NdK-Ceramides  Quantifier [M+H]* [M+H — (FA+H2CO)]* 35-50

Qualifier [M+H]* [M+H — (FA+H20+CO)]* 39-57
NK-Ceramides Quantifier [M+H]* [M+H — (H20+FA)]* 37-45

Qualifier [M+H]* [M+H - FA]* 37-45
NdS-Ceramides Quantifier [M+H]* [M+H — FA]* 21-31

Qualifier [M+H]* [M+H — (H20+FA)]* 25-35
NS-Ceramides Quantifier [M+H]* [M+H — (H20+FA)]* 19-29

+ Quantifier  [M+H — H20]* [M+H — (H20+FA)]* 19-29

Qualifier [M+H]* [M+H — (H20+FA)]* 19-29
NP-Ceramides Quantifier [M+H]* [M+H — (H20+FA)* 25-35

Qualifier [M+H]* [M+H - FA]* 23-32
NH-Ceramides Quantifier [M+H]* [M+H — (H20+FA)]* 24-34

+ Quantifier  [M+H — H20]* [M+H — (H20+FA)]* 24-34

Qualifier [M+H]* [M+H — (H20+FA)]* 24-34
NS-

Quantifier [M+H]* [Phosphocholine+H]* (m/z 184) 35
Sphingomyelin
NdK-

Quantifier [M+H]* [Phosphocholine+H]" (m/z 184) 35
Sphingomyelin

Qualifier [M+Li]* [Phosphocholine+Li]* (m/z 190) 28
K- Quantifier [M+H]* [Phosphocholine+H]* (m/z 184) 35
Sphingomyelin

Qualifier [M+Li]* [Phosphocholine+Li]* (m/z 190) 28
NS-HexCer Quantifier [M+H]* [M+H — (H20+FA+Hex)]* 44
NdK-HexCer Quantifier [M+H]+ [M+H — (FA+H2CO+Hex)]* 47-57

Qualifier [M+H]+ [M+H — (FA+H20+Hex)]* 30-36
NK-HexCer Quantifier [M+H]+ [M+H — (FA+H20+Hex)]* 30-36

Qualifier [M+H]+ [M+H — (FA+Hex)]* 30-36
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6.3.4 Sequencing analysis of KDSR patients

KDSR patient 2 was identified and sequenced by Prof Dr Judith Fischer (University
Hospital Freiburg).

Sequencing and mutation analysis of patient 1 was described by (21). “Patient 2
mutation analysis was performed using next generation amplicon-sequencing
(HaloPlex Custom Kit, Agilent Technologies, Inc. Santa Clara, CA, USA) on the
MiSeq system (paired-end 2x150bp, lllumina, San Diego, CA, USA). The mutations
found in KDSR (NM_0002035) and KRT17 (NM_000422) were validated by
Sanger sequencing. Bioinformatics analysis was done using the commercial
software SeqNext (JSI medical systems) and an in-house bioinformatics pipeline
(analysis of coding sequences +/- 20 bp at intron/exon boundaries). Exons, which
did not fulfill the minimal quality criteria (coverage <20x) have not been
resequenced by Sanger sequencing. Classification of detected sequence variants
was performed according to the standards and guidelines of the ACMG (American
College of Medical Genetics and Genomics, (46)) and nomenclature of detected
sequence variants according to HGVS Nomenclature v15.11(47).” (293)
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Table 35 Pull-down (Exp2) protein candidates for AS1PL/AGb3S vs AS1PL.

Table shows hits and candidates from pacSph pull-down screening that are depleted or enriched in
AS1PL/AGb3S with FDR < 20%, FC > 50%.

Gene Name Protein Name log,FC -log1oP

Depleted Proteins

EPCAM Epithelial cell adhesion molecule -1.40 5.55
CPM Carboxypeptidase M -1.01 4.88
SPINT1 Kunitz-type protease inhibitor 1 -0.97 4.28
ATP9A Probable phospholipid-transporting ATPase IIA -0.84 4.57
PLCBA 1-phosph§tidylinositol 4,5-bisphosphate -0.80 4.09
phosphodiesterase beta-4
PTK7 Inactive tyrosine-protein kinase 7 -0.75 4.46
ALCAM CD166 antigen -0.74 4.92
MOXD1 DBH-like monooxygenase protein 1 -0.71 3.82
GAA Lysosomal alpha-glucosidase -0.69 4.79
SCCPDH Saccharopine dehydrogenase-like oxidoreductase -0.69 3.41
DPP4 Dipeptidyl peptidase 4 -0.68 4.71
MET Hepatocyte growth factor receptor -0.68 4.00
AXL Tyrosine-protein kinase receptor UFO -0.66 2.45
CGNL1 Cingulin-like protein 1 -0.64 2.35
ACSF2 Acyl-CoA synthetase family member 2, mitochondrial -0.63 4.18
ITGA3 Integrin alpha-3 -0.62 2.92
FAM171A2 Protein FAM171A2 -0.60 2.95
SLCEAS iodium— and chloride-dependent creatine transporter -0.60 3.44
KDELC1 KDEL motif-containing protein 1 -0.59 3.75
Enriched Proteins
VCAM1 Vascular cell adhesion protein 1 1.54 6.46
CNN3 Calponin 1.40 5.50
TGFBI Transforming growth factor-beta-induced protein 1.16 3.64
CALD1 Caldesmon 1.02 6.02
F3 Tissue factor 0.92 3.99
EPRS Bifunctional glutamate/proline--tRNA ligase 0.86 4.37
EPPK1 Epiplakin 0.85 3.17
SDC2 Syndecan 0.82 2.11
SLCIA3 Solute carrier family 2, facilitated glucose transporter 0.77 393
member 3
TAGLN Transgelin 0.76 4,98
VASN Vasorin 0.76 2.40
TGM?2 Protein-glutamine gamma-glutamyltransferase 2 0.74 4.17
QARS Glutamine--tRNA ligase 0.72 4.90
PAPSS? Bifunctional 3'-phosphoadenosine 5'-phosphosulfate 0.72 5 55
synthase 2
EEF1B2 Elongation factor 1-beta 0.69 4.80

LARS Leucine--tRNA ligase, cytoplasmic 0.69 4.63
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SEMA3C Semaphorin-3C 0.67 4.68
IARS Isoleucine--tRNA ligase, cytoplasmic 0.67 4.67
IFI16 Gamma-interferon-inducible protein 16 0.66 1.82
THBS1 Thrombospondin-1 0.66 3.13
SLC38A1 Sodium-coupled neutral amino acid transporter 1 0.65 2.81
RECQL ATP-dependent DNA helicase Q1 0.63 1.89
RARS Arginine--tRNA ligase, cytoplasmic 0.63 4.51
CNN2 Calponin 0.61 3.69
SAR1A GTP-binding protein SAR1a 0.59 2.13

Table 36 Pull-down (Exp2) protein candidates for AS1PL vs no UV control.

Table shows hits and candidates from pacSph pull-down screening with FDR < 5%, log2FC > 4.
Gene Name Protein Name log,FC  -logioP
Enriched Proteins
TMEM19 Transmembrane protein 19 (Fragment) 6.07 6.13
KCT2 Keratinocyte-associated transmembrane protein 2 5.97 7.22
SPPL2A Signal peptide peptidase-like 2A (Fragment) 5.68 5.96
Ccba7 Leukocyte surface antigen CD47 5.28 8.48
PON2 Paraoxonase 2, isoform CRA a 5.25 7.15
SLC29A1 Equilibrative nucleoside transporter 1 5.24 5.74
SLC44A2 Choline transporter-like protein 2 5.18 7.86
SLC15A4 Solute carrier family 15 member 4 5.17 7.28
SSR1 Translocon-associated protein subunit alpha 5.11 10.03
SLC43A3 Solute carrier family 43 member 3 (Fragment) 4.92 5.90
ATP2B3 Plasma membrane calcium-transporting ATPase 3 4.92 8.44
LAMP1 Lysosome-associated membrane glycoprotein 1 4.78 9.70
SCCPDH Saccharopine dehydrogenase-like oxidoreductase 4.75 9.50
TGOLN2 Trans-Golgi network integral membrane protein 2 4.72 8.90
SLC39A6 Zinc transporter ZIP6 (Fragment) 4.68 9.25
SLC12A4 Solute carrier family 12 member 4 4.63 9.36
SLC43A2 Large neutral amino acids transporter small subunit 4 4.60 8.82
STX7 Syntaxin-7 4.60 9.12
ARL6IP5 PRA1 family protein 3 4.51 5.56
CD46 Isoform K of Membrane cofactor protein 4.49 10.52
PODXL Podocalyxin 4.44 9.77
VDAC1 Voltage-dependent anion-selective channel protein 1 4.44 9.70
SLC26A2 Sulfate transporter 4.43 8.67
APLP2 Amyloid-like protein 2 4.43 9.22
SRPRB Signal recognition particle receptor subunit beta 4.43 10.74
RAB11B Ras-related protein Rab-11B 4.39 8.39
SLC16A1 Monocarboxylate transporter 1 4.38 10.59
ITGB3 Integrin beta-3 4.35 9.84
F2R Proteinase-activated receptor 1 4.32 8.86
SPNS1 Protein spinster homolog 1 4.29 9.37
TTYH3 Protein tweety homolog 3 4.27 6.58
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Tyrosine-protein phosphatase non-receptor type substrate

SIRPA 1 4.27 9.27
SPINT1 Kunitz-type protease inhibitor 1 (Fragment) 4.27 9.01
ENTPD7 Ectonucleoside triphosphate diphosphohydrolase 7 4.25 7.21
SLC17A5 Sialin 4.22 5.56
TMOSF3 Transmembrane 9 superfamily member 3 4.21 9.38
ITM2C Integral membrane protein 2C (Fragment) 4.20 8.83
APOB Apolipoprotein B-100 4.19 8.90
CD276 CD276 antigen 4.18 9.28
ATP2BA Isoform XB of Plasma membrane calcium-transporting 418 10.30
ATPase 4
TMEM192 Transmembrane protein 192 4.18 10.40
STX6 Syntaxin-6 4.17 9.03
SCARB1 SCARB1 protein 4.15 8.81
STX4 Syntaxin-4 4.15 9.09
SLC19A1 Folate transporter 1 4.13 7.04
TMBIM6 Bax inhibitor 1 (Fragment) 4.12 5.92
SLC7A11 Cystine/glutamate transporter 4.12 8.23
CERS2 Ceramide synthase 2 (Fragment) 4.12 8.17
FZD2 Frizzled-2 4.11 6.91
NPTN Neuroplastin 4.10 9.71
GPRC5C G-protein-coupled receptor family C group 5 member C 4.10 8.21
ICAM1 Intercellular adhesion molecule 1 4.09 9.41
TFRC Transferrin receptor protein 1 4.09 10.40
ATP1A1 Sodium/potassium-transporting ATPase subunit alpha-1 4.09 10.80
NECTIN3 Nectin-3 4.07 9.27
ITGB1 Integrin beta-1 4.07 9.67
CADM1 Cell adhesion molecule 1 4.05 10.43
GPR108 Protein GPR108 4.04 8.06
SLC35B2 Adenosine 3'-phospho 5'-phosphosulfate transporter 1 4.03 9.07
UGCG Ceramide glucosyltransferase 4.01 9.38

CD44 CD44 antigen 4.01 9.95
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Table 37 Full Proteome depleted hits and candidates for AS1IPL/AGb3S vs AS1PL.

Table shows hits and candidates from full proteome screening that are depleted in AS1PL/AGb3S with
FDR < 20%, FC > 50%.

Gene Name Protein Name log.FC  -logioP

Depleted Proteins
Meiosis-specific coiled-coil domain-containing protein

MEIOC MEIOC -1.39 7.02
CTSH Pro-cathepsin H -1.26 5.25
CLDN11 Claudin -1.22 6.69
GPAT3 Glycerol-3-phosphate acyltransferase 3 -1.17 4.58
SEMA7A Semaphorin-7A -1.13 6.31
BNIP3 BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 -1.03 3.79
CRISPLD2 Cysteine-rich secretory protein LCCL domain-containing 2 -1.02 3.61
SHISA2 Protein shisa-2 homolog -1.01 4.39
MYO1D Unconventional myosin-Id -0.98 5.96
FUTS8 Alpha-(1,6)-fucosyltransferase -0.96 7.08
GAA Lysosomal alpha-glucosidase -0.93 7.14
NUDT11 Diphosphoinositol polyphosphate phosphohydrolase 3-beta -0.93 6.22
GDAP1 Ganglioside-induced differentiation-associated protein 1 -0.89 6.35
GEM GTP-binding protein GEM -0.88 3.75
SCPEP1 Retinoid-inducible serine carboxypeptidase -0.87 5.83
DPYSL4 Dihydropyrimidinase-related protein 4 -0.86 6.02
RUNX2 Runt-related transcription factor 2 -0.86 4.07
ACSL5 Long-chain-fatty-acid--CoA ligase 5 -0.80 5.26
GCNTL Beta—1,3—gaIact(?syl—O-glycosyl—glycoprotein beta-1,6-N- 0.79 715
acetylglucosaminyltransferase
PLCBA Isoform 3 .of 1-phosphatidylinositol 4,5-bisphosphate 0.78 4.99
phosphodiesterase beta-4
NRK Nik-related protein kinase -0.77 4.72
MELTF Melanotransferrin -0.76 6.04
FAMA49A Protein FAM49A -0.75 4.63
PITPNM3 g/lembrane-associated phosphatidylinositol transfer protein 0.73 533
SARG Specifically androgen-regulated gene protein -0.72 6.10
PDK3 [Pyruvate dehydrogenase (acetyl-transferring)] kinase 0.72 6.10

isozyme 3, mitochondrial
DKK1 Dickkopf-related protein 1 -0.71 3.10
KH domain-containing, RNA-binding, signal transduction-

KHDRBS3 . . -0.68 4.93
associated protein 3
CPM Carboxypeptidase M -0.65 2.85
DPYSL3 Isoform LCRMP-4 of Dihydropyrimidinase-related protein 3 -0.65 4.05
ANKRD13A  Ankyrin repeat domain-containing protein 13A -0.64 4.57
ARID3B AT-rich interactive domain-containing protein 3B -0.64 4.08
NXN Nucleoredoxin -0.64 4.89
CEP250 Centrosome-associated protein CEP250 -0.63 5.99
MYLK Myosin light chain kinase, smooth muscle -0.63 6.29
LHPP Phospholysine phosphohistidine inorganic pyrophosphate 0.62 357

phosphatase
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Thiosulfate sulfurtransferase/rhodanese-like domain-

TSTD1 . . -0.61 3.68
containing protein 1

PEG10 Retrotransposon-derived protein PEG10 -0.60 3.46

ZNF512B Zinc finger protein 512B -0.59 6.54

Table 38 Full Proteome enriched hits and candidates for AS1PL/AGb3S vs AS1PL.

Table shows hits and candidates from full proteome screening that are enriched in AS1PL/AGb3S with
FDR < 20%, FC > 50%.

Gene Name Protein Name log.FC  -logioP

Enriched Proteins

VCAM1 Vascular cell adhesion protein 1 3.30 7.39
SDPR Serum deprivation-response protein 1.61 5.54
MT1X Metallothionein-1X 1.35 3.08
TRIM2 Tripartite motif-containing protein 2 1.30 7.17
SLCO2A1 Solute carrier organic anion transporter family member 2A1 1.28 5.08
NPNT Nephronectin 1.27 5.57
THBS1 Thrombospondin-1 1.27 4.86
SERPINE2 Glia-derived nexin 1.26 7.91
FAM107B Protein FAM107B (Fragment) 1.23 7.26
ASS1 Argininosuccinate synthase 1.19 4.90
IGFBP7 Insulin-like growth factor-binding protein 7 1.19 7.27
PRODH Proline dehydrogenase 1, mitochondrial 1.17 5.81
HGFAC Hepatocyte growth factor activator 1.09 4.89
PSAT1 Phosphoserine aminotransferase 1.08 6.40
HPGD 15-hydroxyprostaglandin dehydrogenase [NAD(+)] 1.07 7.26
IVNS1ABP Influenza virus NS1A-binding protein 1.07 8.07
ALDH1L2 Mitochondrial 10-formyltetrahydrofolate dehydrogenase 1.05 6.40
ENG Endoglin 1.05 6.35
JAG1 Protein jagged-1 1.04 6.17
IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 1.00 6.00
LIMCH1 LIM and calponin homology domains-containing protein 1 0.98 5.99
ARHGDIB Rho GDP-dissociation inhibitor 2 (Fragment) 0.97 5.52
FN1 Fibronectin 0.96 4.08
IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 0.95 5.82
ACSL1 Long-chain-fatty-acid--CoA ligase 1 0.95 6.03
COL7A1 Collagen alpha-1(VII) chain 0.94 6.55
TFAP2A Transcription factor AP-2-alpha 0.94 6.16
DDX60 Probable ATP-dependent RNA helicase DDX60 0.93 6.88
GGT1 Gamma-glutamyltranspeptidase 1 0.92 4.25
IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 0.92 4.92
FBLN1 Fibulin-1 0.87 5.48
DSP Desmoplakin 0.86 6.40
COL18A1 Collagen alpha-1(XVIII) chain 0.86 4.95
ADGRG1 Adhesion G-protein coupled receptor G1 0.82 3.78

SLC38A2 Sodium-coupled neutral amino acid transporter 2 0.80 6.21
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ISG15
L1CAM

DHTKD1

BCHE
CTGF
ARRB1

NDUFA6

EPPK1
NIF3L1
NFIB
CHRDL1
HMGA?2
CAMK4
CLDN1
SCEL
CRYAB

SLC2A3

DPYD
TTYH3
AlM1
TIA1
TMEM2
EML1
CSRP1
TNFRSF21
SET

BAK1
SLC38A1
CD63
COX7C
CDKN2AIPNL
CALD1
ADGRL2
ANXA1

MMAB

TFPI12
FAS
PDZK1
COL11A1
GREM1
TNFSF10
CES2

Ubiquitin-like protein ISG15 (Fragment)

Isoform 2 of Neural cell adhesion molecule L1
Probable 2-oxoglutarate dehydrogenase E1 component
DHKTD1, mitochondrial

Cholinesterase

Connective tissue growth factor

Isoform 1B of Beta-arrestin-1

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
subunit 6

Epiplakin

NIF3-like protein 1

Nuclear factor 1

Isoform 2 of Chordin-like protein 1

Isoform 2 of High mobility group protein HMGI-C
Calcium/calmodulin-dependent protein kinase type IV
Claudin-1

Sciellin

Alpha-crystallin B chain

Solute carrier family 2, facilitated glucose transporter
member 3

Dihydropyrimidine dehydrogenase [NADP(+)]

Protein tweety homolog 3

Absent in melanoma 1 protein

Nucleolysin TIA-1 isoform p40

Transmembrane protein 2

Echinoderm microtubule-associated protein-like 1
Cysteine and glycine-rich protein 1

Tumor necrosis factor receptor superfamily member 21
Protein SET

Bcl-2 homologous antagonist/killer

Sodium-coupled neutral amino acid transporter 1
CD63 antigen

Cytochrome c oxidase subunit 7C, mitochondrial
CDKN2AIP N-terminal-like protein

Caldesmon

Adhesion G protein-coupled receptor L2

Annexin Al

Cob(l)yrinic acid a,c-diamide adenosyltransferase,
mitochondrial

Tissue factor pathway inhibitor 2

Tumor necrosis factor receptor superfamily member 6
Na(+)/H(+) exchange regulatory cofactor NHE-RF3
Collagen alpha-1(XI) chain

Gremlin-1

Tumor necrosis factor ligand superfamily member 10
Carboxylic ester hydrolase

0.77
0.77

0.76

0.76
0.74
0.74

0.73

0.73
0.72
0.71
0.70
0.70
0.69
0.69
0.69
0.68

0.68

0.67
0.67
0.67
0.67
0.66
0.66
0.65
0.65
0.64
0.64
0.64
0.64
0.63
0.63
0.63
0.62
0.62

0.62

0.62
0.60
0.60
0.60
0.59
0.59
0.59

5.23
5.98

3.95

4.14
5.61
5.83

3.03

6.39
1.02
5.25
3.88
4.22
6.76
3.88
4.13
4.74

3.76

4.42
2.87
4.90
4.40
6.10
4.84
5.50
3.65
3.27
4.12
4.74
3.08
2.44
3.40
3.72
1.79
5.10

5.05

3.25
5.17
5.15
4.72
1.88
2.50
4.60
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Supplementary Figure 1 Metabolic effects of S1PL inhibition.

Evaluation of S1PL inhibitors as a strategy to avoid glycerolipid labelling by pacSph. (A) Visualization
of labelled lipids on a HPTLC by UV fluorescence after CUAAC-click reaction with coumarin-azide. (B)
Visualization of glycosphingolipids (GSL) on a HPTLC by derivatization with orcinol reagent. (C) Cell
viability with different concentrations of S1PL-I as determined by MTT assay. (D) Relative quantification
of steady state lipid levels by LC-MS/MS. (E) Relative quantification of labelled lipids by LC-MS/MS.

To evaluate the applicability of an S1PL inhibitor (S1PL-I) for the prevention of glycerolipid labelling, |
labelled HK-2 cells with pacSph (6 uM, 4h) pre-treated with and cultured the cells in the presence of
varying concentrations of S1PL-I (100 nM and 500 nM). With inhibition of S1PL a clear change in the
pacSph labelling pattern can be observed. Labelling of glycerolipid as seen without S1PL inhibition is
strongly reduced and the amount of labelled sphingolipids (including ceramide, sphingomyelin,
hexosylceramide and pacSph) is increased. Although reduced, glycerolipids still account for a major
fraction of the labelled lipids. With higher S1PL-I concentration this effect seems to be reduced. After
orcinol staining to visualize GSL, | found no difference between control and 100 nM S1PL-I condition,
but the amount of GSL appears to be reduced with higher concentrations of the inhibitor. LC-MS
evaluation of control and 100 nM S1PL-I samples indicates a reduction in ceramides and GSL, while

sphingomyelin and phosphatidylcholine is increased.
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Supplementary Figure 2 Optimization of protein enrichment procedure

Optimization of UV crosslinking and CuAAC-based click chemistry conditions. HK-2 AS1PL cells were
labelled with pacSph (6 uM, 4h). (A) Several lamps were tested for UV crosslinking. Proteins were
extracted and click reaction was performed with Cy5-azide. Cy5-conjugated protein-sphingolipid
conjugates were visualized by in-gel fluorescence after separation by SDS-PAGE. (B) HK-2 AS1PL
cells were labelled with pacSph (6 puM, 4h). After UV crosslinking (365 nm, 5 min) proteins were
extracted and subjected to CuAAC-based click reaction with Dde-biotin-azide in varying
concentrations. Biotinylated proteins were separated by SDS-PAGE, transferred onto nitrocellulose
membrane, and visualized using Neutravidin-HRP. (C) HK-2 AS1PL cells were labelled with pacSph (6
uM, 4h). After UV crosslinking (365 nm, 5 min) proteins were extracted and subjected to CuAAC-based
click reaction with sodium ascorbate in varying concentrations and with or without UV crosslinking.
Biotinylated proteins were separated by SDS-PAGE, transferred onto nitrocellulose membrane, and
visualized using Neutravidin-HRP. (D) Structure of hydrazine-cleavable Dde-biotin-azide. (E) Workflow

for the enrichment of protein-sphingolipid conjugates from cells.
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Supplementary Figure 3 Raw signal sum of all measured proteins by sample and replicate

Significant enrichment of proteins was observed in UV irradiated samples indicating a crosslinking
dependent pull-down.
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Supplementary Figure 4 Immunostaining of Gb3Cer in HK-2 wild type and AGb3S

HK-2 cells were grown on coverslips and immunostaining was performed with anti-Gb3Cer antibody

(1:100) with or without using Triton X-100 as a detergent. AGb3S cells were stained as a negative

control. The antibody is specific for Gb3Cer, as seen by the drop in signal in AGb3S cells, but gives

rise to a faint background staining.
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Supplementary Figure 5 GO:Biological Process enrichment of full proteome data

GO enrichment based on GO:Biological Process for full proteome analysis of HK-2 wild type, AS1PL
and AS1PL/AGb3S.
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Table 39 Transmembrane domains of selected candidate proteins.

Protein #TMD Length Sequence (+/- 4 AA)
EPCAM 1 23 QGLKAGVIAVIVVVVIAVVAGIVVLVISRKK
CPM 0 GPl-anchored
SPINT1 1 23 GSVEMAVAVFLVICIVVVVAILGYCFFKNQR
ATP9A 1 22 FTFLPGVLFNQFKYFFNLYFLLLACSQFVP
2 23 FVPEMRLGALYTYWVPLGFVLAVTVIREAVE
3 22 VNCLTKILFGALVVVSLVMVALQHFAGRWY
4 22 YLQIIRFLLLFSNIIPISLRVNLDMGKIVY
5 21 RSAALSQFVIHRSLCISTMQAVFSSVFYF
6 19 LYQGFLIGYSTIYTMFPVFSLVLDKD
7 19 SYKTFLIWVLISIYQGSTIMYGALLLF
8 23 FESEFVHIVAISFTSLILTELLMVALTIQTW
9 21 TWHWLMTVAELLSLACYIASLVFLHEFID
10 24 DVYFIATLSFLWKVSVITLVSCLPLYVLKYLR
ALCAM 1 22 DQAKLIVGIVVGLLLAALVAGVVYWLYMK
SCCPDH 1 27 SPVQYAAYVTVGGITSVIKLMFAGLFFLFFVRFGI
DPP4 1 22 TPWKVLLGLLGAAALVTITVPVVLLNKGT
MET 1 23 QNFTGLIAGVVSISTALLLLLGFFLWLKKRK
ITGA3 1 23 AEIELWLVLVAVGAGLLLLGLILLLWKCGF
SLC6A8 1 21 RQMDFIMSCVGFAVGLGNVWRFPYLCYKN
2 21 KNGGGVFLIPYVLIALVGGIPIFFLEISL
3 21 YASMVIVFYCNTYYIMVLAWGFYYLVKSF
4 21 VPGALNWEVTLCLLACWVLVYFCVWKGVK
5 21 TFPYVVLVVLLVRGVLLPGALDGIIYYLK
6 21 GSPQVWIDAGTQIFFSYAIGLGALTALGS
7 21 YKDAIILALINSGTSFFAGFVVFSILGFM
8 21 RAVTLMPVAPLWAALFFFMLLLLGLDSQF
9 21 FQREISVALCCALCFVIDLSMVTDGGMYV
10 21 YSASGTTLLWQAFWECVVVAWVYGADRFM
11 21 PWMKWCWSFFTPLVCMGIFIFNVVYYEPL
12 21 GEAMGWAFALSSMLCVPLHLLGCLLRAKG
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