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Zusammenfassung

Sphingolipide (SL) zeigen eine grof3e strukturelleelfdlt auf und erzeugen dadurch
spezifische Expressionsmuster in Abhéngigkeit velityp und Grad der Zelldifferenzierung.
Ultra langkettige (ULC)-SL, die sich durch N-Acylsstituenten mit Kettenlangen von 26 und
mehr C-Atomen auszeichnen, sind vor allem in d#ffieierenden Keratinozyten der
Epidermis und reifenden mannlichen Keimzellen destiE zu finden. In Saugetieren sind die
Ceramidsynthasen (CerS1-6) fur die Bildung von ybib)Ceramiden verantwortlich.
CerS3-Defizienz in Mausen fuhrte zu einem komptettéerlust der Ceramide mit einer
Kettenlange von mehr als 24 Kohlenstoffatomen, dahilsf3lich aller w-Hydroxy-ULC
Ceramide. Dies fuhrt zu einer starken Beeintraciniggder Wasserpermeabilitatssbarriere
(WPB) der Epidermis und letztlich zum neonatalend.Tdie in ihrer Funktion
kompromittierte Haut der CerS3 Mutanten erleicletemikrobiologisches Wachstum von
Pathogenen auf der Hau€dndida albicans und anschlieende Kolonisierung in tiefere
Schichten. Daher ist eine fundierte Kenntnis desui@& Stoffwechsels fir unser Verstandnis
zur Pathophysiologie der Haut (z.B. bei Ichthyosigpischer Dermatitis oder Psoriasis)
unabdingbar und ist Voraussetzung fur gezielte dieansatze.

In dieser Arbeit wurde massenspektrometrisch einethbte zur Quantifizierung von
Sphingosin, welches ein wichtiges Abbauprodukt @amamiden ist, entwickelt. Sphingosin
wurde als antimikrobieller Wirkstoff identifiziertndem es das Wachstum von Pathogenen
auf der Hautoberflache inhibiert, jedoch konntaeri Folgeprodukt Sphingosin 1-phosphat,
keine pro-chemotaktische Wirkung auf dendritischeleh nachgewiesen werden. Ebenso
wurde eine neue Klasse von Ceramiden, die 1-O-&cgtoide, entdeckt. Ich konnte zeigen,
dass die CerS3, die neutrale Glucosylceramidasedimdslycosylceramide Synthase die
homeostatischen Konzentrationen der 1-O-Acylceramideeinflussen. Enzyme der
Diacylglycerol-1-O-acyltransferase Familie kénntdiese Cer-Subgruppe bilden. In ersten
Untersuchungen konnte die Verantwortung aber keireanzelnen Enzym zugewiesen
werden. Untersuchungen des Farber-Krankheit-Maustispd in welchem Ceramide
intrazellular gespeichert werden, weisten weiteesv€be, moglicherweise Makrophagen, als
1-O-AcylCer-Syntheseorte auf. Zusammenfassend eeigft den Einfluss des Ceramid
Metabolismus auf die Immun-Barriere auf und konnten Verstandnis eines bisher nicht
vollig verstandenen SL Stoffwechselweges durch tdothungen an CerS3-defizienten

Mausen und Farber-Mausen mit limitierter saurera@rdase Aktivitat beitragen.






Summary

Sphingolipids (SLs) exhibit a broad structural déry and generate unique expression
patterns according to cell type and degree ofdifrentiation. Ultra long chain (ULC)-SLs
possess an N-acyl moiety of 26 or more C-atomsaxadorimarily expressed in epidermal
keratinocytes and testicular adluminal male gerits.cln mammals, the ceramide synthases
(CerS 1-6) are responsible for fatty acid incorpora into SLs vyielding in
(dihydro)ceramides. One family member, the CerS8imdamental for the synthesis of ULC-
SLs and a deficiency in mice resulted in a complete of epidermal ULC-SLs, including all
w-hydroxy-ULC-ceramides (Cers). This led to sevargairment of the epidermal water
permeability barrier (WPB) and to premature nedndgéath. The damaged skin integrity of
mutant mice facilitated growth and invasion of mafens shown by colonization Gandida
albicans on cultured skin biopsies. This highlights that etadled knowledge of ceramide
metabolism is necessary for the understandingiofgthophysiology (e.g. ichthyosis, atopic

dermatitis or psoriasis) and hence is prerequisitéargeted therapy of skin disorders.

In this work a mass spectrometric method for qdi@ation of sphingosine (So), which is an
important degradation product of Cers, was sucubgsstablished. So was identified as an
antimicrobial agent that reduces growth of pathegamthe skin surface, but its downstream
product sphingosine 1-phosphate (S1P) could nowdsdied as pro-chemoattractant for
dendritic cells. Also a novel class of ceramidés, 1-O-acylceramides, was discovered. Due
to highly hydrophobic properties they could conité to a functional WPB. | showed that
CerS3, neutral glucosylceramidase, glycosylceramiggnthase and diacylglycerol
acyltransferase 2 (DGAT?2) influence the homeostatiel of 1-O-acylceramides. Members
of the DGAT2 family could be able to synthesizestlier subgroup, but initial analysis did
not point to a single essential member. The ingatbn of Farber mutant mice, which
accumulate ceramides intracellularly, suggestedtiaddl tissues, eventually macrophages,
as further site of 1-O-acylceramide production,alihcould also influence the course of the
disease. Finally CerS3could be localized in thatsin granulosum of the skin and stage
specifically in testicular germ cells. Hence, likeepidermis where the lamellar bodies are
required for CerS3-derived lipid transport, alsotéstis special organellar structures may
direct the corresponding SLs. In summary, | dematet the contribution of ceramide
metabolism to an intact immune barrier and sheat lgn the enzymatic regulations of a yet
not well recognized mammalian SL pathway through ithvestigations of CerS3-deficient
mice and a Farber disease mouse model with linaitgdic ceramidase activity.
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Basics
Sphingolipids

Sphingolipids (SLs) are the major components of ceémbrans and were originally

discovered in 1884 as natural constituents of ttanb(Thudichum, 1884). In contrast to
phosphoglycerides that have glycerine as core tsteicSLs derive from the unsaturated
aminoalcohol sphingosine. As amphiphatic moleculgs a polar and unpolar side, SLs and
their derivates the glycosphingolipids (GSLs) oiigarnto a lipid bilayer and form the main
component of plasma membranes. SLs and their dimegaplay a role in many biological

processes, such as in cell signaling, proliferatiod differentiation. Biochemically SLs can
be divided into three main types: Ceramides (Cegbycosylceramides (GlcCers) and
sphingomyelin (SM). Ceramide is composed of a gp#ith base and an amide-linked fatty
acid (FA) moiety, whereas for GSLs or SM the hygtoxead group is exchanged with a

sugar or a phophorylcholine group, respectively.

9 fatty acid moiety
u NH

_ o N \
Ceramide A W N s T T R N N
t;k‘»ij'ii'ﬁ Sphingoid base
' Cer(d18:1/16:0)
0
‘ . \ .. ’ NHJK/\M/\AM
—N_ 2
Sphingomyelin \’/\'Ofﬁ_‘ G -
o} B ﬁ ) ‘ -
oxt SM(d18:1/16:0)
0
Glycosylceramide HOI’_i ‘*HO\ G 7
Y ’_‘,./" ST s | e o M - e ~
HO OFoH ) 1 - . ~
OH™ GlcCer(d18:1/16:0)

Figure 1 Structure of major sphingolipid classesSphingolipids are synthesized via condensatiomefamine group of a
sphingoid molecule with an activated fatty acidy{a€CoA). The sphingoid base shown here correspoadsphingosine
(blue; designated d18:1 in the short-hand notatidime amide-linked fatty acid at position 2 is egented by a 16:0
palmitoyl moiety (red). The substituent (green}ta sphingoid carbon 1 determines the SL classcandbe the original
hydroxy group (as in sphingosine), a phosphochatinéety or a mono- or oligosaccharide group.
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The amide linkage and the hydroxyl group at theb@aratom C2 and C3 of the sphingoid
base together form the amphiphatic character of Bbs more complex SLs polarity results
from the combination out of (1) the hydrophobiciggoid base, (2) its amide-linked FA, and
(3) the hydrophilic region of the head group. Thdsee parts of SLs also create a broad
structural diversity and are therefore prerequigiteheir functional specialization in different
tissues or cell types. The FA moiety can tissueifipally differ in chain length and in
degree of saturation and hydroxylation. FAs are tiwobound to sphingosine (4E-
sphingenine, or in short-hand notation 4E-d18:%iomply d18:1), as in the SLs in Figure 1,
but also to sphinganine (4,5-dihydrosphingosing;: @)l 4E-6-hydroxy-sphingosine (6-t118:1),
to phytosphingosine (4-hydroxysphinganine; 4-t1&0pther sphingoid bases (Kendall and
Nicolaou, 2013; Pruett et al., 2008pssible head groups are for example phosphochwline
SMs or carbohydrates in GSLs (e.g., monosacchandeerebrosides, oligosaccharide in

globosides and gangliosides) leading to thousahdgferent structures (Kolter et al., 2002).

Expression patterns of SLs are determined by maajyorfs as for example the cellular
differentiation state, degeneration or cell cyahel @an therefore regulate different cell fates
(Hakomori, 1981; Majoul et al., 2002; MuramatsuQ@p GSLs can for example function as
recognition molecules for toxins, viruses and haatat the outer cell surface by their
complex oligosaccharide chain as binding site (8ahn1991). More simple SLs such as
ceramide, sphingosine (So) and sphingosine-1-pladspl®1P), have been shown to act as
bioactive molecules in multiple signaling cascafleshiri and Futerman, 2007). Cer works
antagonistic to S1P and can induce apoptosis hatede upon various external or internal
stress signals. These signals lead to intracel@éarsynthesis and activation of enzymes such
as protein kinases (e.g., janus kinase, proteiadarC (PKC)), phosphatases (e.g., ceramides
activated protein phosphatase , or phospholipas¢PAZ2), phospholipase D) (Bourbon et
al., 2000; Huwiler et al., 2001; Perry and Hanrl898; Westwick et al., 1995).

Current lipid research is focusing on the role b$ $ inherited and acquired human diseases
such as sphingolipidoses and cancer progressionn@€a et al., 2004; Raffaghello et al.,
2003). Furthermore, SLs also contribute to the kgweent of a multitude of diseases
including neurodegeneration (Grimm et al., 200®fjammatory skin diseases (Macheleidt et
al., 2002) and pathogen invasion (Arikawa et &Q2 Bibel et al., 1992).
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Sphingolipid biosynthesis

De novoSL biosynthesis takes place at the cytosolic leaffethe endoplasmic reticulum
(ER) and is initiated by the condensation of Liserand palmitoyl-CoA (CoA = Coenzyme
A) to form 3-keto-sphinganine (Figure 2) catalyzleg the enzyme complex serine C-
palmitoyltransferase (SPT) (Hanada, 2003; Mizukashal., 2011). The reduction of 3-keto-
sphinganine yields in sphinganine (dihydrosphinge)siwhich is subsequently amide-linked
to a particular FA to give dihydroceramide. Thispsis performed by an acyl-CoA-specific
ceramide synthase (CerS) (Pewzner-Jung et al., )2086 mammals a family of six
homologue enzymes is responsible for the synthaeliseramides, the CerS1-6. Then a
desaturase enzyme (DES1) introduces the 4,5-tramslel bond to result in Cer, which can
later be cleaved again to give sphingosine by ansiglase. Sphingosine in turn, can be either
derivatized to S1P, recycled for Cer synthesig oamn serve as a precursor for more complex
SMs or GSLs.

OH Glucosylceramide
OH

HO&
HO O™~ (CH,)12CH;

OH

—J) —J ComplexGSL

NH
(CHz)nCH3

GlcCerase UGCG

UDP-Glc

o
HO-C—(CH,),CH, B

D

Fatty acid W N H C\Ct_is O\: <O o
Ceramidase HO 1 (CH2)12CH3 SMase H C/N\/\O OW(CHZ)QCHS
+ NH <L NH
. 3 (CH2),CHs Ty N (CHa),CHy
er:
OH c?"_ami de PtdCho DAG
A
HO/Y\C(CHz)mCHs HS-CoA Sphingomyelin
NH
.3 . T Desaturase
Sphingosine C
OH

HO™ ™ (CH,)1,CH,

NH
N(CH),CHy
0

(Sphinganine)

Dihyd id GH.0H
ihydroceramide H—(|3<NH3+
HS-CoA + H* l \ COO-
CerS L-Serine
NADPH CO, + +
(|3H OH NADP*  +H* (‘DHZOH HS.Con  HY (”3
CoAsBCHy GH, + ol e L T NH,* L 5
eATS c (O s H'IC< OH kosR O ser (GHDu
CH,) CH CH
(CH2)14 (CHa)1s 3
CH;, CH,
Acyl-CoA Dihydrosphingosine 3-Ketodihydrosphingosine Palmitoyl-CoA

(3-Dehydrosphinganine)

Figure 2 De novoceramide synthesis, recycling and processing to ligr SLs. (A) De novoceramide synthesis begins
with the condensation of L-serine and palmitoyl-Co#talyzed by serine palmitoyltransferase (SPT). piteeluct 3-keto-

4
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dihydrosphingosine is reduced to dihydro sphingaggphinganine) via 3-ketodihydrosphingosine reaket(KDSR) and
acylated by a ceramide synthase (CerS) to give dihgdramide and finally ceramide via a desatur@seamide can be
degraded by a ceramidase (B) to give sphingosinedatty acid. Sphingosine can be recycled (C) évamide formation in
a CersS reaction. Ceramide serves as a precursordi@ complex SLs such as sphingomyelin (D), glucasy@mide (E) or
higher glycosphingolipids (GSLS)from Amen, 2013)

Sphingosine recycled for Cer synthesis via the atea “salvage pathway” can be directly
acylated, whereas Sphinganine can also undergmgluhe ‘De Novo pathway” direct

acylation to form dihydroCer, which can then betlar metabolized as shownFigure 3.

De Novo pathway Salvage pathway
o NH 1y NH;
G NE
i - Sphinganine ‘}.‘ [+ Sphingosine
™
CoAS. R ) ( CoAS. _~___R
T T |
\é p Ceramide synthases (CerS1-6) \ o
o] o
I -
AN // N
N h R H ’ R
L
\: \

Dihydroceramide Ceramide

Figure 3 De novoand salvage (dihydro)ceramide synthesis catalyzdoly the ceramide synthasesCerS facilitate the
acylation of D-erythro-sphinganine derived from the novosynthesis, as well as D-erythro-sphingosine frbm dalvage
pathway to generate D-erythro-dihydro ceramide Bratythro-ceramide, respectively.

SM synthesis takes place at the luminal side of3bkgi apparatus (Jeckel et al., 1992). This
requires that Cer formed at the ER (with acyl cHamgths of C16-C20) is moved by a

ceramide transport protein to the Golgi apparatienéda, 2006). Cer is converted into SM
by the SM synthase within the so-called SM cycleé ean also be recycled back to Cer by the
action of a sphingomyelinase (Geilen et al., 1987)n response to extracellular stimuli from

plasma membrane (PM)-derived SM (e.g., GNIE-1, endotoxin) (Levade et al., 1999).

For GSL synthesis, Cer is transported from the BRhe cytosolic side of the Golgi by
vesicles (Jeckel et al., 1992). A key enzyme forLG8rmation, the glucosylceramide
synthase (UDP-glucose:ceramide glucosyltransfefldgeg); EC 2.4.1.80), transfers glucose
from UDP-glucose to the Cer backbone (Figure 2ydB8g et al., 1998). Addition of further

monosaccharides, sulfatides or neuraminic acid cotés gives glucocerebrosides (e.g., Gb3,

5
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Gb4), sulfatides (e.g., SM4) or gangliosides (6aM1, GM3), respectively. Complex GSLs
can be either transported to the PM, where theyna@porated, or they can be metabolized
for other purposes (Bartke and Hannun, 2009). G&kesfor example as precursors for
epidermal barrier formation, as most epidermal Cams believed to derive from the

corresponding GlcCer classes (Hamanaka et al.,; 20€ida et al., 2000).



Hypothesis and aim

2.Hypothesis and aim

Keratinocytes of the epidermis synthesize and p®aesique SLs (glucosylceramides and
ceramides withm-hydroxylated saturated and monounsaturated ULOafedeties) in a not
fully understood way to establish the WPB of thenstf land dwelling animals. Complex
glycosphingolipids and ceramides containing ULC-RUfRoieties were first described in
mature mouse testis (Sandhoff et al., 2005) aretaestingly correlate with male fertility. The
functional role of these non-classical testiculphisgolipids is unknown at the molecular
level. However, understanding the requirements &iCidphingolipid biosynthesis and
metabolism is a prerequisite in order to gain deapsights into their role in cellular
functions in both skin and testis. Preliminary warplicated strong expression of CerS3 in
testis and skin, both being the only mammalianugéss containing ULC-sphingolipids
(Sandhoff, 2010). Hence, we hypothesized that CengBit be essential in the synthesis of
these ULC-ceramides and its derivatives and thug coatribute substantially to the pool of
epidermal sphingosines. The latter had been diseduss have antimicrobial activity and
could contribute to the epidermal immune barrieefdative CerS3 thus may underlie skin
barrier defects of human ichthyosis patients amitdid fertility of males and may be a target

for therapy.

The aims of this project were to understand the oflceramides and ceramide metabolism
during epidermal maturation and spermatogenesitestis and to gain insights into the
cellular topology of CerS3. Thus, my aim was toalae CerS3 in the skin and testis and to
investigate pathways affected by the disturbed noela metabolism. For this purpose |

focused on the examination of a mouse model witlaro&le synthase deficiency (CerS3-
deficient mice) and a mouse model with impairedacede degradation (Farber disease
mouse model with reduced acid ceramidase actiwifjle focusing on sphingoid bases and
the newly described 1-O-acylceramides. However, emcglated mouse models were
integrated during the progress of this work. Time vivo data are fundamental for

understanding the pathophysiology of certain casksautosomal recessive congenital

ichthyosis (ARCI) and of Farber disease.



Materials and Methods

3.Materials and Methods



Materials and Methods

3.1. Materials

Chemicals

Standard laboratory chemicals and reagents usedotdme analyses in this study were
purchased from Sigma-Aldrich (Deisenhofen), MerdRarfmstadt), Life Technologies
(Darmstadt), Roche (Mannheim), Carl Roth (Karlsjulaed Fluka (Neu-Ulm).

All other chemicals were obtained as indicatechnd¢orresponding method section.

Buffers and solutions
All buffers and solutions were prepared with eitBhgua ad injectabilia(Braun) or double

distilled autoclaved water. Buffers and componanéslisted in the following Tables

Table 1 Buffers for genotyping and western blot

Buffers for genotyping

TAE buffer (50x)

2 M Tris/AcOH, pH 8.0
0.1 M EDTA

Xylene cyanol loading buffer(10x)

20 mM Tris/HCI, pH 7.5
0.001% xylene cyanol (w/v)
50% glycerol (v/v)

Buffers for western blot

Digitonin lysis buffer 1 (1x)

50 mM HEPES-NaOH buffer, pH 7.4
150mM NacCl

1x protease inhibitors mixturés
20ug/ ml digitonirf-

Lammli loading buffer * (4x)

250 mM Tris, pH 6.8

40% glycerol (v/v)

0.02% bromophenol blue (w/v)
8% SDS (w/v)

0.4MDTT

Resolving gel buffer(8x)

3 M Tris-HCI, pH 8.8
0.1% SDS (w/v)

Stacking gel buffer(4x)

0.5 M Tris-HCI, pH 6.8
0.1% SDS (w/v)

Running buffer (10x)

250 mM Tris, pH 8.3
1.92 M glycine
1% SDS (w/v)

Transfer buffer (10x)

250 mM Tris, pH 8
1.92 M glycine
20% MeOH for dilution to 1x

PBS buffer (10x)

0.1 M NaHPO,, pH 6.8
1.4 M NaCl
27 mM KCl

TBS-Tween® buffer (PBST)(1x)

2M Tris, pH 7.4
0.1% Tween® 20 (v/v)
80g NacCl

Ponceau red

Blocking buffer **
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0.5% Ponceau red (w/v)
1% AcOH (v/v)

1x TBST,pH 7.5
5% skimmed milk (w/v)

Naphthol blue black

0,1% Naphthol Blue black (w/v)
10% methanol (v/v)
2% acetic acid

Ripa buffer

150mM NacCl

5mM Tris

2uM EDTA

0,2% NP40

1x protease inhibitor mix
0,5mM DTT

2,5 mM PMSF

1% SDS

Stripping buffer

2% SDS
50mM Tris-HCL pH 7
50mM DTT

Table 2 Buffers for ICH and IF

Buffers and solutions for immunohistochemistry andmmunofluorescence

Citrate buffer (for antigen retrieval)

10 mM citric acid,
0.9 M sodium citrate, pH 6
0,05% Tween 20

TBS (for antigen retrieval)

0.01 M Tris base, pH 9 0.
15 M NaCl

PBS high salt(for washing)

PBS
0,1% Tween 20

Blocking buffer

PBS
5% BSA

Permeabilization buffer

PBS 1x
0,1% Triton-X-100

3,5% PFA Fixative °

1x PBS, pH 7.4
3,5% paraformaldehyde

10




Table 3 Buffers for epidermis treatment

Materials and Methods

Buffers and solutions for epidermis treatment

Thermolysin buffer '® (500ug/mL)

10 mM HEPES, pH 7.4
142 mM NaCl

6.7 mM KCI

0.43 mM NaOH

1 mM CaC}

EDTA solution ®

20mM EDTA in 1x PBS, pH7.4

Permeabilization buffer

PBS 1x
0,5% triton-X-100

3% PFA Fixative °

1xPBS, pH 7.4
3% paraformaldehyde

Blocking buffer

5% goat serum
0,5% triton-X-100
PBS 1x

Collagen gels

4mg/ml Collagen type | in acetic acid 0,1%
10% HANKS buffered solution

10% DMEM

5M NaOH for pH adjustment

! Store at —20 °C.
2 Add freshly.

% A 10% stock solution was prepared by dissolvinggbeder in boiling water and keeping the solutio8%°C for 10 min.

® Freshly prepared.
¢ Buffers used to separate epidermis from dermis

DNA and Protein ladders

Type of Ladder Range Company

1 kb DNA ladder 506-12216 bp Invitrogen
100 bp DNA ladder 100-2072 bp Invitrogen
PageRule!" plus prestained Protein | 10-250 kDa Fermentas
ladder
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Mouse lines

Table 4 List of mouse lines

Mouse strain Tissue analyzed Source
C57/BL6-N skin, liver, kidney, blood Charles River
CerS3-0 (d/d) skin, esophagus, tongue Generat®&® Bgnnemann
CerS3-Stra8 testis Generated by R. Jennemann
CerS3 flox ik14 skin, esophagus, tongue Generaydl. ldennemann
CerS2 skin Kindly provided by K. Willecke
DGAT2 skin Kindly provided by B. Farese
LCAT skin Kindly provided by M. Hoekstra
Elovi3 skin Kindly provided by A. Jacobsson
Cers4 skin Kindly provided by K. Willecke
Gb2a skin Kindly provided by D.Wachten
Scdl skin Jackson laboratories
PF2 skin Jackson laboratories
Ugcg ik14 skin Generated by R. Jennemann
Ugcg K14B skin Generated by R. Jennemann
LPLA2 skin Kindly provided by J. Shayman
Asah1"tRF3el brain, sciatic nerve, spleen, liver | Kindly provided by T. Levade
thymus, heart, kidney

Primer

The following primer pairs were used for mouse ggping

Table 5 List of primers
! Primers used for routine genotyping of CerS3-kemind Cers3-Stra8 mice

Gene Primer | sequence T Product
(C°) | size(bp)

CerS3 —wt F5 -ACATATCTCCCTTTGCCCTGATG -3 58 315
R5 — ATA ATT GCA AGA GAC GGC AATGA-3

CerS3 —ka F5 -ACATATCTCCCTTTGCCCTGATG -3 58 272
R 5 — GAC AGC CCT GAAATG TAT CATGC -3

Stra8-wt F 5 - CTAGGC CACA AGAATT GAAAGATCT & 60 324
R 5 - AGG GAC ACA GCATTG GAG GGT GAAGGC GCA-3

Stra8- F5 -GTG CAAGCT GAACAACAGGA-3 60 179
F5 -GGT GGA AAT TCT AGC ATCATCC -3

transgene
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Antibodies

Table 6 List of primary and secondary antibodies

Primary-Antibody Gene name Host® — Application® Supplier Order

Species reactivity clonality® | (dilution) number

Autophagy LC3 Apg8 m-m IHC — Paraffin | Abgent’ AM1800a

mouse (1:200

B-Actin Actb rb—p WB (1:200) Santa Crfiz sc-1616-R

mouse

Calnexin Calr 2433S

Calreticulin Calr rb-p IHC-Paraffin ProteinTecH 10292-1-AP

mouse (1:100)

Cathepsin D Rb- Dako

human

CD45 CD45- 30-F11 |r-m IHC (1:25) BD" 550539

mouse

CerS3 Lass3 ap-p IHC (1:150), H. Heid' Custom

mouse Irb-p Paraffin (1:75), | /Pick-Cell made/C6603
WB (1:100) Laboratories

CerS3 Lass3 m- p IHC-  Paraffin| Acris' H00204219-

human (1:100) /custom made MO02

Early endosome EEAl rb-p IHC — Paraffin | Abcam” ab2900

marker- EEA1- (1:100)

mouse

Glyceraldehyde-3- | Gapdh rb-p WB (1:200) Santa Criiz sc-25778

phosphatedehydroge

nase- mouse

I-A/I-E- MHCII 2G9 r-m IHC (1:25) BD" 553621

mouse

lysosome marker Lampl rb-p IHC-Paraffin Abcam" ab24170

lampl- mouse (1:100)

Langerin CD207 rb-p IHC (1:25) Acris SP7357P

mouse

R3- tubulin Tubb3 m-m IHC (1:50) Santa Cruz Sc-80016

mouse

Samp32 Samp32/Spacal gp - p IHC (1:100) Acris BP5112

mouse

Secondary- Species Host? Application Supplier Order

Antibody reactivity “(dilution) number

IgG-HRP Anti-guinneapig| ¢ WB (1:2000) Santa Cfliz sc-2903

IgG-HRP anti-rabbit g WB(1:2000) Santa Crfiz sc-2004

Cy5 ™ Anti-guineapig | d IHC-Paraffin | Dianova® 706-175-148
(1:300)

Cy2 ™ anti-rabbit g IHC-Paraffin Dianova® 711-225-152
(1:300)

Cy3 ™ Anti-guineapig | ¢ IHC-Paraffin | Dianova® 106-165-003
(1:300)

Alexa488® Anti-mouse d IHC-Paraffin Molecular Pobés | A21202
(1:300)

Alexa568” Anti-rat g IHC (1:750) Molecular Pobes A11077

Alexa568 Anti-goat d ICC (1:300) Molecular Pobfeg A11057

a g, goat; gp, guinea pig; m, mouse; rb, rabbiat;,d, donkey ;b m, monoclonal; p, polyclonal.

Cryo: cryosections; IHC: immunohistochemistryrd#in: paraffin sections; WB: western blot.
Santa Cruz Biotechnology Inc., Heidelberg, Genmnan

H. Heid, Dept. of Cell Biology , DKFZ, Heidelber@ermany

c
d
e against different peptides of CerS3 protein argpecies reactivity for human and mouse
f
g

Dianova, Hamburg, Germany; h Proteintech gr@ipcago,USA;

[ Acris Antibodies, Hiddenhausen, Germany; j
Probes, Life Technologies GmbH, Darmstadt, Germamy;
n Abcam plc, Cambridge, UK. ;

ABGENsEN Diego, USA; k Molecular
BD Biosciences, Heidelberg, Germany
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Cell lines and Plasmids

The following cell lines and Plasmids were usethis study:

- murine CerS3 Plasmid, with and without eGFP at @terminal end (pick cell Plasmid)
Polyclonal CerS3 antibody against the mouse prateis generated by PickCell Laboratories.
Thus, a synthetic peptide against our self-designedepitope
(CGGKETEYLKNGLGTNRHLIANGQHGR) located at theC-terminus was used to

immunize rabbits.
- HeLa: Human cervix carcinoma derived cell linghagépithelial-like morphology.

- HelLancaT1-tta2-m2. Clone originated from Hela cells stably transéelctwith mCAT1
(murine cationic aminoacid transporter 1), rtTA2-M®ptimized reverse tetracycline
controlled transactivator), and a truncated vergib@D2 (cluster of differentiation 2). This
clone was kindly provided by Prof. Dr. Walter Nitke

- HelancaT1-ttA2-M2-hcers3-ecFP Clone originated from Heb&ati-tta2-m2 Stably transfected
with hCerS3-eGFP.

- HeLancaTi-ntTA2-M2-mcers3-ecFP Clone originated from Helb&ati-tta2-m2 stably transfected
with mCerS3-eGFP.

- HelLancaTi-tta2-m2-ecFp Clone originated from Heba&ati-tta2-m2 stably transfected with
eGFP.

Media for cell culture

Table 7 Media for cell culture

RPMI growth medium ** DMEM growth medium *
1x RPMI 1640 1x DMEM
10% FCS’® (v/v) 100 U/ml penicillin
2 mM L-glutamine 100 pg/ml streptomycin
10 mM HEPES
Freezing medium Collagen gelé
1x RPMI 1640 80% 4mg/ml Collagen type | in HAc 0,1%
10% FCS 3 (v/v) 10% HANKS buffered solution
10% DMSO 5M NaOH to titrate
DMEM

1 Stored at 4 °C2 For culture of HeLa cellS.FCS was heat inactivated for 30 min at 56 °C padoet used as a supplemént.
for infection assay
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Additional solutions used for cell culture were:

RPMI 1640 (1x) Roswell Park Memorial Institute madi (Sigma, R0883)

DMEM (1x) Dulbecco’s modified Eagle's minimal essalhmedium (Lonza,BE12-604F)
D-PBS (1x) Dulbecco’s phosphate buffered salingr(tsi, D8537)

Trypsin (10x) 0.25% trypsin (Gentaur) + 0.5 mM EDTA

Trypan blue (1x) 0.4% trypan blue + 0.81% NaCl 869 KH2PO4

Kits and standards

Table 8 List of kits and standards

Compound Supplier
ECL Western blotting analysis system Amersham GEltHeare
Sphingosine d18:1 Matreya LLC
Sphingosine d17:1 Matreya LLC
sphingosine d20:1 Matreya LLC
Sphinganine d18:0 Matreya LLC
Sphinganine d17:0 Matreya LLC
Sphinganine d20:0 Matreya LLC
1-deoxysphingosine m18:1 Matreya LLC
1-deoxymethylsphingosine m17:1 Matreya LLC
4-hydroxysphinganine d17:0 Matreya LLC
sphingosine-1P d18:1 Matreya LLC
Sphingosine-1P d17:1 Matreya LLC
Sphingosine-1P d20:1 Matreya LLC
Sphinganine-1P d18:0 Matreya LLC
Sphinganine-1P d17:0 Matreya LLC
Sphinganine-1P d20:0 Matreya LLC
C16 Ceramide-1P d18:1/16:0 Matreya LLC
C12 Ceramide-1P d18:1/12:0 Matreya LLC
C24 Ceramide-1P d18:1/24:0 Matreya LLC
Sphingosine (d14:1) Matreya LLC
Cholesteryl nervonate Santa Cruz
CE heptadecanoate C17:0 Matreya LLC
CE myristate C14:0 Matreya LLC
CE palmitate C16:0 Matreya LLC
CE lineolate C18:2 Matreya LLC
CE arachidonate C20:4 Matreya LLC
CE behenate C22:0 Matreya LLC
CE ecurate C22:1 Matreya LLC
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Table 9 List of instrumentations

Materials and Methods

Instrument

Company

Instruments used for genotyping (PCR analysis)

Agarose gel electrophoresis chamber

Carl Roth,skidne, Germany

SM-30 Control rotary shaker

Neo Lab

GelDocam 2000 Gel Documentation System

Bio-Rad, Miunchennptaey

GeneAmp® PCR System 2400, 2720 Thermal cyc
PCR

erife Technology (Applied Biosystems), Darmstadt,
Germany

Instruments used for lipid

extraction and analysis

Alpha 1-2 Lyophilizer

Christ, Osterode, Germany

Evaporator

Liebisch, Bielefeld, Germany

Linomat IV

Camag, Muttenz, Switzerland

Sonorex Super RK 102H Sonicator

Bandelin, Berliafr@any

Variofuge 3.0 R

Heraeus Sepatech, Osterode, Germany

Xevo® TQ-S Tandem MS Acquity UPLC® I-class

WatdEschborn, Germany

VG micromass model

Quattro Il Waters

Instruments used for protein extraction and westerrblots

Branson Sonifier® 250

G. Heinemann, Schwabisch GinGermany

Classic autoradiography film developing machine

AGEQO.S., Bonn, Germany

Electrophoresis blotting apparatus

Bio-Rad, Mun@hrmany

Mini-PROTEAN 3 Cell electrophoresis system

Bio-REMtlnich, Germany

SM-30 Control rotary shaker

Neolab, Heidelberg, sty

Ultrospec 2000 UV/visible spectrophotometer

PhaienBiotech, Uppsala, Schweden

Sonorex Super RK 102H

Sonicator Bandelin

Instruments used for histology and microscopy

Autoanalyzer Hitachi 9-17-E

Hitachi, Frankfurt anaid, Germany

Biorevo BZ-9000 microscope

Keyence, Neu-lsenbumgrntany

Cryostat Leica CM 3050S

Leica Biosystems, Nussl@drmany

Dako Autostainer

Dako, Hamburg, Germany

Microtome Microm HM355S

Thermo Scientific, USA

Ultramicrotom Leica Ultracut

Leica Microsystems GihiWetzlar, Germany

Additional Eq

uipment

Dewar, liquid nitrogen container

KGW-Isotherm, Kaidhe, Germany

Eppendorf refrigerated table top centrifuge 5417R,
Eppendorf table top centrifuge 5415C

Eppendorf, Hamburg, Germany

Heating furnace (56°C)

Heraeus, Hanau, Germany

HP LaserJet 2410 PS

Hewlett-Packard, Boblingenmaey

Laboratory scale

Ohaus, Pine Brook, USA

Laboratory micro scale

Sartorius, Gottingen, Gerynan

Minifuge RF (refrigerated centrifuge)

Heraeus, Haaermany

pH Meter

Schott, Mainz, Germany

ScanMaker i800

Microtek, Taiwan

Thermomixer compfort (1.5mL)

Eppendorf, Hamburgri@any

Vortexer

IKA Labortechnik, Staufen, Germany
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3.2. Methods

Animal care

Animals were kept under specific pathogen-free @@t in barrier facilities, where a 12 h
light / 12 h dark cycle was maintained. Mice weoai$ed in groups up to five animals at a
controlled temperature of 22 °C. They were fed l@glaboratory chow diet and water,
suppliedad libitum

Generation of CerS3d/d mice

CerS3 d/d mice had been established previouslyéheann et al., 2012). TheéerS3gene
(ceramide synthase 3, Lass3, NCBI gene ID: 545%/#s)used to generate offspring with the
exon 7 flanked by loxP sites, which were furthertedawith cre-deleter mice to obtain a
systemic deletion of exon 7. The cre-transgene agasn removed by mating with C57BI6
wild-type mice. Heterozygous mice were bred in ortie generate homozygous offspring
with complete exon 7 deletion in Cers3 in bothlafieesulting in Cers3 d/d mice. All animal
procedures were approved and performed in accoedamath federal laws
(Regierungsprasidium Karlsruhe, Germany, G-68/08/@ and A-62/06).

Generation of Ugcg mutant mice

As described before (Jennemann et al., 2007) thesgexpressing keratins K5 and K14 are
expressed in basal cells of epidermis. Becausts @&airly expression in the basal layer, K14-
promoted Cre-mice were bred with mice with a lold”Ked glucosylceramide synthase gene
to obtain a blockade of the initial step of the Gd¢ biosynthesis in epidermal keratinocytes.
The resulting mouse model with loxP-flanked exor8 6f theUgcg gene locus has been

established previously (Jennemann et al., 2005)nefa¢éion of mutant animals and

experiments were performed according to federalsldar animal experiments and were

approved (Regierungsprasidium Karlsruhe, Germany).

Generation of CerS3-Stra8 mice

Mice with a floxed ceramide synthase 3 gene (Jeanenet al., 2012) were crossbred with
transgenic mice expressing Cre under the contrdahefstimulated by retinoic acid gene 8
(Stra8)-promoter (Stra8 is expressed initially estpatal day P3 in early-stage spermatogonia
(Sadate-Ngatchou et al., 2008)).
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Genotyping

In brief, genomic DNA was isolated from tail biogsi Tails were digested overnight at 56 °C
with 8 uL of proteinase K (10 mg/mL, Sigma) dissolved ir08@L of NID buffer depending
on the tail size. Upon heat inactivation of theyene at 85 °C for 45 min, 1-gL of DNA
solution was used for PCR analysis. Primers usedafoplification of specific products

corresponding to wild-type or mutant alleles aséekil in the materials section

PCR conditions for amplification of the8 andStra8transgenes:

L3

PCR reaction pL PCR program T[°C] Time [s]
L3(50 pL)

H20 33.75 1. Denaturation 95 120
10x Buffer 5 2. Denaturation 95 45
MgCl2(50 mM) | 4 3. Annealing 58 30
dNTPs (10 mM) | 1 4. Elongation 72 40
Forward primer | 2 5. Elongation 72 320
(7.5 pmol{iL)

Reverse primer | 2 6. Cooling 4 o0

(7.5 pmol{iL)

NID-DNA 2.00

Platinum Tag 0.25 Steps 2 to 4 are repeated for 35 cycles.
Stra8

PCR reaction pL PCR program T[°C] Time [s]
Stra8 (50ulL)

H20 36.75 1. Denaturation 94 120
10x Buffer 5 2. Denaturation 94 30
MgCl2 (50 mM) 1 3. Annealing 60 30
dNTPs (10 mM) | 1 4. Elongation 72 30
Forward primer | 2 5. Elongation 72 320
(7.5 pmol{iL)

Reverse primer | 2 6. Cooling 4 )

(7.5 pmol{iL)

NID-DNA 2.00

Platinum Tag 0.25 Steps 2 to 4 are repeated for 35 cycles.

Cloning

mCerS3-EGFP had been generated before by inséngngorresponding cDNAs into the N-
terminus of the pEGFP-N1 vector as described ii@teet, 2011). A map of the in this study

used plasmid can be found in Figure 4 below.
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Figure 4 Plasmid map from mCerS3-EGFPCerS3 was inserted at the N-terminus of an enha@é&tag plasmid via the
EcoRI-BamHI restriction sites.

Cell culture

Culture of eukaryotic cells

HelLa cells were grown in RPMI-1640 medium (Sigm#&88&3) supplemented with 10%
inactivated fetal calf serum, 2 mM L-glutamine, @M HEPES. Cells were maintained in
monolayer cultures in a humidified atmosphere of 6@ at 37°C, and were sub cultured
twice a week with trypsin-EDTA (0.25% in PBS).

Freezing and thawing of eukaryotic cells
To create stocks, cells in growth phase were tnypsd and harvested at 1000 x g for 5 min.
Cells were then resuspended in freezing media stimgiof 90% FCS and 10% DMSO,

transferred into cryotubes (Nalgene) and keptdagltime storage at — 80 °C.

For the revitalization of frozen cellular stocksyatubes were placed in a water bath at 37 °C
until cells were thawed. Cells in freezing mediarevdirectly diluted 1:12 with prewarmed
growth medium in a 75 chrtissue culture flask. After cellular attachment,dinen was
exchanged to remove residual DMSO. Cells were gaskat least once before being used for

experiments.
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Transfection of eukaryotic cells

Transient transfection of plasmid DNA into HeLalseVas achieved by means of lipofection.
HelLa cells were seeded in 6-well plates either 244® h prior to transfection. Highly
confluent cells (9895%) were then transfected with the optimal amaafnplasmid DNA
(previously tested for each plasmid) using Lipodetine’ 2000 reagent (Invitrogen)
according to manufacturer's recommendations. Thiesmid DNA (4ug) was complexed
with transfection reagent with a ratio optimized &ach transfection in order to minimize
cytotoxicity. DNA-cationic lipid complexes in serdfree RPMI medium were administered
drop-wise to the cells, which were then incubate87e°C for 4 h. Subsequently, medium was
exchanged by growth medium with FCS. Analyses vpendormed generally after 24 h of
overexpression. Transfection efficiencies were rieiteed by flow cytometric analysis
according to the fluorescence signals generateah fitte overexpression of EGFP fusion
proteins.

For subcellular localization studies, cell lines5L3) were transfected with the desired

vector 24 h after seeding using Lipofectamirs a 1:2.5 ratio(g DNA/ul Lipofectamine).

Immunohistochemistry

IHC of cultured cells

For subcellular localization of CerS3, cells weeeded and transfected on sterile 12 mm
glass coverslips placed in 6-well plates. Followadgh after transfection, cells were washed 3
times with chilled PBS. HelLa cells stably transéectwith mouse and human CerS3,
EGFPcontrol, as well as untreated cells (Helaai-rtra2-m2) were seeded onto 6-well plates
with a density of 1x10cells/well with or without induction with 2g/ml doxycycline Cells
were then fixed with 3.5% PFA for 5 min on ice,léo¥ing 10 min at R.T. Afterwards, cells
were washed with chilled PBS (3x for 5 min), foliog permeabilization with CsOH (-
20°C) for 6 min. Subsequently, cells were washemkanore with PBS (3x for 5 min), before
blocking for 1 h with 3% BSA-PBS. Binding of prinyaantibodies was performed for 1.5 h at
R.T. After three washing steps, incubation of seéeoy antibodies for 45 min followed.
Primary and secondary antibodies were diluted 5%l BSA-PBS. Afterwards cells were

washed once more and nuclear staining was perfomitadDapi in PBS for 10 min. Finally,
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cells were washed with PBS (4x for 5 min) and medntwith Fluoromount-G.

Immunofluorescence images were acquired with Keg@iorevo BZ-9000 microscope

IHC of mouse epidermis and testis

Sections were prepared as follows.

Cryosections Unfixed biopsies of newborn and adult animalsenguickly placed onto an
aluminum foil and frozen in pre-cooled isopentanéhviquid nitrogen and embedded in
tissue block. Cryosections of 34n thickness were obtained with a Leica CM 3050S and
subsequently fixed with acetone for 10 min at RS&éctions were permeabilized with 1%
Triton X-100 in PBS (v/v) for 5 min and then blockimr 30 min with 10% FCS.

Paraffin. Fixed specimens were dehydrated in a graded @thssries and embedded in
Paraplast Plus. Paraffin sections of 3#5 thickness were obtained with a Microm HM 340E,
then deparaffinized and subjected to antigen retti@hey were subsequently washed three
times for 5 min with PBS- 0.1% Tween and blockedfio with 5% PBS-BSAFor detection

of antigens, sections were incubated with primamtibadies (dilution 1:50 for CerS4, or
1:100 for 1-16h at 4 °C or 1.5h at R.T. For Cer88g@ry antibody was preincubated over
night on ko sections before applying it on wt areshly prepared ko samples. Sections were
washed three times with PBS-Tween and incubateld seitondary antibodies (1:300) for 45
min at R.T. Following another washing step, nuckarning was performed with DAPI (20
ng/ml, Sigma). Sections were then mounted in Dakao@ation fluorescent mounting

medium.

Full skin sectiongmodified from (Chorro et al., 2009)Newborn and embryonic mice were
sacrificed and subsequently the skin was removedseéparate epidermis and dermis, skin
was incubated in PBS containing 20mM EDTA for 2I3atC. Epidermis was peeled off and
washed with PBS. Then epidermis was fixed in 3% RFRBS for 45 min on ice and then
washed 3 times with PBS. Samples were blocked a@@timal side up in 5% goat serum (GS)
in PBS- 0,5% TritonX for 30 min. Incubation withimyary antibody was performed over
night at 4°C in 1% GS (1:25) whereby the slidesenapt in a humid atmosphere. A washing
step with 5% GS and two washing steps with PB& finin were done before incubation with
secondary antibody (1:750) for 45 min at R.T. Saiwere washed three times with PBS
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and nuclear staining was performed with DAPI (20mig Sigma) before washing 4 times

with PBS. Sections were then mounted in Dako Cytamdluorescent mounting medium.

Specimen preparation and ultrastructural analyss® \werformed in cooperation wikrof.
Dr. Karin Gorgas at the Department of Anatomy anell Biology of University of
Heidelberg. PAS and HE staining of skin and tdstipsies was performed with the technical
assistance of Gabriele Schmidt from DKFZ in Heidedp

Pathogenic growth experiments

Culture of mouse skin

Skin biopsies from the back of embryonic and newbamimals were maintained viable on
collagen gels partially submerged in DMEM mediuroriza, BE12-604F) supplemented with
50 U/ml penicillin and 5Qug/ml streptomycin (Gibco). Sphingosine (d18:1) vddlsited to
0.16 uM in 50% Water/ Propyleneglycol (v/v) and addedi¢cafly on the epidermal side of
the skin biopsies and incubated in a humidified cspinere of 5% C@at 37 °C for 24h.
Collagen gels were prepared as previously desc(ieak et al., 2006). Thus, type | collagen
was isolated from tail tendons of young rats angphylized. To a 4 mg/ml solution of
collagen in 0.1% AcOH was added 10% of 10x Hanklshced salt solution (Gibco) titrated
with 5 M NaOH and 10% of DMEM medium. The mixtur@asvallowed to jellify in PET-
membrane filter inserts (Falcon) for 1 h at 37 f@llowing the addition of 12 ml DMEM
medium in each of the deep-wells (BD Biosciencd3,335467).

Pathogenic infection

Pathogenic infection and growth studies were peréal by Tatjana Eigenbrod and Prof. Dr.
Alexander Dalpke at the department of Medical Matotogy and Hygiene of University of
Heidelberg.

Candida albicangATCC 90028) was grown overnight in LB medium. dPrto infection,
yeast concentration was determined by cell counigigg a Neubauer chamber. Afterwards,

cells were pelleted by centrifugation and resuspdnih PBS to a concentration of 10
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cells/ml. C. albicans(1 pl, 1x1 cells) was inoculated to the center of the skirpbjoand

incubated at 30 °C for the specified time.

Determination of pathogenic growth

Infected skin biopsies were flushed with 10 ml PB8.aliquot of these suspensions (10D
were plated in two different dilutions on Sabour@gér plates (BioMérieux). Multiple serial
dilutions had been previously performed to deteemwoptimal conditions. After 24 h
incubation at 37°C, colonies were counted and aunagons were determined as CFU/ml.

Technical triplicates from biopsies of mice weralgmed.

For pathogenic studies, infected skin biopsies f@enS3 deficient mice and controls were
fixed together with collagen gels with 4% formalior 24 h at R.T. and subsequently
embedded in paraffin. Sections (Microm, HM 355S)1qgim thickness were prepared and
deparaffinized by short sequential immersions ileng, ethanol solutions (100%, 96%, 80%
and 70%) and water. Sections were then immers8d’b% HIG for 10 min, carefully rinsed
with water and incubated in Schiff solution for SnmFollowing rinsing and drying steps,
biopsies were then counterstained with haemalaluti®o. Sections were dehydrated by
subsequent immersions in ethanol solutions of asirg concentrations (+000%), followed
by immersion in xylene. Sections were then mount&ti Vitro-Cloud (Langenbrink) and

analyzed using a Keyence BZ-9000.

Western blot

Preparation of total protein lysates

Skin biopsies were incubated at 37°C for 2h in RBStaining 20 mM EDTA in order to
separate dermis from epidermis. Epidermis was nbthby peeling off the dermis. Epidermis
or whole testis in digitonin lysis buffer was homoged on ice by sonification (Branson
sonifier 250) using 5 pulses every 30 s for 5 rAifter 10 min incubation of samples on ice
lysates containing epidermal proteins were cleafexkll debris by centrifugation &00xg at
4°C for 10 min. Membrane fractions were isolatednfr cytosolic fraction by repeated
centrifugation at 12.000xg for 10 min at 4°C. Pslere dissolved in RIPA buffer stored at -

20°C and concentration determined by Bradford assay
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Determination of protein concentration by B\DFORD assay

Protein concentration in total lysates was deteechimccording to the Bradford method
(Bradford, 1976). This method is based on the shiéibsorption of Coomassie Brilliant Blue
G-250 upon binding to proteins. Briefly, proteinedgolutions were prepared by mixing either
10 or 5ul of membrane fraction with Bradford reagent udltml. To determine the protein
concentration, a dilution series of BSA standamisging from 0 to 1Qug/ul dissolved in
Bradford reagent was prepared in parallel. The rlaswe of protein-dye mixtures was
measured at the absorption maximum (595 nm), aadptbtein content was calculated by

interpolating the absorbance measured from the &8Adard curve.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Proteins were separated according to their moleeudgght in 12% SDSpolyacrylamide gels
(Mini-PROTEAN TGX Gels, BioRad)

To protein samples 4x LAmmli buffer containing 8®SSwas added prior to electrophoresis
and sequentially incubated at room temperaturé fiorin. Equal amounts of protein (2Q)
were electrophoresed at ~ 35 mA during the semarati the stacking gel and at ~ 45 mA in

the resolving gel.

Immunoblotting

After electrophoresis, proteins were transferretb antrocellulose membranes. For transfer,
0.45um membranes were placed on gels and covered vgicgs of Whatmann paper and a
sponge on each side. These stacks were assembée8ath of chilled transfer buffer (1x)
containing methanol. Electrotransfer of proteinghl® membranes were carried out at ~ 170
mA for 2.5 h on ice. Subsequently, membranes witieesd with Ponceau red to assess the
quality of the transfer, the equality of the loagliof the SDS-PAGE and to indicate the
position of the lanes in case that cutting the nramés was required. Following the transfer,
membranes were blocked generally with 5% skimmelk mi TBS-Tween Blocking was
performed at room temperature for 1 h. Afterwardembranes were incubated with primary
antibodies in 3% skimmed milk-TBST. Binding of pany antibodies was carried out under
constant rotation overnight at 4 °C. On the follogvday, unbound antibodies were washed
from the membranes 3 times with TBST for 10 minu@ling of HRP-conjugated secondary
antibodies was performed at R.T. for-86 min. Then, membranes were washed 3 more

times for 10 min each with TBST. The working diarts of primary and secondary antibodies
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used in this study are listed in the Table 6. Fnagbroteins were detected by enhanced
chemiluminescence using an ECL-detection kit (Amans GEHealthcare) following the
instructions of the manufacturer and additionallylipg the membrane through water quickly

after incubating with ECL.

Lipid analysis

Sample preparation

Cells grown in tissue culture plates were trypsdiand harvested at 100g«for 5 min at 4
°C. Cell pellets were then washed with chilled RBE dried with 1-propanol under nitrogen
flow. For the extraction of epidermal lipids, skiopsies from the back of CerS3 deficient
mice and control littermates were rapidly disse@ad snap-frozen in liquid nitrogen before
being stored at — 80 °C. Skins were thawed anceapid was isolated by treating the biopsies
with 500 ug/ml thermolysin buffer or 20 mM EDTA for 2 h at 38€ (Germain et al., 1993).
Afterwards, epidermis was separated from dermisjrita small pieces, and lyophilized and
powdered. Other organs were collected, homogenaret directly lyophilized and further

processed as described in the section lipid extract

Lipid extraction by modified BIGH and DveEr method

Sphingolipids were extracted according to Doeringlewith slight modifications (Doering et
al., 1999a; Jennemann et al., 2007). In generpidsli were isolated using mixtures of
CHCIs/CH3OH/H20. In particular, dried pellets from cultured cellsre extracted with 2 ml
10/10/1 (v/iviv) solvent mixture at 37 °C for 15 mivith occasional sonication. After
centrifugation at ~ 200y for 10 min, supernatants were collected and {sellesre then
reextracted once more with 10/10/1 solvent mixtare] finally with a 30/60/8 (v/v/v) solvent
mixture. For the extraction of epidermal free Igid- 3 mg of dried weight epidermis cut in
small pieces was extracted once with C#CHsOH/H20 30/60/8, then with 10/10/1 and
finally with CHCI/CH3OH 2/1 (v/viv) as described. Each extraction step performed at 50
°C for 15 min under sonication. Supernatants wersltned and dried under a nitrogen flow
at 37°C. In parallel, pellets were dried and ket &C for further analysis.

Removal of phospholipids by mild alkaline methansiy
Combined lipid extracts were subjected to methanwiild alkaline hydrolysis (0.1 M KOH

in CH30H) for the removal of phospholipids if nedd@he saponification of cell culture
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extracts was performed at 37 °C for 2 h, while epithl and other tissue extracts required 4 h
at 50 °C for complete hydrolysis. Sequentially,csafed lipid extracts were neutralized with
glacial AcOH and solvent was removed under a miidgen flow.

Desalinization by reverse-phase chromatography (RH-

Saponified lipid extracts were desalted by reveshase chromatography prior to being
analyzed either by TLC or ESI-MS/MS. Thus, colunmasked with C18 material (Porasil
silica 125A 55—-10.um) were preconditioned consecutively with 3 timé$30OH and 2 times
with 0.1 M KCI. Salt-containing samples were disgadl in ddH20 to a final concentration of
0.1-0.2 M KCI by brief sonication before being leddinto the columns. Following the
loading of the samples, vials were washed twicé @il M KCI, sonicated and loaded as well
into the columns. Lipids bound to the column wérentwashed 3 times with ddH20. Finally,
sphingolipids were eluted with CH30OH and dried unde nitrogen flow. In case of
desalinization of epidermal ceramides, an additisr@shing step with ddH20 was performed
prior to elute the lipids with CH3OH into the omgi sample tubes, and subsequently dried
under a nitrogen flow. Desalting of saponifieddipifrom cultured cells was performed using
freshly prepared Pasteur pipettes. For tissue @g{rda00 mg of packing material was loaded
into 5 ml polypropylene reusable columns. To assumplete removal of previous lipid
extracts, polypropylene columns were carefully veashkvith 2 x 4 ml CHCI3, 1 x 4 ml
CHCI3/CH30H 1:1, 1 x 4 ml CH30H, 1 x 4 ml CH3OH /@821, and finally equilibrated
with 2 ml 0.1 M KCI.

Quantification by electrospray ionization tandem smspectrometry (ESI-MS/MS)
Sphingolipid quantification was performed by tandermss spectrometry using a Xevo® TQ-
S triple-quadrupole instrument (Waters) equippedthwiultra-performance liquid
chromatography hardware (Acquity UPLC® I-class, &g} and a ESI source. Equivalent
lipid samples regarding the dry or wet weight welissolved in 95% methanol. Prior to being
analyzed, internal standards were added to theabq Sphingolipids, as well as Sphingoid
bases were detected with precursor ion scans aattahdoss modus, respectivelyhe
samples (extract + standard) were injected(l0and separated by UPLC using a reverse-
phase column (Acquity UPLC® BEH C18, 130 A i, 2.1 x 50 mm column) or for
sphingoid bases using a reversed phase columradttiional surface charges (CSH-column,
50 mm, 2.1 mm, 1gin, Waters).

MS/MS analysis was performed using the positive-E8 mode with multiple reaction

monitoring (MRM) of daughter-ion fragments specificeach lipid class. For quantification,
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chromatographic peak areas corresponding to eastifisplipid species were normalized to
the peak areas of the corresponding internal stdad&amples were injected and processed
using MassLynx, whereas mass spectrometric peaks guexntified according to their peak
area ratio with respect to the internal standardgu$argetLynx (both v 4.1 SCN 843) both

from Waters Corporation.

Ceramide Quantification

Lipid extract samples, equivalent to a dried weight12.5 ug, were dissolved in 95%
methanol (1 mL) and mixed with non-endogenous ligidndards prior to analysis. Lipid
standards included the ceramides (d18:1/14:0),:1d18:0), (d18:1/25:0), (d18:1/31:0), 6.25
pmol each; the GlcCers (d18:1/14:0), (d18:1/19(6),8:1/25:0), (d18:1/31:0), 3.125 pmol
each; and the SMs (d18:1/14:0), (d18:1/25:0), (@83:.0), 3.125 pmol each.

The capillary voltage was set at 2.5 kV, whereascitne and the source offset were fixed at
50 V. The source and desolvation temperatures weaintained at 90 and 300°C,
respectively. The desolvation gas was delivere@Qft I/h, while the cone gas and the
collision gas flow were fixed at 150 I/h and 0.18mn, respectively. Classical Cers (d18:1;
14.0-36:0) were measured using increasing colligoargies ranging from 25 to 30 eV

according to their molecular mass.

The chromatographic eluent gradient at a constant fate of 0.45 mL/min is given in the

following tables.

Table 10UPLC-gradient elution of sphingolipids for detectionby tandem mass spectrometry

Column temperature 40°C

Flow rate 0.45 mL/min

Mobile Phase A 95% methanol, 5% water, 0.05% formic acid, 1 mM amium formate.
Mobile Phase B 99% isopropanol, 1% methanol, 0.05% formic acichM ammonium formate
Sample solvent 95% Methanol

Time [min] Solvent A [%] Solvent B [%] Slope

0.0 100 0 Initial

0.1 100 0 linear

0.2 92 8 linear

5.0 10 90 concave

5.25 10 a0 linear

5.50 100 0 linear

6.50 100 0 linear
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1-O-acylceramide Quantification

As for classic ceramides, samples were dissolve@skh methanol and 5%.,8. Samples
were treated in an ultrasound bath for 3 min aiC48hd then placed directly into the auto
sampler, which was held at 20°C. The column waseldeim 40°C and in 10ul aliquots were
injected. Protonated 1-O-acylceramides were quadtih single reaction monitoring (SRM)
mode using 7.65 pmol of 1-O-oleoyl Cer(d18:1;17a8) internal standard per aliquot of
epidermal lipids corresponding either to 0.1 mg seotissue dry weight. The capillary
voltage was set at 2.5 kV, whereas the cone anddbece offset were fixed at 50 V. The
source and desolvation temperatures were maintaabe®D and 300°C, respectively. The
desolvation gas was delivered at 800 I/h, whiledbee gas and the collision gas flow were
fixed at 150 I/h and 0.15 ml/min, respectively. 1a€ylceramides were detected using a fixed
collision energy of 20 eV, while maintaining the eliMiime at 8 ms. Significant in-source
decay of 1-O-acylceramides leading to water logseaped. Therefore, each compound was
detected by two transitions, which were added upgt@ntification (a list of MRMs can be

found in Table 11). The gradient is the same asl&msical ceramides.
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Table 11 Multiple SRM transitions (MRM) used for detection and quantification of 1-O-acylceramides.For description
of fragment ¢ see Figure 22. From (Rabionet eRall 3).

1-O-Acylceramide Transitions 1-O-Acylceramide Transitions
[M+H]" & Frag- [M+H] & Frag-
1-0-Acyl So N-Acyl " 1-0-Acyl So N-Acyl o
[(M-H,0)+H] ment ¢ [(M-H.0)+H] ment ¢
HO-groups, C-atoms : double bonds [m/z] | HO-groups, C-atoms : double bonds [m/z]
14:0 734.7 & 716.7 14:0 764.7 & 746.7
16:0 762.7 & 744.7 16:0 804.8 & 786.8
18:0 790.8 & 772.8 18:0 832.8& 814.8
di7:1 16:0 488.5
20:0 818.8 & 800.8 20:0 860.8 & 842.8
d18:1 h16:0 518.5
22:0 846.8 & 828.8 22:0 888.9 & 870.9
24:0 874.9 & 856.8 23:0 902.9 & 884.9
26:0 902.9 & 884.9 24:0 916.9 & 898.9
14:0 750.7 & 732.7 25:0 930.9 &912.9
16:0 790.8 8772.8 26:0 9449 & 926.9
18:0 818.8 & 800.8 14:0 776.7 & 758.7
di7:1 h16:0 504.5
20:0 846.8 & 828.8 15:0 790.8 & 772.8
22:0 874.9 & 856.8 16:0 804.8 & 786.8
24:0 902.9 & 884.9 18:0 d18:1 18:0 832.8 & 814.8 530.5
26:0 930.9 & 912.9 20:0 860.8 & 842.8
14:0 762.7 & 744.7 22:0 888.9 & 870.9
16:0 790.8 & 772.8 23:0 902.9 & 884.9
18:0 di7a 18:0 818.8 & 800.8 5165 24:0 916.9 & 898.9
20:0 ' ’ 846.8 & 828.8 ) 26:0 944.9 & 926.9
22:0 874.9 & 856.8 14:0 804.8 & 786.8
24:0 902.9 & 884.9 15:0 818.8 & 800.8
26:0 930.9 &912.9 16:0 832.8 & 814.8
14:0 790.8 8 772.8 18:0 A 56603 860.8 & 842.8 s5EiE
16:0 818.8 & 800.8 20:0 888.9 & 870.9
18:0 846.8 & 828.8 22:0 916.9 & 898.9
di7:1 20:0 544.5
20:0 874.9 & 856.8 23:0 930.9 &912.9
22:0 902.9 & 884.9 24:0 944.9 & 926.9
24:0 9309 89129 26:0 973.0 & 955.0
26:0 959.0 & 940.9 14:0 832.8 & 814.8
14:0 818.8 & 800.8 16:0 860.8 & 842.8
16:0 846.8 & 828.8 18:0 888.9 & 870.9
18:0 874.9 & 856.8 20:0 dis:1 22:0 916.9 & 898.9 586.6
di7:1 22:0 572.6
20:0 902.9 & 884.9 22:0 944.9 & 926.9
22:0 930.9 & 9129 24:0 973.0 & 955.0
24:0 959.0 & 940.9 25:0 987.0 & 969.0
26:0 987.0 & 969.0 26:0 1001.0 & 983.0
14:0 846.8 & 828.8 14:0 860.8 & 842.8
16:0 874.9 & 856.8 15:0 874.9 & 856.8
18:0 902.9 & 884.9 16:0 888.9 & 870.9
di7:1 24:0 600.6
20:0 930.9 &912.9 17:0 902.9 & 884.9
22:0 959.0 & 940.9 18:0 4 916.9 & 898.9
24:0 987.0 & 969.0 20:0 481 i 944.9 & 926.9 Gl4e
26:0 1015.0 & 997.0 22:0 973.0 & 955.0
14:0 748.7 & 730.7 23:0 987.0 & 969.0
16:0 776.7 8 758.7 24:0 1001.0 & 983.0
18:0 804.8 & 786.8 25:0 1015.0 & 997.0
20:0 832888148 26:0 1029.0 & 1011
di18:1 16:0 502.5
22:0 860.8 & 842.8
23:0 874.9 & 856.8
24:0 888.9 & 870.9
25:0 902.9 & 884.9
26:0 916.9 & 898.9
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Sphingoid base quantification

Epidermal extracts were achieved like describedr@aland 0.1 mg DW aliquoted for each
sample. Plasma samples (2b5) were extracted with 100 pL of chloroform/methb(2i1);
this solution was then allowed to stand for 5 ntino@m temperature, followed by vortexing
for 30 s. After centrifuging (12000x g, for 5 min 4°C) the lower organic phase was
collected in a new vial and evaporated to drynesdeu vacuum. Immediately prior to

analysis the lipid extract was diluted with isopaiapl/acetonitrile/water (2:1:1, 25Q.).

Quantification of Sphingoid bases was performedising tandem MS (QqQ, Xevo TQ-S) in
MRM mode coupled to a UPLC (Aquity | class). A C&48 (50 mm, 2.1 mm, 1Lum)
column and solvent system was used according tac|s@. (2011; Waters Corporation,
Application Note), but with citrate as additive. i@ Particles incorporate a low level surface
charge, to improve sample loadability and peak asgtry. Citrate additionally helps to avoid
unspecific column - metal ion — analyte interacsig8eidler et al., 2011).

The capillary voltage was set at 2.0 kV, whereascitne and the source offset were fixed at
30 V. The source and desolvation temperatures weagtained at 120 and 550°C,

respectively. The desolvation gas was delivereaDatl/h.

The chromatographic eluent gradient at a constamt fate of 0.4 mL/min is given in the

following tables.

Table 12 LC Parameters for sphingoid base quantificabn

Column temperature 55°C

Flow rate 0.40 mL/min

Mobile Phase A ACN:H20 60/40, 10mM NRFA, 0,1% Formic acid
Mobile Phase B Iprop:ACN 90:10, 10mM NEFA, 0,1% Formic acid
Sample solvent Iprop:ACN:H20 2:1:1, 50mM, Citrate

Table 13 Gradient for sphingoid base quantification

Time [min] Solvent A [%] Solvent B [%] Slope
initial 40 60 Initial
2.0 57 43 linear
2.1 50 50 concave
12.0 46 54 linear
12.1 30 70 concave
18.0 1 99 linear
18.1 60 40 linear
20 60 40 concave

A list of MRM can be seen in results part.
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Statistics

If not else described, all experiments includediaimum of 3 animals. The results obtained
are shown as mean = SD. All statistical tests werdormed using GraphPad Prism® 5
software. Measurements in control (heterozygoukltyyie) and mutantice were compared
by the Student’s t-test or by the ANOVA test. Difaces between group means were
considered significant fgr < 0.05 (*),p < 0.01 (**) andp < 0.001 (***). If not significant on

a 5% level significances were also tested on a [, and if used indicated as such.
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Part LILII

Thesis structure

Detailed knowledge of ceramide metabolism is funelatal for the understanding of skin
pathophysiology and hence is prerequisite for taxyéherapy of skin disorders. In this work,
pathways connected to ceramide synthesis were tigag=d, to gain further insight into
consequences out of a disturbed ceramide metaboliberefore this thesis was split into

three parts:

In the first part altered levels of ceramide doweestn products, the sphingoid bases and free
fatty acids and their impact on altered tissue hastesis and function in epidermis were

analyzed.

The second part covers investigations about thes @da1-O-acylceramides, as their epidermal
steady state levels increased upon CerS3-deficidiey pathway leading to 1-O-AcylCer in

mammals is unknown and first attempts in uncovetiiregresponsible enzymes were shown.

The third and last part deals with the location Gd#rS3 within skin and testis and its

intracellular location in order to understand tlmpdiogy of ULC-ceramide production.
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I.  Sphingosine in antimicrobial defense of the skin
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[.1 Introduction

I.1.1 Skin topology and Epidermis

The skin is formed by an outer squamous epithelfgpidermis and hair follicles) and the
inner dermis (Figure 5). The dermis is mainly cosgmbout of extracellular matrix, which

includes fibroblasts and fibroblast-derived pragejoollagen, elastin, glycosaminoglycans) to
give the skin tensile strength and elasticity. phienary function of the epidermis, which is a
self-renewing and cornifying epithelium, is to @otthe body from environmental influences
by maintaining the skin barrier. For this purpos$e tepidermis synthesizes a unique
composition of long chain (LC) and ultra long chdldLC) FA-containing SLs which,

together with junction proteins, allow for the fation of a barrier in the outermost epidermal

layers.

s Stratum
- corneum

stratum
granulosum

stratum
spinosum

EPIDERMIS

stratum
basale

_basement _,.{
" membrane

~ @ =fibroblasts
R

DERMIS

Figure 5 The epidermal structure. The epidermis is a self-renewing tissue, where thevaytes at the stratum basale
progressively differentiate and migrate through stratum spinosum and the stratum granulosum iinetly differentiate
in the stratum corneum, where they finally shedirdurdesquamation. Right: PAS-methylene blue-AzustHining of
neonatal mouse skin. KG: keratohyalin granulese8ehmodified from (Sandhoff, 2009).

Keratinocytes, the main type of all epidermal cedlsrive from stem cells in the lower basal
layer and differentiate on their way to the skimface (Watt, 2002). The lowest layer is the
stratum basale (SB), followed by the stratum spinogSS), the stratum granulosum (SG)

and on top the stratum corneum (SC) (Figure 5)irgurerminal differentiation the cells in
35



Part | - Introduction

the SC form dead, flattened corneocytes and firgtllyd off by desquamation (Candi et al.,
2005). SC formation is a repetitive process whiah take up to 6 or 7 weeks in humans
(Halprin, 1972) and 8 to 10 days in the mouse (@&aaleh and Taichman, 2001; Potten et al.,
1987).

SG keratinocytes extrude their cellular contents la@come anucleate corneocytes of the SC.
During this process, the cornification, the corngedM is gradually replaced by a scaffold
of cross-linked structural proteins. Such proteins for example lipid-bound involucrin and
loricrin. The result is an insoluble, rigid corei envelope (CE), which is a prerequisite for
epidermal barrier function (Candi et al., 2005).plarallel, lipid synthesis increases in SG
keratinocytes and small secretory organelles, dtheatied lamellar bodies (LBs). LBs deliver
lipids, catalytic enzymes and antimicrobial pepide the apical PM and exocytose their
content in the upper SG and at the SG/SC interfdeanemann et al.,, 2012). Then, the
extracellular lipids are enzymatically processed &rm lipid lamellae or are covalently
bound to proteins of the CE, forming the corniflggdd envelope (CLE) as the first barrier

against epidermal water loss (Nemes et al., 1988¢&off, 2010).

The integrity of the epidermis is maintained byl-cell junctions, i.e. tight junctions,
adherens junctions and desmosomes. Tight junc{ibds zonula occludens) are expressed in
the more differentiated layers (SS, SG) of the eprds and have been shown to protect from
epidermal water loss (Furuse et al.,, 2002). Adhergmctions (AJs) are created by
multifunctional adhesive proteins, which intercocinthe cytoskeleton of neighboring cells.
The most characteristic epidermal junctions arends®mes which are structurally similar to
adherens junctions. Desmosomes, sitting in the leviadpidermal layers, function as
“mechanical junctions” connecting the keratin cikiston via catenins to neighboring cells
or to the ECM (in the form of hemidesmosomes)him $C, desmosomes specialize further to
corneodesmosomes. In the lower SC layers the lateeregularly expressed on corneocytes
as compounds of the CE. Degradation of corneodesmes by LB-derived proteases (e.g.,
kallikreins of the KLK family) is a key factor farormal desquamation (Ishida-Yamamoto et
al., 2011). Changes in protease (inhibitor) agésit calcium concentration, or SC pH and
hydration can impair the regular desquamatory m®cand result in hyperkeratosis
(ichthyosis) and other skin pathologies.
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1.1.1.1 Long chain-, very long chain- and ultra long chaifatty acids

Whereas the mammalian PM of cells primarily corgaaturated long chain (LC) (C16-C20)
and very long chain (VLC) (C22-C26) FAs, the epidisrexpresses also a unique diversity of
Cers with ultra long chain (C28-C36) acyl moiet{egyure 6). LC and VLC-Cers are mainly
localized in the nucleus, in mitochondria, in thelgs or in the PM of cells of the lower layers

of epidermis (Uchida and Hamanaka, 2006).
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Figure 6 Acyl FA chain length in sphingolipids Plasma membrane sphingolipids (SLs) typicallytamnFAs with chain
lengths of C16 (palmitic) to C24 (nervonic) (red) delinked to the sphingoid base (blue) and aregdeséd here as long
chain (LC-) and very long chain (VLC-) SLs. The sgolipid class is determined by the head group Rdwever, in the
epidermis differentiated keratinocytes produce ®ith ultra long chain (ULC-) FAs with 32 to 36 caris, which may be
hydroxylated in the terminab position. Thew-hydroxyl group may be esterified to an additioRA| typically linoleic acid
(C18:2,w-6), designated here as R2. The ULC-SL depicted ¢tmmtains C34:0 geddic acid, which is the most abohd
ULC-FA in epidermalw-hydroxylated Cers. Scheme modified from (Rabiondtl20

The lipid modification in the higher epidermal layds important for barrier formation in
skin. ULC-FAs and to some extent also LC and VLC-F#e esterified in differentiating
keratinocytes to form Cers and used in compartms&nth as the trans-Golgi network, LBs,
CE, or within corneocyte interstices (Vielhaberaét 2001). ULC-FA may be saturated or
mono-unsaturated and are to a great extent hydited/leither at the or the w position
(Jennemann et al., 2012). Thishydroxy group of a ULC-SL can either be esterifiath an
additional FA, predominantly linoleic acid (C18:@-6) or to a protein side chain on
corneocytes to establish the cornified lipid enpeloa prerequisite for epidermal barrier

formation (Uchida and Hamanaka, 2006).
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Cholesterol, free FAs and (ULC) Cers are the migpad classes in epidermis. Thereby Cers
comprise almost half of the total SC lipid massa®rght (Hamanaka et al., 2002; Weerheim
and Ponec, 2001). Additionally to differences ie A moiety variations in the sphingoid
backbone give rise to more than 340 different @eces that have been described in the SC
(Masukawa et al., 2008). As shown in Figure 7, emmonly used scheme distinguishes
between nonhydroxylated FAs (NS}hydroxy FAs (AS), andb-hydroxy FAs (OS), which
in turn, might be esterified to a protein aminodaside chain (POS) or to an FA (EOS).
Recently, our group has identified a complete nasscof epidermal ceramides, which differ
from the “classical” and above described speciesdigrification in 1-O-position. This novel
class of 1-O-acylceramides (1-O-AcylCers) contaatirated LC- to VLC acyl residues in
both N- and O-position. They could be describednurine as well as in human epidermis
(Figure 7) (Rabionet et al., 2013, 2014).

Approximately 62% of SC Cers are hydroxylated ($agses AS, OS, EOS, POS) (Hamanaka
et al., 2002), whereas AS- and minor NS-Cers docootain ULC-FAs and are typically
linked to saturated FAs with 16 to 26 carbon at¢@wmderch et al., 2003). Hydroxylated Cers
with acyl chain lengths longer than C26 are pritgas-hydroxylated and can be esterified to
FAs (EOS) or to proteins on corneocytes (POS) etheestablishing the already mentioned
CLE. In Gaucher’s disease and related mouse mddstspf OS-type Cers, particularly POS,
coincide with severe epidermal barrier defects (ibge et al., 1999), indicating the
significance of these Cers and the CLE for baruection (Jennemann et al., 2012). EOS-
Cers are the most abundant Cer class in the epsldmhuman epidermis for example ~95%
of the EOS aren-linked to linoleic acid, but in mouse epidermislyod5% (Uchida and
Hamanaka, 2006).
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Figure 7 Major epidermal ceramide subclasses distguished by acyl FA chain length and hydroxylation.In
keratinocyte-produced ceramides the amide-linkedr&#\dues with chain lengths of C16 (palmitic) to G26rotic) are
typically nonhydroxylated (NS) ou-hydroxylated (AS). The ceramides with FA chaing#rs of C32 (lacceroic) to C36
(hexatriacontylic)) generally carry @hydroxy group (OS), which may be esterified toratgin sidechain (POS) or the
unsaturated FA linoleic acid (EOS).

1.L1.1.1.1 Elovl

The elongation of FAs beyond 16 carbon atoms lengtkbatalyzed by members of the
elongation of very long chain fattgcids (elovl) gene family. In the ER the elongation of

palmitate to LC-, VLC- and ULC-FAs is achieved daigria four step reaction cycle that
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involves the Elovl enzymes as the first regulatoopdensing enzyme (Figure 8). Malonyl-
CoA is used as an acyl donor for the addition ob-tarbon units to a FA acyl-CoA and
thereby generates 3-ketoacyl-CoA by means of deggthtion. The 3-ketoacyl-CoA
reductase catalyzes the reduction of the carbomylim yielding in 3-hydroxyacyl-CoA.
Finally dehydration results in the synthesis tedns2-enoyl-CoA, which is reduced to
generate the elongated acyl-CoA.

In mammals, the Elovl family consists of seven meml(Elovl1-7), which are described as
localized within the ER membrane (Guillou et aD1@). Elovls exhibit a preference for the
acyl-CoA substrates depending on their chain lergith degree of unsaturation (see Table
14). Regarding the latter, Elovis can be classifiedording to their specificity for utilizing
saturated and monounsaturated FAs as substrateglyn&lovlé (C16 and C16:1), Elovil
(C18-C24), ElovI3 (C18-C24, both saturated and mposaturated) and Elovl7 (C18-C22).
Polyunsaturated LC-FAs are preferably processeltyl5 (C18-C20) and ElovI2 for VLC-
FAs (C20—-C24). The biosynthesis of epidermal FAg&y than 24 carbon atoms exclusively
depends on Elovl4 (Agbaga et al., 2008; Guilloalet2010; Jakobsson et al., 2006). In 2008,
in vitro studies using Elovl4 overexpressing cells couldwshibat it is required for the

synthesis of saturated and polyunsaturated ULC-Gagbaga et al., 2008).

Table 14 Tissue distribution and substrate specificit of the Elovl proteins Tissue expression and substrate preferences
of the Elovl proteins described in this table welgained from (Guillou et al., 2009; Leonard et 2004). Lipid profile
changes due to depletion of ElovI3 is associatetth wiacylglycerides (Westerberg et al., 2004).Cig806ld- inducible
glycoprotein of 30 kDa; Helol: homolog of yeastdarhain polyunsaturated fatty acid elongation ereyfn S: saturated;

M: monounsaturated; P: polyunsaturated. *2: BATvion adipose tissue; WAT: white adipose tissue; §kmds: sebaceous
glands.

Enzyme _ . Fatty acyl-CoA substrqte
name Synonyms Tissue mRNA expression Carbon Nr. Se}'gi/r:[ylon
Elovil Sscl Brain, ubiquitious 18-24 S,M
Elovl2 Ssc2 Testis, liver 20-24 P
Elovl3 Cig30 ’BAT, WAT, seb. Glands, liver 18-24 S,M
Elovl4 Retina, brain, skin 28-30 S,P
Elovl5 Helol Liver, testis, ubiquitious 18-20 P
Elovl6 Liver, WAT, ubiquitious 16 S,M
Elovl7 Kidney, pancreas, ubiquitious 18-24 S,M
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Figure 8 Synthesis of LC-, VLC- and ULC-CoAs by elogation cycle of FAs.Elovl proteins residing in the ER catalyze
the rate-limiting step of the fatty acid synthesimsisting of the condensation of a precursor fatig with malonyl-CoA.
The formed 3-ketoacyl-CoA derivative is reduced,yadighted and further reduced resulting in the foromabf a fatty acyl-
CoA with an additional two-carbon unit in its chaifrom (Sandhoff, 2010).

To date, mouse models for each of the Elovl prstdiave been investigated with the
exception of Elovl7In vivo only the disruption of Elovl4 and Elovil causedethal skin
phenotype. Elovl4 mutant mice were identified téfesua form of Stargardt disease, as well
as Elovl4-deficient mice were phenotypically desed with a scaly, wrinkled skin combined
with dramatic impairment of the water permeabiligrrier. Lipid profiles revealed Elovl4
mutant mice to be devoid of epidermis-essential tde€amides (Cameron et al., 2007; Li et
al., 2007; McMahon et al., 2007; Vasireddy et 2007). On the other hand within Elovl1-
deficiency reduction obh-ceramides was not as severe. Nevertheless, Etoddkout mice
died shortly after birth due to epidermal barriefetts including degraded SC lipid lamellae.
Interestingly, only VLC-sphingomyelins were lost ilehVLC-ceramides even increased
(Sassa et al., 2013). Disruption of Elovli3 in mresulted in an increased transepidermal
water loss, accompanied by a sparse hair coat,parphastic pilosebaceous system and
disturbed hair lipid content. FA metabolism waseaféd concerning neutral lipids rather than
ceramides, which in combination with the confinddvB expression in sebaceous glands
and epithelial cells of the hair follicles, suggesthe requirement of ElovI3 for the elongation
of FAs in hair lipids (Westerberg et al., 2004a).
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.L1.1.1.2 CerS

In mammals, six homologue genes are known to bt gdathe ceramide synthase family
(CerS1-6). Whereas a single enzyme appears to enfmoda ceramide synthase D
melanogaste(Bauer et al., 2009), three homologues are requir€l elegangMenuz et al.,
2009) andS. cerevisiaéSchorling et al., 2001; Vallée and Riezman, 2005 mammalian
CerS are characterized by their distinct prefereriogvards length and saturation grade of
acyl-CoA substrates similar to the Elovl proteitrs.addition, they exhibit a tissue-specific
distribution pattern, which has been described aweral reviews (Mizutani et al., 2009;
Mullen et al., 2012; Tidhar and Futerman, 2013)bl&al45 gives an overview about the

properties of the CerS family.

CerS5 and CerS6 for example exhibit their highdstity for C16-CoA (Mizutani et al.,
2005; Riebeling et al., 2003), whereas CerS1 peafd8-CoA (Venkataraman et al., 2002).
CerS4 uses mainly C18 to C22 acyl-CoAs for estatifon, butin vitro activity studies
demonstrate that it is also capable of the syrghekiC24- and C26-ceramides. Similarly,
CerS2 exhibits a broad affinity towards VLC- aogtidues ranging from C20 to C26 carbon
atoms (Laviad et al., 2008). Among the CerS fanibramide synthase 3 (CerS3) has been
identified to specifically synthesize VLC/ULC-Cadrstestis and epidermis (Jennemann et al.,
2012; Laviad et al., 2008). Deficiency of CerS3riite revealed the lack of 90% of epidermal
ceramides including ath-esterified ceramides. It was demonstrated thaatisence ofh-
Cers triggers an epidermal maturation arrest arbryonic pre-barrier stage. Alterations in
CerS3 mutant mouse skin include discontinuity of LELimpairment of the CLE,
hyperkeratosis, persistence of the periderm, noipiperal corneodesmosomes (CDs) and
defective profilaggrin processing. Consequentlyidepnal and antimicrobial barrier is
disrupted leading to pathogen invasidDaf(dida albicans and death shortly after birth
(Jennemann et al., 2012). CerS3 function cannog¢laced by one of the other five CerS, as
shown in cell culture experiments (Jennemann gR@lL2). Similarly to the affinity of CerS3,
Elovl4 is preferentially elongating FA to the lehgdf ULC-acyl residues (Agbaga et al.,
2008). Ceramide synthesis depends on both, thdssdod the CerS, which makes an enzyme
complex likely. Overexpression of Elovll with CerB2HEK 293 cells leads to ceramides
with C22- and C24-acyl chains, whereas the comininatf CerS3 with ElovIl shifts acyl
chain length in ceramides to C24- and to C26-adt@irs (Sassa et al., 2013). Elovil
knockout mice exhibit neonatal lethality due to evakloss caused by impaired epidermal
barrier formation, additionally total amount of Ggas decreased ©45%. Also, levels of

ULC-FA-containing Cers (C26 to C36) were signifitgrdecreased in the knock- out mice.
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This suggests the possibility of isozyme switchirgm Cers2 to CerS3 during keratinocyte
differentiation which drives Elovll to synthesiz&CoAs, further elongated by Elovl4 to
generate Cers withC26 ULCFAs andb-O-acyl Cers (Sassa et al., 2013).

Table 15 Tissue distribution and substrate specificjt of the CerS proteins.Tissue expression was summarized from
(Laviad et al., 2008)Lass: longevity assurance homolog; Uogl: upstretui@F1; Trh: translocating chain-associating
membrane protein homolog; T3L: Trh3-like protein.

Enzyme name Synonyms Tissue mMRNA| Acyl-CoA | References for substrate
expression substrate affinity
Nr. of C-
atoms
CerS1 Lassl, Uogl Brain, skeletal 18 (Venkataraman et al.,
muscle 2002)
CerS2 Lass2, Trh3 Kidney, liver 22-24 (Laviad et 2008)
CerS3 Lass3, T3L Testis, skin 26-36 (Sandhoff, 2010
CerS4 Lass4, Trhl Liver, heart, skin 18-22 (Rietzebt al., 2003)
CerS5 Lass5, Trh4 ubiquitiously 16-18 (Riebelinglet2003)
CerS6 Lass6, Trhl-like Intestine, kidney, 14-16 (Mizutani et al., 2005)
ubiquitiously

[.1.2 Skin barrier defects

The epidermal barrier is stabilized by TJs (Furetsal., 2002; Kirschner et al., 2010) but also
by the lipids and the lipid-embedded corneocytethan SC (Elias, 2005). The lipid matrix
around the corneocytes is composed of Cers, cleotdsind free FAs (50%, 25% and 15%
respectively). Minor components of this barrier aieolesterol-sulfates (2-5%), which
regulate protease activity during desquamatiorag&dt al., 1984; Sato et al., 1998) and free
sphingoid bases, important lipids for microbial etefe (Nagpal, Patel, and Gibson 2008;
Nenoff and Haustein 2002; Candia D. Payne, Ray,owining 1996; Veerman et al. 2010;
P W Wertz 1992; Bibel, Aly, and Shinefield 1992).

Lipid barrier formation begins with Cer formatioh the ER in keratinocytes by CerS and
Elovl proteins. This key step is followed by varsoprocesses, such as precursor lipid
processing and lamellar arrangement of OS/EOS-G&@ehin LBs and finally exocytosis

of the LB content into the extracellular space.réh@lcCers and SMs are converted back into
their corresponding Cers by the action of GlcCerasé acid SMase. Furthermore, FAs,
glycerol and cholesterol are released (from pholgplde and cholesterol esters, respectively)

by the secretory phospholipase A2 (sPLA2) and ctetel sulfatase. These components,
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together with Cers (OS, EOS), establish the exthenhgdrophobic extracellular lipid
lamellae (ELL) of the skin barrier (Candi et al00B).

Mutations or loss of function of the involved enasnresult in severe skin barrier defects. In
Gaucher’s disease for example depletion of Glc@eoasts activator protein prosaposin leads
to inhibition of GlcCer processing and of Cer fotima and consequently to impaired lipid
lamellar membranes and WPB loss (Doering et aB919 oss-of-function mutations in the
gene encoding for the keratinocyte transporter ABZA which supports lamellar
arrangement of EOS-GlcCers, have been describethriogllar ichthyosis type II (LI2) as
well as harlequin ichthyosis (HI). Both are sevautosomal recessive congenital ichthyoses
(ARCI), characterized by hyperkeratosis and perntigalbarrier loss. Ichthyotic lesions
revealed an accumulation of EOS-GlcCers, whereaS-E€rs were significantly reduced
(Zuo et al., 2008).

The important role of Cers, in skin barrier funatibas been determined by vivo andin
vitro studies of cutaneous disorders such as ichthylysissomal storage diseases, psoriasis
and AD. These diseases may result from environrh&attors such as allergens and irritants
(UV radiation, detergents, carcinogenic agents, stneks) but are also the result of genetic
defects affecting proteins of the lipid metaboliathways. Ichthyosis comprises a
heterogeneous family of dry hyperkeratotic skirodiers but may also be a symptom of more
systemic diseases such as lysosomal storage disémge Gaucher’s disease or Niemann-
Pick disease) (Doering, Thomas; Proia, Richard &andhoff, 1999, McGovern &
Schuchman, 2009). In Gaucher’s disease a defethenGlcCerase enzyme disturbs the
GlcCers degradation pathway, resulting in loss efsCand POS-Cers and followed by
permeability barrier breakdown. Congenital ichthgd€l) are diseases with deficits in Cer
and FA processing, leading to epidermal WPB laks, for example by mutations in genes
encoding for the ABCA12 transporter (Akiyama et &005; Jobard, 2002). Psoriasis is a
complex inflammatory skin disease of unknown etiglowhich may derive from genetic
(e.g.,flg gene mutation), infectious or environmental (estyess) factors. Psoriatic lesions are
characterized by a thickened dry scaling skin aashbinflammation. The overall reduction
of Cers in some psoriatic patients has been relateddecrease in SPT activity and reduced
de novoCer synthesis (Hong et al., 2007). Moreover, atajgrmatitis (AD) is a chronic
relapsing inflammatory skin disorder, also of unkmnoetiology. For long time, AD was
regarded as an immune-mediated disease fljtlene mutations leading to disturbed barrier

function were shown to be associated with atopgame populations (Palmer et al., 2006).
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Patients suffering from AD display dry, itchy skaith inflammatory rashes, and have a high
risk for bacterial or viral infections, about 4-dahigher than in psoriasis (Elias, 2005). In both
diseases, depletion of POS-Cers and an impairedll@morganization were considered to be
responsible for the subsequent WPB breakdown (Meichet al., 2002).

[.1.3 Antimicrobial barrier

In the protection from microbial organisms the irgnanmune system plays a number of
crucial roles (Holmskov, 2000; Medzhitov and Jangw2000a) and can for example also
limit the infection prior to the induction of adap immune responses. It also designates the
appropriate response type and effectors of thetagapnmune system appropriate for the
infecting pathogen (Bendelac and Fearon, 1997; kieolz and Janeway, 2000b, 1998). The
ability of the innate immune system to detect itilres microorganisms and to induce a set of
endogenous signals like the secretion of cytokimesnacrophages and natural killer cells is
important for proper immune function (Fearon, 199fanue, 1997). Innate host defense
components range from simple inorganic moleculas,(bydrochloric acid, peroxidases, and
nitric oxide)(Song et al., 2000) up to defensindsfénsin HBD1 (Mathews et al., 1999;
Weinberg et al., 1998)). Under normal resting cbads, antimicrobial peptides are thought
to be produced by keratinocytes near potentialtpadh microbial entry, such as around hair
follicles (Ali et al., 2001; Dorschner et al., 2Q0But after physical damage to the skin barrier
a quick elevation in antimicrobial peptide syntsgdémokawa, 2001) is observed. In addition
to direct antibacterial action, these peptidesagse chemotactic and can attract leukocytes to
sites of infection (Dale, 2002; Gallo et al., 2002has been suggested that the function of the
innate immune system and its components may nelirtonate infective bacteria, but to limit
their growth while signaling and activating the piilee immune system (Drake et al., 2008).
The migration of leukocytes to a site of infecti@upsequent phagocytosis by macrophages
and neutrophiles and thereby activating the adaptivmune system would complete the

response.

Specific (LC-) SLs are key players in antimicrobitdfense mechanisms of the skin. They
derive either from mature keratinocytes in the epius, or from sebaceous glands (Drake et
al., 2008; Gallo et al., 2002; Wertz and Downin§9Q). Burtenshaw showed in the 1940s
that lipid extracts from the skin surface havedbdity to kill Staphylococcus aureus vitro,

and it was thought that free fatty acids were ttieva agent (Burtenshaw, 1942). In addition
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to a potential role for antimicrobial FAs, studieave demonstrated high amounts of free
sphingoid bases (So, dihydrosphingosines, 6-hydqxyngosines) in the stratum corneum
(Stewart and Downing, 1995; Wertz and Downing, )99@veral studies have demonstrated
that these LC-bases are potent antimicrobialsadsinsicandida albicangBibel et al., 1989,
1995; Payne et al., 1996). Antimicrobial epiderii@ts are also a part of the innate immune
system of the skin. Lauric acid, sapienic acid, #msphingoid bases are all present at the
skin surface, and all have documented antibactest/ity against various potential skin
pathogens (Drake et al., 2008). In addition toftke ceramides in the intercellular spaces of
the SC the covalently bound ceramides of the ceadhienvelope may also be a source of

these LC-bases.

Patients with atopic dermatitis are colonized v@8traureussimilarly to psoriatic patients, but
suffer a much higher incidence of skin infectio®¥3 vs. 7%)(Christophers and Henseler
1987; Ong et al. 2002). An inverse correlation bagn demonstrated between the free
sphingosine level and the quantitative carriag&.odureusn AD (Strum et al., 1997). Also
in AD, the level of ceramides in the stratum comeis reduced, owing to a defect in
sphingomyelin and glucosylceramide metabolism teguin lower levels of free sphingosine
(Imokawa, 2001).

In contrast So (and Cer), S1P has been implicateaneédiating cell proliferation and
antagonizing Cer-mediated apoptosis (Spiegel anttstak, 2002). A model has been
proposed in which the balance between the intnaleglllevels of Cer and S1P, i.e. the
‘Cer/S1P rheostat’, could determine whether a s@iives or dies (Spiegel and Kolesnick,
2002). S1P is also known to regulate cell migrattbrough binding to its cell surface
receptors (S1Ps) (Hla, 2003; Spiegel and Kolesnick, 2002). S1Rbsndant in plasma and is
physiologically important, especially in the vassuand immune systems (Hla, 2003; Hwang
et al., 2005). S1P signaling is also involved ia itmmune system (Japtok and Kleuser, 2009;
Spiegel and Milstien, 2011), which was shown by tHescovery of the potent
immunosuppressive drug FTY720, which is phosphteglain vivo and binds to S1P
receptors (Brinkmann et al., 2002). Studies witltenivhose haematopoietic cells lack the
receptor S1P1, demonstrated that it is essentidyfophocyte recirculation from the thymus
and lymph nodes and that phosphorylated FTY720imdice the down-regulation of S1P1
on lymphocytes and inhibits their recirculation |g®ide et al., 2004; Matloubian et al., 2004).
Thus, it is well investigated that the egress ofid B-cells from lymphoid organs and their

localization in these organs are mediated by Sdiagng (Allende et al., 2004; Brinkmann et
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al., 2002; Kabashima et al., 2006; Matloubian et 2004). On top, S1P is involved in the

modulation of several functions of natural killezlls, neutrophiles, mast cells, macrophages
and DCs (Allende et al., 2011; Martino, 2007; Olaveand Rivera, 2011; Walzer et al., 2007;

Weigert et al., 2009). Most recently, it has bebovan that S1P influences Langerhans cell
(LCs) homeostasis (Christensen and Haase, 2012 &odal., 2012). It has been suggested
that S1P inhibits LC migration in contact hypersevisy mice (Gollmann et al., 2008).

1.1.3.1 Langerhans cells

A number of specialized antigen presenting cellB(A) is located in the skin, which belong
to the family of classical dendritic cells (DCsh the skin, one such group of DCs is the
Langerhans cell population. They can recognizecapture foreign haptens and are therefore
important cells for a first immune answer (Christem and Haase, 2012; Japtok et al., 2012;
Kaplan, 2010; Steinman, 2007). After recognitiorfatign molecules, LCs migrate to skin-
associated lymph nodes and cross-communicate wigmphocytes. As LCs are able to
initiate immune answers they have been discussertmtsal causes in the development of
allergic contact dermatitis ACD (Christensen anchsta 2012; Kaplan et al., 2012). In a
contact hypersensitivity (CHS) model to examinesesuof ACD, it was described that
topically applied S1P inhibited the inflammatoryacdon of CHS (Reines et al. 2009;
Christensen and Haase 2012; Roése et al. 2012)adt suggested that S1P inhibits LC
migration after antigen capture to the draining fZyytmode via the S1P1 receptor subtype
(Gollmann et al., 2008; Reines et al.,, 2009). Talpiadministration of S1P in high
concentrations could induce a S1P1 receptor inieati@n leading to reduced LC migration
suggesting a treatment possibility of ACD with SIBptok et al., 2012). Recently it was also
shown that S1P inhibits the ability of LCs to captantigen with participation of the S1P2
receptor subtype (Japtok et al., 2012). S1P isywmed from So by sphingosine kinases
(SphK) from which two types are known (SphK1 andsp) (Kihara et al., 2006; Liu et al.,
2002). A multiply of signaling pathways branchimgrh S1P are known and this complexity
can be explained by the fact that it functions i intracellularly but also acts as a ligand
of G-protein coupled receptors (GPCRs), when itsecreted into the extracellular

environment.

47



Part | - Results

.2 Results

Certain SC lipids have been suggested to have mntibnial activity also againstandida
albicans (Arikawa et al., 2002; Bibel et al., 1989, 1992;ake et al., 2008; Fischer et al.,
2013). Among them, decreased sphingosine levele haen suggested to play a significant
role in the vulnerability of microbial infections ipatients suffering atopic dermatitis or
psoriasis which are phenotypically colonized witathmgens (Ong et al.,, 2002). This
reduction in sphingosine concentration in diseg&€dcould be a consequence of diminished

ceramide turnover.

.2.1 Method development for quantification of sphingoidbases

Analyzing endogenous levels of sphingoid bases fcomplex biological samples requires
highly sensitive and compound-specific methods. uidgchromatography/tandem mass
spectrometry (LC/MS/MS) using electrospray ioniaati(ESI) is suitable for the reliable

simultaneous analysis of multiple compounds becatigs high specificity and sensitivity.

The first report of LC/MS/ MS for the quantitatie@alysis of sphingolipids was by Mano et
al. in 1997. They simultaneously analyzed SMs, C8cs and other compounds in cultured
cells. However, the chromatographic peak for phopgated sphingosine was broad in
selected reaction monitoring (SRM) mode, and séwher publications have also reported
this problem (Bielawski et al., 2009; Yoo et alD0B). The peak broadness can be caused by
binding of the phosphorylated group to residualahi&ns in the silica gel by a coordinate
bond as well as by zwitter-ionic properties of tmenpounds. The use of a certain pH and an
organic synthetic polymer as stationary phase ohibit this peak-tailing effect in LC with
silica gel (Saigusa et al., 2012). However, methagiag polymer-based columns often have

issues with reproducibility (Saigusa et al., 2012).

A method for the simultaneous detection of all egedmus sphingoid bases is required,
because S1P and So are thought to work in an dgomanner (Rosen et al., 2009). Using a
hydrophilic interaction chromatography (HILIC) cala, is a possibility which is often used
for the analysis of small hydrophobic compoundsweleer, HILIC columns perform poorly
in the separation of hydrophilic compounds suchplgspholipids, and often induce ion
suppression (Cutignano et al., 2010; Saigusa et28l2). C18-based columns separate
phospholipids well, and a simultaneous detectiomthotk for sphingoids in several types of
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tissue should be developed using this type of coludther methods for the determination of
So use gas liquid/MS, HPLC, and LC/MS/MS (Crossraad Hirschberg, 1977; lwamori et
al., 1979; Scherer et al., 2010). However, thesthoas were not applied to other sphingoids

and their phosphates and required sample deriviatiza

Saigusa et al. (Saigusa et al., 2012) were the tirsdescribe a method in which they
addressed the peak-tailing problem of S1P, andblestad a simple and effective method for
the simultaneous quantification of seven sphingaglag a simple methanol deproteinization
and LC/MS/MS. They used a Capcell Pak C18 ACR cal§in5 mm i.d.x 250 mm, g8m,
Shiseido) to obtain good peak shapes. Neverthelessere not able to reproduce these data
by applying this method on our instrument (AcquilyLC® I-class, Waters) and by using a
C18-BEH column (2.1 mm i.d. x 50 mm, 1.7 um, W3aters

In 2011 an application note of waters was publisfisdac et al., 2011) in which they
described the use of a Ultra Performance Liquido@tatography (UPLC®) with Charged
Surface Hybrid (CSH™) C18 Technology. This colunimows superior performance over
traditional reversed-phase techniques and givesdassitive separation of lipids based upon
their acyl chain length, and the number, positeomj geometry of double bonds providing an
attractive solution for analyzing complex lipid riixes in biological samples and

comparative lipidomic analysis.

Additionally of performing on a CSH column to inas& quality of peak shape we decided to
use citrate in the sample solvent as metal ion-hizaty additive (Seidler et al., 2011). With
this method we were able to increase peak qualitylf measured sphingoid bases as shown
in Figure 9 and Figure 10.
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Figure 9 Chromatogram of non-phosphorylated ¢phingoid baseswithout and with CSH comlumn. Using of CSt
columns improves the peak shape

In the chromatograms of both, the non-phosphorglated phosphorylated sphingoid bases,
you can see the comparison of measurements ofedefimounts of standard substances on a
normal RP-18 column in opposite to the measurementsa CSH- column. For non-
phosphorylated sphingoid bases like Sphingosin€:{d1d18:1; d20:1) and Sphinganine
(d17:0; d18:0; d20:0) with peak widths of 0.3 mihere is hardly any improvement to be
seen, but that the peak shape is improved. Focdihresponding 1-phosphates peak tailing

can be strongly reduced and peak width shortened.
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Figure 10 Chromatogram of phosphorylated ¢phingoid baseswithout and with CSH comlumn. Using of CSH columr
improves both peak shape, by suppressing peakgadnd resolution.

By using the CSH- column peak widths for the phosplated compound could be improved.
Peak widths of 1.25 up to 1.75 min can be shorteéne@ 3 min, hence by factor 4 for all
compounds. For SalP (d17:0) a signal can be ddtedtle the CSH column, where was none
by using a RP18 column. Nevertheless, peak tadargt be completely inhibited but greatly
improved. Furthermore it could be assured thatstiterated and unsaturated forms of each
compound are eluting at different time points st tho peak overlapping occurs. For both the
phosphorylated and non- phosphorylated, the satlirsdmpounds elute approximately 0.5-

0.1 min later.

LC and MS condition details can be found in Tal8eaahd in materials and methods.
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Table 16 LC and MS conditions for measurement of sphgoid bases

LC systen: ACQUITY UPLC Gradient
Column: ACQUITY UPLC CSH C18, 2.1 x 100 —
mm. 1.7 um Time Solvent A | Solvent B | Slope
= [min] | [%] [%]
2.0 57 43 linear
Flow rate: 400 pL/min 2.1 50 50 concave
. o . 12.0 46 54 linear
Mobile phase A Acetonitrile/water (60:40) with 757 30 70 concave
10 mM ammonium formate and 0.1% formic acid18.0 1 99 linear
18.1 60 40 li
Mobile phase B Isopropanol/acetonitrile (90:10 20 60 20 clgre\f;ve

with 10 mM ammonium formate and 0.1
formic acid

Sample solventisopropanol/acetonitrile/ water
(2:1:1); 50mM citrate

[.2.1.1 Method validation

LC/MS/MS was conducted on a Xevo TQ-S (Waters)ldriguadrupole mass spectrometer
equipped with an ESI source coupled to an Aquihass UPLC. Out of product ion scans the
transitions of each compound were determined. Mainsitions of the [MH]ions to their

product ions are described in Figure 11 and wemansed up for quantification proceduFer

sphingoid bases and corresponding 1-phosphates thagor transitions were observed and
for CerlP four major transitions, which are dudass of water, formaldehyde, phosphoric
acid and/ or the acyl chain. The operating cond#tizvere then optimized for each compound
by continuously infusing standard solutions disedlin methanolic 5mM ammonium acetate
(10.0 uM) at a rate of 5uL/ min, while recording the respective transitioithmncreasing

collision energies. The optimized collision enesgier the chosen transitions can be found in
Table 17. ESI was performed in the positive ion exdor all compounds. Samples were

analyzed in the SRM mode, using the transitionghef [M+H]" precursor ions to their
product ions.

For sphingoid bases and ceramides the followingnfientation patterns, shown at the

example of compounds with So(d18:1) as core stracta MS are most prominent:
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® [M+H- (H,0, CH,O)I"

18

@ M+H-@HO) OH So(d18:1)
@ M+H-(1H,0)]"

@ [M+H - (H3P04)]*
H NH,

OH
HO

® [M+H- (H,0, H,PO,)*
@ M+H- (1H,0)]"

c
@+® m+h- (H,PO,, Acyl)]*

” fatty acid moiety
. NsQ/\/\/\/\/\/\/\

OH

O§|:‘>/O

HO
@ féﬁ“\ Cer1p

[M+H- (H,PO )"
@ M+H- (1H,0)"

Figure 11 fragmentation patterns of standard substaces.Shown are sphingosine(d18:1), S1P(d18:1) and aicids
ceramide(d18:1;16:0). For So(d18:1) and S1P andesponding compound three major transitions arerobd and for
CerlP four major transitions, which are due to Wwfssater, formaldehyde, phosphoric acid and/ orabyd chain.

a): for pure sphingoid bases without any estetificeone or two water molecules can be

cleaved off (1 and 2), or one water together witbrenaldehyde molecule (3).

b): for sphingoid bases with phosphorylation atboar atom 1, one water molecule (1),
phosphoric acid (2) and water and phosphoric &)id4n be cleaved off.

c): for ceramide-1-phosphates four different fragtagons are possible- one water molecule
and phosphoric acid (1 and 2), both together (1&8)well as phosphoric acid and the
attached acyl-chain (1+3).
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Table 17 Optimized collision energies and of majoransitions of phosphorylated and free sphingoid bass.

m/z of Transition to Transition to Transition to
[M+H] " [M+H-1H,O]"/ [M+H-2H,0]"/ [M+H-(1HO
collision energy  collision energy  + CH,O)]*/
collision energy

Sphingosine(d18:1) 300.282 282.26/4 eV 264.27/ 10 eV 252.28/8 eV
Sphingosine(d17:1) 286.267  268.24/ 3eV 250.25/ 11eV 238.26/9eV
sphingosine(d20:1) 328.314 31028/2eV 292.29/16eV 280.3/9eV
Sphinganine(d18:0) 302.298  284.25/4eV 266.26/4eV 254.27/12eV
Sphinganine(d17:0) 288.282 270.27/6eV 252.28/5eV 240.29/14eV
Sphinganine(d20:0) 330.329  312.32/5eV 294.31/8eV 282.3/16eV

Transition to
[M+H-1H ,0]" /
collision energy

1-deoxysphingosine(m18:1) 284.288  266.28/4eV

1-deoxymethylsphingosine  270.272 252.27/5eV
(ml17:1)

4- 304.277  286.27/6eV
hydroxysphinganine(t17:0)

Transition to Transition to Transition to
[M+H-1H ,0]" / [M+H —H PO "/ [M+H —
collision energy  collision energy  (HsPO,+H,0)]*

/ collision
energy
sphingosine-1P(d18:1) 380.249  362.24/2eV 282.23/2eV 264.22/8eV
Sphingosine-1P(d17:1) 366.233 348.23/2eV 268.22/2eV 250.21/9eV
Sphingosine-1P(d20:1) 408.28 390.28/6eV 310.27/11eV 292.26/4eV
Sphinganine-1P(d18:0) 382.264 364.26/2eV 284.25/2eV 266.24/8eV
Sphinganine-1P(d17:0) 368.249  350.25/2eV 270.24/3eV 252.23/9eV
Sphinganine-1P(d20:0) 410.296 392.29/2eV 312.28/0eV 294.27/10eV
Transition to Transition to Transition to Transition to
[M+H-1H ,0]" / [M+H —H PO,/ [M+H - [M+H —
collision energy  collision energy  (HsPO,+H,0)]" (H3;PO,+R-
/ collision COOH)]"/
energy collision energy
Ceramide-1P(d18:1/16:0) 618.505 600.5/14eV 520.5/3eV 502.5/6eV 264.5/20eV
Ceramide-1P(d18:1/12:0) 562.442  544.4/16eV 464.4/2eV 446.4/4eV 264.4/22eV
Ceramide-1P(d18:1/24:0) 730.630 712.6/2eV 632.6/9eV 614.6/9¢eV - 264.6/28eV
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Despite high precision, systematic errors can teacariances between measured values and
true values. Further method validation was achidwedonsidering and determination of the
following typical validation characteristics: detien and quantification limit, linearity and

range and reliability.

The linear dynamic range of each analyte was détedrby calibration curves prepared with
each standard alone, as well as in presence ofarepidermal matrix. Standard rows were
prepared in triplicate and also injected in triptee Linear regression on the calibration curves
was performed. Sphingosine(d14:1), sphingosinedll-P() and ceramide-1-P(d18:1;12:0)
were chosen as internal standards as these congpaomdow abundant in most tissues. The
relative response factors (rRF) were calculatecbtoect for the real analyte concentration in
samples as well as in standard curves. It is auneas the relative mass spectral response of
an analyte compared to its internal standard.

rRF = [Area(samplek theor.Conc.(IS) / [theor.Conc.(sampleX Area(IS)]

Each relative response factor (rRF) representsltpe of the line between the response for a
given standard and the response of the concentraéim, the origin (Barra et al., 2014). The
average calibration factor or relative responséofacf the standards for each analyte is then
used to calculate the concentration of the sanke.rRF values lying in a range between
approximately 0.8 and 1.2 no correction of respassecessary (Chakravarthy et al., 2011).
As most of the calculated values are out of thigea all calculated rRFs were used. The like

this calculated rRF are listed below.

Table 18 List of calculated relative response factor8RFs)

mean rRF % SD
So(d18:1) 2,04 10
So(d17:1) 2,74 8
So(d20:1) 1,49 10
Sa(d18:0) 1,98 17
Sa(d17:0) 1,41 11
Sa(d20:0) 0,69 8
1-deoxy-So(m18:1) 2,25 16
1-deoxymethyl-So(m17:1) 0,73 15
4-HydroxySa/PHS (t17:0) 0,22 49
So1P(d18:1) 3,02 20
So1P(d17:1) 1,33 6
So1P(d20:1) 0,42 5
SalP(d18:0) 0,18 29
SalP(d17:0) 0,46 30
SalP(d20:0) 0,14 14
Cer1P(d18:1,16:0) 0,81 7
Cer1P(d18:1,12:0) 1,17 9
Cer1P(d18:1,24:0) 0,77 10
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These rRF values were then used to correct foctmeentrations of the measured standard
curves. Results can be seen for the sphingoid baségure 12 and their 1-phosphates in
Figure 14.

1400
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Figure 12 Calibration curves of available unphosphrylated standard substancesAll curves have R2 between 0,9947
and 0,9992. The relative response factor (rRF) wedsulated out of these curves and used for cooeatif analyte
concentration in samples. The volume of 10ul cpaasds to the injection volume. n= 3 samples.

Calibration curves with a slope of 1 are optimalithAthis method for non-phosphorylated
sphingoid bases slopes between 0.7 and 2.5 ardecaevhereas the coefficients of
determination (R?) range from 0.995 to 0.999. Besponse is found for So(d18:1) and
weakest response is found for Sa(d20:0). It habetoconsidered that in these plots the
uncorrected curves are shown, which directly rédlébe quality of the response for each
compound. Later on the rRF values were calculateabthese curves and they were applied
for their correction. This results in correctedhstard curves with a slope of 1

56



Part | - Results

1200 -

1000 I y=1,9776x + 7,1001

J' R?=0,9988

500 1-deoxy-So(m18:1)

rRF=2.2 + 16%
= 1-deoxyCH350(m17:1)
600 rRF=0.7 £ 15%
‘PHS(t17:0)

rRF=0.2 + 50%

So(d14:1)

400

y =0,6158x +3,4477
R?=0,9967

200 -

_V=0,1209x +4,8818
R?=0,974

measured non-corrected concentrations [fmol/10ul] in response to IS

0 100 200 300 400 500 600

theoretical concentration [fmol/10pi]
R2= 0,974-0,9988

Figure 13 Calibration curves of available standardsubstances.All curves have R2 between 0,974 and 0,9988. The
relative response factor (rRF) was calculated odhe$e curves and used for correction of analyteeutration in samples.
The volume of 10ul corresponds to the injectiorunmé. n= 3 samples.

The curve of 4-hydroxysphinganine(t17:0) (PHS)he flattest and is therefore not to be
qguantified with this method. For 1-desoxy-So(m18:4) slope of 1.9 and for 1-
deoxymethylsphingosine(m17:1) a slope of 0.6 ahicaed.

For 1-phosphorylated sphingoid bases slopes betvde@d and 0.48 are accomplished,
whereas the coefficients of determination (R?) eafiggm 0.996 to 0.9997. The detector
shows the weakest response for S01P(20:0), Salp(1SalP(20:0) and SalP(18:0). In
general the responses for the saturated sphingasg®m lower than for the corresponding

unsaturated sphingosines.
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Figure 14 Calibration curves of available phosphoriated standard substancesAll curves have R2 between 0,987 and
0,999. The relative response factor (rRF) was caledlout of these curves and used for correctiaanafyte concentration
in samples The volume of 10ul corresponds to tjeefion volume. n= 3 samples.

For further determination of method quality LODdrOQs were determined by the signal

to noise ratio (S/N). The limit of detection (LOM¥) determined by a signal to noise ratio

(S/N) of 3 and higher as well as the limit of quication by a signal to noise ratio of 10 and

higher. Therefore S/N was determined for each camgoout of the before established

calibration curves. For the measured analytes tba@nbackground was substracted from the
peak height and divided by the standard deviatiotih@ background height, as described in
the equation below:

S/N= ((mean analyte signal- mean background)/ standl deviation of background)

In Table 19 the like this assigned LOD and LOQ aallvas the exact S/N for the
corresponding concentration are shown. For the ralbshdant sphingoid base, So (d18:1),
the detection limit is found at ~0.25 fmol, and thentification limit at approximately 1 fmol
of the injected compound. For the 1-phosphorylai@ungoid bases the LODs and LOQs are
in general higher and LOQs are estimated betweesmd430 fmol. PHS as described already
for the calibration curves has a LOQ of 480 antherefore not to be quantified with this

method.
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Table 19 LOD and LOQ for guantification of sphingoid bases

Quantification
Detection limit limit (fmol); S/N >
(fmol); S/N = 3 S/N 10 S/N

So(d18:1) 0.25 5.83 1 10.03
So(d17:1) 0.25 4.98 2 10.70
So(d20:1) 0.5 3.38 4 12.03
Sa(d18:0) 0.25 3.49 2 14.61
Sa(d17:0) 0.5 3.81 4 14.79
Sa(d20:0) 2 3.88 7.5 12.76
1-deoxy-So(m18:1) 0.5 3.59 2 16.97
1-deoxymethyl-So(m17:1) 2 3.30 7.5 11.04
PHS(t17:0) 4 3.04 480 13.74
So1P(d18:1) 0.25 3.37 4 10.03
So1P(d17:1) 1 4.09 7.5 12.26
So1P(d20:1) 15 3.75 60 10

SalP(d18:0) 4 43 30 10.47
SalP(d17:0) 4 3.27 30 14.2
SalP(d20:0) 0.25 40.39 0.5 42.63
Cer1P(d18:1,16:0) 1 3.62 8 13.46
Cer1P(d18:1,12:0) 2 6.10 8 15.79
Cer1P(d18:1,24:0) 0.25 8.06 1 10.96

The Z-factor is a measure for the power or theitjuaf a large assay (Birmingham et al.,
2010; Zhang, 1999). It is widely used in high-thgbput screening assays to judge whether
one particular sample is significantly differentaomparison to a positive or negative control.

The Z-factor is calculated with the following egoat
Z=1-((3SD of sample + 3SD of control)/ (meansafmple — mean of control))

Ideal Z-values equal 1, which can’t be reachedractice. In excellent assays the Z-factors
are between 0.5 and 1, whereas for a marginal dastyrs range between 0 and 0.5. Assays
with Z factors lower than O are practically not fuseln practice, assays with values >0.2 are
often defined as poor, but not impossible. Thisvisy we decided to group our data into
possible assays with values ranging from 0.2-1 iambssible assays with factors from 0-
0.2.

In Table 20 and Table 21 the calculated Z-factorsefach standard are displayed. In green
values are labeled, in which the factor indicatepoasible assay. In general for injected

amounts of about 15 fmol assay quality is acceptabl
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Table 20 Z- Factor of unphosphorylated sphingoid bass.In green values are marked which the Z-factor datess as
possible assay. The red line indicates the avetaggetion limit.

Z'-Faktor
1-
1-deoxy- deoxyCHsSo(m1
So(d18:1) So(d17:1) So(d20:1) Sa(d18:0) Sa(d17:0) Sa(d20:0) So(m18:1) 7:1)  rRF= 0.7 PHS(t17:0)
rRF=2.03+10% rRF=2.7 + 8% rRF=1.49+10% rRF=1.9%17% rRF=1.4+11% rRF=0.69 + 7% rRF=2.2+16% +15% rRF=0.2 + 50% fmol

For the non-phosphorylated sphingoid bases, Salyi2biows the best result. Here with an
injected amount of ~4fmol, we achieve already Ztéacabove 0.2. For 1-desoxy-So(m18:1)
the result is even better, as the Z-factor is alib2ealready at amounts lower than ~2 fmol.

The poorest results shows 4-hydroxysphinganine JPWi#h acceptable Z-factors at an
injected amount of 244 fmol, which confirms theules of the previous tests, that PHS should

not be quantified with this method.

Table 21 Z-factor of phosphorylated sphingoid baseand ceramides.In green values are marked which the Z-factor
determines as possible assay. The red line indithéeaverage detection limit.

CerlP(d18:1.16 Cer1P(d18:1.12 CerlP(d18:1.24
So1P(d18:1) So1P(d17:1) So1P(d20:1) Sa1P(d18:0) SalP(d17:0) Sa1P(d20:0) :0) :0) :0)
rRF=0.43+5%  rRF=0.35+5% rRF=0.12+6% rRF=0.06+11% rRF=0.1+4.4% rRF=0.07+24% rRF=04+3%  rRF=0.5+3.7% rRF=0.3+8.7%

For the 1-phosphorylated sphingoid bases, the @@18P1;12/16/24:0) show the best result.
For injected amounts of ~2-8 fmol, we achieve alyed-Factors above 0.2. The poorest
results show So1P(d17:1) and So1P(d18:0) with aabbpZ-factors at an injected amount of
~60 fmol.
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At last proof of reliability, experiments were pamined by measuring sphingoid base amounts
in positive controls. Samples were chosen wheeealitire already described the presence of
So (d18:1) and SolP (d18:1) (Mouse liver, kidnegid8sa et al., 2012); HeLa (Shaner et al.,
2009); Plasma Sol1P (He et al., 2009); Plasma Sgu&aet al., 2012)). Results show that all
literature values are close to measured valuestaidhe method is reliable (a more detailed
description of So composition in HelLa cells carfdaend in the upper right corner of Figure
16. Because the S1Pcontent in cells is usuallyi@wmeasured it in plasma samples, as S1P
is stored in platelets in higher amounts. We cald@tkct in S1P in plasma samples in amounts
of 3 pmol/ul.

positive controls

B3 So(d18:1)  rRF=2,03 + 10%
B SolP(d18:1)  rRF=0,43 +5%

Figure 15 Comparisons of data derived by own LC-MS/Nb method in mg wet weight or per pl with that publshed in
literature in the same units (sources are cited ithe text).n= 3 biological samples per group.

1.2.2 Quantification of sphingoid bases in epithelial tisue

In stratum corneum of skin, ceramides are cleawethb secreted acid ceramidase during
terminal cornification and acidification to yield the corresponding FA and free sphingosine.
Therefore it is likely that a reduction of ULC-cer@es, observed in CerS3 mutant mice

(Jennemann et al., 2012), would lead to a redudidree sphingosine.

For this purpose epidermal (skin) samples werentélaen mutant CerS3 and Ugcg mice.
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1.2.2.1 Sphingoid bases in CerS3 deficient epidermis
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Figure 16 Quantification of free and phosphorylatedsphingoid bases as well as ceramide-1-phosphatesskin of
CerS3 mutant mice As internal standards (IS) So (d14:1), SolP @1dnd CerlP (d18:1; 12:0) were used and values were
corrected with the rRF. In mutant mice the sum etfand phosphorylated sphingoid bases and ceraiRidelues are
significantly reduced to ~16%. n=3 biological saegpper group. Ttest was applied on 5% level.

In epidermal extracts of mutant and control migahilsgosine(d18:1) is found to be most

abundant. Also present but low abundant, is splsing¢d17:1) and the matching dehydro-

compounds of sphingosine: sphinganine(d18:0) artdngpnine(d17:0). Another known

sphingoid base, sphingosine(d20:1) was not quabtdiin mouse epidermis. Most of the

phosphorylated analoga of the residing sphingoidseb®a and ceramides, besides
CerlP(d18:1/16:0), are not detectable or below t(@.

In the ko levels for sphingosine(d18:1) are de@dawm 10 % compared to the wt. For

sphingosine(d17:1) values are reduced to 14% of whelevel. Similarly, significant

reductions can be found for sphinganine(d18:0) dhtictQ). In the upper right corner of

Figure 16 a comparison of the sphingoid composiaod amount found in HelLa cells is
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shown The composition is similar to that found pidermis, with So(d18:1) being most
abundant followed by So(d17:1). Strikingly diffetaa that in 1 mg of dry weight of HelLa
cells, 100 times less So(d18:1) is present versasyn600 pmol of So(d18:1) per mg DW in

epidermis of CerS3 control mice (wt).

1.2.2.2 Sphingoid bases in Ugcg deficient epidermis

In an earlier study mice with constitutivdgcg gene deletion in the epidermis were
investigated (Jennemann et al., 2007). Newborn ndieel at postnatal day P5 due to
dehydration upon WPB loss, thus demonstrating thportance of Cer-glucosylation in
epidermal barrier development. Complete loss ofC8fs and accumulation of the free
hydroxy Cers was observed together with distortd$.LAlthough the total amount of
epidermal protein-bound ceramides remained uncliarfgee o-hydroxy Cers increased 4-
fold andw-hydroxy SM increased in amounts comparable togleddsamounts of lost GlcCer
(Jennemann et al., 2007).

To investigate if loss of GlcCers has, similar ter&3-deficiency, an influence on the free

sphingosine levels, the latter were quantified BNMS/MS (Figure 17).
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Figure 17 Quantification of sphingoid bases in comitutive keratinocyte specific Ugcg mutant mice.As internal
standards (IS) So (d14:1), SolP (d17:1) and Cer1B:1d 12:0) were used. Levels show no significaffeences. n= 3
biological samples per group.

The main compound is sphingosine(d18:1), with Sé(t)lbeing the next highest value. So
(d18:1) levels are by trend elevated in the koopposite to this trend all other sphingoid
bases show no significant differences. Increadiegsample number would probably lead to
significant differences, but due to a lack of dbligasamples this experiment was not

performed.

1.2.2.3 Sphingoid bases in other epithelial tissue

The Epidermis is not the only epithelial tissuariammals it also lines the inside cavities and
lumen. In all tissues epithelial cells provide atpctive barrier against harmful extracellular

factors and infectious microorganisms. The surtactederm also forms the epithelium of the
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oral cavity and tongue, where the defensive baisiestablished by appendages such as teeth,

filiform papillae, taste papillae, and salivarymis (Jonker et al., 2004).

Dorsal epithelium of tongue of CerS3 d/d and cdntiize was taken and lipids extracted like
described in the methods section. Even though ribygepties of epidermis in skin and tongue
are similar, the results in Figure 18 show no simitend of reduction of sphingoid bases like
seen in CerS3 deficient mouse epidermis. The bligian pattern is also unlike the one seen
in epidermis of skin, besides that So(d18:1) isriast abundant compound, as well as the
data of ko animals is very inhomogeneous. A redspithat could be that only n=2 animals

for wt and ko respectively could be sampled andyaed.

Sphingoid bases in epithelium of tongue
400

1[pmol/mg DW]
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Figure 18 Quantification of free and phosphorylatedsphingoid bases in epithelium of tonguéAs internal standards (IS)
So (d14:1), SolP (d17:1) and CerlP (d18:1; 12:0pwsed. Levels of sphingoid bases are not sigmifig altered in
control and mutant samples. n=2 biological sampérsgroup.
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[.2.3 Dendritic cells and immune barrier

The most important dendritic cell family locatedthe skin is the Langerhans cells, which
capture foreign antigens. (Christensen and Ha&¥e?; Kaplan, 2010; Steinman, 2007). S1P
is known to be able to attract DCs (Maeda et @72 Matloubian et al., 2004; Olivera and
Rivera, 2011; Yasuhiro et al., 2007) and could ésponsible for the migration of LCs and

DCs into epidermis. Via MS we could detect a desedalevel of sphingosine (d18:1)

suggesting an altered level of its product S1P.

To further investigate the high infection risk imroCerS3 mouse model, demonstrated by

candida albicansnfection, dendritic cell populations in the epiches were studied.

Like described in the methods section a modifiethoe to immunolabel mice full epidermal
sheets was established (Chorro et al., 2009). lrthags cells express the lectin langerin
(CD207) on their surface, which can be used as rkendor LCs in mice and humans. As
LCs are also positive for the common DC marker C48taining procedure was established
and full skin sheets of CerS3 mutant mice and otsitinvestigated. In Cers3 deficient
newborn (P0O) mice increased amounts of CD45 pesdendritic cells are found to infiltrate
the epidermis compared to the wt and is suggestm@bnormal reacting immune system
(Figure 19 A and B; CD45 in red). To identify thedendritic cells as the unique subset of
LCs, double staining of CD45 and langerin was pengd (Figure 19 C and D).
Unfortunately we determined that mouse langeristasting to be expressed with the age of
P5 and not yet with the age of PO. Due to the lgthanotype of newborn CerS3 deficient
mice, LC identification at PO was unsuccessful. &theless at P5 all the CD45 positive cells
found in control (wt) epidermis are positive fondgerin, identifying them as LCs. Only one
single langerin+ cell could be found in the ko &t Purthermore numbers of CD45 positive
cells in epidermis of newborn (P0) mice were caltaed per area of a 20x magnification field,
revealing a significant increase of 400% in theckanpared to the control (Figure 19 E). On
the other hand we find a decrease of CD45 postels in epidermis of embryonic mice
(E19), which is shortly after the epidermal barrierestablished. This indicates that non-

sterile circumstances influence the health of thienals at PO.
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To verify these results, ko and wt full skin of miat the age of E19 and PO respectively, were
incubated under sterile conditions over a timeqeeiof 3 days on a humidified collagen
matrix to keep tissue alive (Figure 19 F).Then Epiwis was taken and stained for CD45
positive cells with the same procedure describedhf® previous experiment. This enabled us
to track the migrational behavior of DCs througk ttermis towards epidermis and to avoid
secondary immunological effects caused by undierifior the wt both at PO and E19 DCs
move constantly from dermis to epidermis over tideubling their amounts in epidermis,
even though at E19 amounts of DCs are ~3 timesrlthvean at PO (Figure 19 F). In opposite
results are not clear for the ko. At PO DCs seendisappear over time, even though a
migration back into the dermis is very unlikely. B19 there seems to be a tendency that DCs
infiltrate more slowly or to a lesser extent thedepmis than compared to the wt, but in

comparison to PO DC amounts is steady.
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Figure 19 CDA45 staining in epidermis of CerS3 mutarnmice. A and B:In Cers3 deficient newborn (P0O) mice much more
dendritic cells invade the epidermis than in cdstro = 3 biological samples per group. C and Dulde staining of CD45
and langerin in wt and ko. n= 3 biological sampdes group. Blue=Dapi, red= CD45, green= DC207. E:NunalheCD45
positive cells at PO and E19 for wt and ko. At PA08% increased level of CD45 positive dendritidsced found in the ko
compared to the wt. At E19 DC amount is decrease2D% in ko skin compared to the wt. Rumber of CD45 positive
cells for PO and E19 during 3 days of incubatioradrumidified collagen matrix to investigate migwatl behavior of DCs
under sterile conditions. For the wt, at E19 and PO amounts in epidermis increase over time. Ferkiln DC amounts
decrease over time at PO. At E19 DC amounts in theaky, but show the tendency of reduction betwaay 1-3. n=3
biological samples per group. Ttest was applied &6 level.

68



Part | - Results

1.2.4 Sphingosine and antimicrobial barrier

Studies have demonstrated significant levels c& Bphingosines in the epidermis (Stewart
and Downing, 1995; Wertz and Downing, 1990) and/ tivere demonstrated to be potent
antimicrobials also againsandida albicangBibel et al., 1989, 1995; Payne et al., 1996).
Also an inverse correlation has been demonstragdslden the free sphingosine level and the
amounts ofS. aureusn atopic patients (Strum et al., 1997), whichroects free sphingosine

with an impact on a proper antimicrobial barrier.

To further investigate if the observed high infentirisk, especially focandida albicansof
our CerS3 mouse model (Jennemann et al., 20128lates with a function of So, infections
assays in the presence or without addition of Sceweerformed. Therefore on skin of
newborn CerS3 deficient and control mice sphingosivas topically administered. To
enhance transdermal delivery So was dissolved imater/ propylethylenglycol mixture
(Ramesh Panchagnula et al. 2001). Then skin wabated for 60h witltandida albicans

Figure 20 shows the results after infection. Wt &odCerS3 mice which were treated either
with a solution of So in PG and water, with PG avater alone or without any additives. On
wt skin the growth otandida albicansn the surface seems generally lower than on ehe k
Furthermore, in comparison to samples without Be,growth can be visibly reduced on the
ko and wt surface by addition of So (Figure 20 @ the negative controls growth is by
trend lower on the wt than on the ko. However thigarison of th&o without any additives
(neg. control) shows that on samples treated withwithout Socandidacells are growing
less. By looking not only at the growth on the aod, but at the infiltration depth it seems
that infiltration depth is smaller in the So trehte@ samples than in So- untreated samples.
The wt is not invaded by the fungus at all. In kwenegative control many more infiltration

sites compared to treated and non-treated sanegsesent.

Statistically Figure 20 B shows that bacterial gitovwof candida can be inhibited by

sphingosine. The colony forming units (CFU) werkglkated for the samples with or without
the treatment of So. For both sample types the GHalver for the wt than for the ko. For the
untreated sample pair the CFU is even significadiffierent, which supports the histological
results in Figure 20 A. Furthermore the CFU is sigantly smaller in the with So treated ko
sample than in the untreated ko sample. In thetivegeontrols the CFU of the wt is smaller
than that of the ko. To be able to also measuréifferences in infiltration sites, the numbers

of active infiltration sites per section in the kb treated and non-treated samples were
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counted. Per section the amount of infiltratioesits by trend smaller in the samples treated
with sphingosine, than compared to the ones witlspiingosine. In CerS3 deficient skin
treated with So approximately 0.5 candida invadiitgs per section could be detected, while
the skin without So treatment is not significardifferent with 0.7 sites per section. As only
very few infiltration sites could be detected théa between with So treated ko samples and
untreated ko samples was calculated (Figure 20AQatio smaller than one implies less
infiltration sites in the whole sample of treatemmpared to untreated ko skin, which is true

for all four ko samples. No significant differencesre observed.
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Figure 20 Infection assay A: whole skin of CerS3 mutant mice was treatedhgjphingosine to restore the antimicrobial
barrier; n=4 biological samples per group (wt aofl IB: statistical analysis of growth of candidaiedims. With So treated
ko skin samples have significantly less growth lo& surface. C: the numbers of infiltration siteCerS3 deficient skin of
candida were calculated. With So treated samplew &ly trend less sites. So reduces infiltratioesshiy trend, which is why
the Quotient of treated to untreated samples camggthe infiltration sites of candida is smallkanh one. Ttest was applied
on a 5% level.
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.3 Discussion

For establishment of a method to quantify multiglehingoid bases and sphingoid-1-
phosphates, including ceramide-1-phosphates, depamameters had to be optimized. First of
all the usage of a CSH-column improved the resmiutand the peak shapes of the
phosphorylated compounds. By the surface chargeshencolumn material, interaction
between the analytes and stationary phase couldnpeoved and peak tailing strongly
reduced. Additionally citrate added to the sampdésent, captures contaminants of the
solvent system, such as metal ions, by complexiegitand removes them out of the system
(Winter et al., 2008). The like this blocked pasiis on the column material by contaminants
are given free and interaction between analyte stationary phase increased. A common
problem of sphingolipid phosphate analysis by LCAMS is its carryover caused by
zwitterionic properties of the analytes (Berdyshatval., 2005). While in classical HPLC
postcolumn derivatization and the use of phosphattered eluents can prevent S1P
carryover, for LC-MS/MS analysis residue-free sotgeare required. Any solid residues will
accumulate in the ion source and interfere with rtteasurements. In this case residue free
additives for the mobile phase like formic acid armdmonium formate can be used. Carry
over was avoided by injecting blanks between eved0 samples, which prevents false-
positive signals. Furthermore, while determining tbptimal collision energies for each
transition, we observed that for the classical sgbid bases and also for the sphingoid base-
1-phosphates water loss appeared already at lovakMs by in source decay. Therefore each
compound was detected by 3-4 transitions from tiiH] " mother ion, which were added
up for quantification yielding in a higher specific So far, most methods for quantification
of sphingoid bases used only one transition foheammpound (Saigusa et al., 2012; Schmidt
et al.,, 2006). However sphingoid base-1-phosphshbesved a lower response and higher
limits of detection and quantification than theresponding classical sphingoid bases. With
this method sensitivity for these compounds cowltbe further improved. Nevertheless, the
method was reliable as shown with the measurenfgmisitive controls. Levels of S1P were
generally low in cells, but we could verify that aseired amounts in plasma samples and in
HelLa cells are in the same range than in publisitexdture.

Quantifying the endogenous sphingoid bases revdalgtdin CerS3 mutant epidermis the
levels for sphingosine(d18:1) were decreased t&ol€bmpared to the wt, which equals the
reduction of ceramide. Sphingosine(d17:1) valueseweduced to 14% to that of the wt level.

These reductions were most likely caused by a deeteceramide processing in the SC in the
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CerS3 mutants. As sphingosines are derived fromntiele-degradation, it seems that reduced
substrate concentrations are directly converten ietluced steady state levels of sphingosine
in epidermis. The reduction of sphinganine that banprincipally synthesized in CerS3-0
epidermis could be explained by the fact that madsthe epidermal sphingoid bases are
produced after secretion of the lamellar bodieserdrinto the extracellular space. Hence free
sphingoid bases are probably not directly secretedat in form of ceramide and
glucosylceramide precursors. In CerS3 mutant mise the formation of dihydroceramides
with ULC-FA moieties is probably affected, leadintp decreased amounts of
dihydroceramide in the epidermis and hence to dsec amounts of sphinganine.
Investigation of glycosylceramide synthase mutardenshowed that sphingoid base levels
are not affected upon the deletion in keratinocyi®n though the total amount of epidermal
protein-bound ceramides remained unchanged,drbgdroxy Cers increased 4-fold and
hydroxy SM increased (Jennemann et al., 2007). Betho-hydroxy Cers and-hydroxy
SM are potential precursors of sphingoid basedlagid elevation could also lead to elevation
of sphingoid bases. Here we couldn’t observe shahan increment of the sample number
could probably lead to significant differences. Tigribution pattern in epithelium of tongue
was unlike the ones seen in epidermis of skin, e & the data of ko animals were very
inhomogeneous. A reason for that could be that anB animals per sample group could be
analyzed. Nevertheless, it is largely unknown howngtie-specific epithelial differentiation
pathways are genetically controlled or which pmdeare involved. For example it was
suggested that genes are differentially expressettid cornified envelope of the skin and
tongue (Marshall et al., 2001; Wang et al., 200tl)s unclear if barrier formation in wet
environment requires similar conditions than in @dnwironment and if sphingosine is also
important for microbial defense. The fact that jpdermis of control mice sphingosine(d18:1)
values were approx. double as high as in epithebfitongue, suggested that sphingosine has
a bigger role in skin than in tongue (and the eratroundings). And even thougiandida
albicansare one of the components of normal oral micraflaral candidiasis for example is
a disease which is one of the most common fundakttion (Singh et al., 2014). The in
comparison to epidermis low levels of sphingosingangue, suggested that there So has
different functions, or that oral mucosa is notwasdl protected towardsandidainfections
than the skin.

Also proving the importance and potential functioh sphingoid bases and especially
So0(d18:1) in skin was the comparison of levels witbse found in HeLa cell extracts. 100

times more So(d18:1) was detected in epidermal Eantipan in similar amounts of HelLa cell
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extracts. Without the antimicrobial defense of sgbsine skin could be more likely infected
Hence, the missing activity of sphingosine couldtipgate in the formation otandida
albicansinfection in CerS3 deficient mice.

In newborn CerS3 deficient mice more dendritic &llere recruited into the epidermis as
compared to control mice. On the other hand in gorbc mutant epidermis 70% decreased
amounts of DCs were detected. These DCs couldenolgarly identified as the unique subset
of LCs in both embryonic and newborn mice. It hasrbindicated that S1P plays a pivotal
function in a variety of cells including immune lsg|Czeloth et al., 2005; Japtok and Kleuser,
2009; Maeda et al., 2007; Spiegel and Milstien,120Thus, it is well established that the
egress of dendritic cells and lymphocytes (T- andels ) are mediated by S1P signaling
(Allende et al., 2004; Brinkmann et al., 2002; Ksiiena et al., 2006; Maeda et al., 2007;
Matloubian et al., 2004). Even though S1P couldb®otetected in epidermis via MS, out of
reduced levels of free sphingosine, reduced leg€IS1P could consequently follow. For
embryonic mutant mice it could be hypothesized #wivation of DCs failed, highlighting
the need of free sphingoid bases and ceramidesdmit immune cells and to keep
forwarding immune answers. However it is more fk#lat skin of CerS3 deficient mice is
more sensible to infections due to secondary D@traifion and not due to altered S1P
trafficking of DCs. General insterility at birth @hice and irritations by unsoft bedding in
cages could cause an overreacting immune resplontfes case the observed DC subsets are
not necessarily Langerhans cells, but could be d&mal DCs, T-cells or macrophages,
which are also CD45 positive. Proteinkinase C fxanaple, is crucial in activating T-cell
signaling pathways and so helps recognizing anghorefing to foreign antigens. If
sphingosine, naturally immunosuppressive and ablaHibit the proteinkinase C (Baier and
Wagner, 2009; Merrill and Stevens, 1989), is distmed, T-cell signaling could be
overresponsive and could account for the DC-phegroty newborn (PO) mice. Furthermore
tracking the migrational behavior of DCs underigezonditions through the dermis towards
epidermis showed that DCs migrated by trend maensively to the skin surface in the wt
than in the ko , but differences were not signific@n both PO and E19). In the newborn (P0)
ko samples, DCs seemed to disappear over timeippbosstrieving back into the dermis. This
effect was maybe caused by tissue degradation efvéry sensible mutant skin. This
tendency was not significant and is only hintingvaods the finding that under sterile
conditions DCs in CerS3 d/d mice seem to wandey ilet® epidermis, corresponding to a
missing or altered activation signal and so prorgknore infections.
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In summary the DC phenotype in Cers3 deficient rawlmice was contrary to the observed
phenotype in embryonic mice. In newborn CerS3 g&iicmice more DC, and in E19 mice
less DC than controls were present. Both can't jgagned by migration of DCs towards
S1P. Furthermore primary findings at PO and E19tdae compared to findings in cell
culture after 1 and 3 days, as circumstances likecbflow were different at the time DCs
were counted. Hence, we concluded that at PO thepb#hotype could be caused due to
secondary infections and not due to S1P signalmyat E19 due to reduced migration of
DCs towards S1P.

At last, the direct effect of sphingosine(d18:1) eandida albicansinfection was tested.

Sphingosine, topically applied on the skin, wasvaihdo help to restore the antimicrobial

barrier by not only reducing pathogen growth on dkim surface, but also by hindering the
pathogens to pass the stratum corneum and indltitae skin barrier. Therefore So could
prevent infections in diseases like atopic dernsatfsoriasis and ichthyosis. Patients with
this kind of diseases are often not satisfied vatirent treatment methods (Linden and
Weinstein, 1999; Nijsten et al., 2005). Emollienrtams and lotions may relieve part of the
symptoms, but often only temporarily. For mostiaflammatory creams, continued use may
reduce the effectiveness and they are also notyaladapted to restore a disturbed barrier

function. Hence, sphingosine could help by treaiigmmatory diseases.
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[1.1 Introduction

Cers are involved in a great variety of key celldlanctions, including the control of cellular

fate in programmed cell death (Hannun and Obeid82Mullen et al., 2012). In SL

biosynthesis Cers reflect a branching point. Thleigradation leads either to free sphingoid
bases and further to S1Ps, which function as siggmaholecules (Zhang et al., 1991), or they
may be used as building blocks for membrane ligdsh as SMs and GlcCers. Further
glycosylation of GlcCers leads to the formation lmindreds of more complex GSLs
(Kolter,T., Sandhoff 1999). Finally, Cers may albe phosphorylated directly and the
resulting ceramide-1-phosphate can stimulate griM# cytosolic phospholipase A2 to

release arachidonic acid from phosphatidylcholinesding to the class of signaling
eicosanoids (Gémez-Mufioz, 2006; Lamour and Chal005; Subramanian et al., 2005). In
this study also the newly discovered class of le@eramides will be investigated to unveil

details of ceramides up- and downstream pathways.

De novo biosynthesis: + + gphinganines (Sa) 2 Sphinganine 1-phosphates
- (Sa1P)

: . Dihydro-ceramides (DH-Cer)
Sphingomyelins . G % ) __._Glycosphingolipids

Ceramides (Cer) or 4HO-Cer | |? |
“—=1-0-acylceramides

Cer 1-phosphates
(Cer1P) ) _ . :
Sphingosines (So) or Phytosphingosines (PHS) and FFA
[H;N-CH,-CH,-OPO; -, .~/ .
+ Hexadecenal ——  Sphingosine 1-phosphates
(Sa1P)

Figure 21 Ceramides are branching points of SL pathays.Ceramides can be either cleaved to give sphingasine
sphingosine-1-phpsphate, or it can be modifiedetlyin glycosphingoslipids, 1-O-acylceramids, sgamyelin or CerlP.
In red compounds and reactions are shown, whicbeirg investigated in this study.
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[I.1.1 1-O-acylceramides

First knowledge about alternative metabolic pattevégr Cers was gained in the late
seventies, when it was discovered that in somadsssr cells Cers with esterification in 1-O-
position of the sphingoid base occurred. Injectdr3 H- and 14 C-labeled Cers (d18:1;16:0
and d18:1;24:0) led amongst others to 1-O-acylcelesn(Okabe and Kishimoto, 1977).
Furthermore the group XV lysosomal phospholipase (RPLA 2) was identified in MDCK
cells, mouse brain, spleen, liver, and kidneys dacable to transacylaie vitro radioactive
short chain Cers in 1-O-postion (Abe et al., 19%Btayman et al., 2011). LPLA2 is
ubiquitously present but is most highly expressedlveolar macrophages (Hiraoka et al.,
2006).

In 2012 a pathway in yeast was described thatlatsto the formation of 1-O-acylceramides.
Here two enzymes were described to be involved: pihesphatidylcholine:diacylglycerol
acyltransferase (Lrolp) and the diacylglycerol QHaansferase (Dgalp). These enzymes
were able to also use VLC-Cers (C26-Cer) for estation in 1-O-position (Voynova et al.,
2012). The mammalian lecithin:cholesterol acyltfarase (LCAT) and LPLA2 are
homologous of the yeast Lrolp. In opposite to Lradpch is expressed in the lumen of the
ER, LCAT and LPLA2 are localized either outside thle cell or within lysosomes
(Choudhary et al., 2011; Voynova et al., 2012). Timammalian diacylglycerol O-
acyltransferase 2 (DGAT?2) is a homolog to Dgalpe DGAT family is composed of many
different enzymes and they have been identifiedeweral species. DGAT1 and DGAT 2for
example are two of the enzymes that are respongiblé¢he main part of triacylglycerol
synthesis in most organisms. Both enzymes beloraglémge family of membrane-bound O-
acyltransferases (MBOAT) (Turchetto-Zolet et aD12). DGAT2 is localized in the ER, but
it is spatial closely related to lipid droplets ¢daier et al., 2011; Sorger and Daum, 2002).
Mice being deficient for DGAT2 develop not only dipenia, but also skin barrier

abnormalities (Stone et al., 2004).

Based on these recently gained facts our groupdatistover a group of almost 100 similar
natural 1-O-acylceramide species in mouse and huepatermis (Rabionet et al., 2013).

These epidermal Cers contain long to very long abgins attached at both of the N- and 1-
O-position. To our knowledge, endogenously expids®-acylceramides in mammals were
not described before. The structures of the 1-Oeacgmides first caught our attention by

screening total epidermal lipid extracts for Cayataining a C18-sphingosine base (d18:1) by
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MS/MS. Signals in a C18phingosine containing S&pecific precursor ion scan for the
transition to m/z+264 occurred, which did not &itany epidermal Cers and GlcCers masses
or ULC-Cers. As these signals were present in sasnpf CerS3-deficient mice and in
samples of GlcCer-synthase deficient mice, we cmted that they neither belonged to
GlcCers nor to Cers with ULC-FA moieties. Furthermalkaline treatment led to loss of the
undefined signals while LCGand VLGCers increased in wild-type but especially in G&tef

epidermis. Product ion spectra from the main peaks

b > showed that all fragmentation spectra contained
_C> three dominant product ions due to) loss of a
O d » fx .
)k > e ’0 water moleculeji ) loss of a water molecule and
R ') lignoceric acid, andiii ) a residual dehydrated
2
d18:1-sphingosine base (Figure 22).

Figure 22 Structure of 1-O-acylceramidesThe structure of 1-O-acylceramides and the prouuns (derived by collision-
induced dissociation) annotated with small recetsttFrom (Rabionet et al., 2013).

With the knowledge of the principle structure of(@&8:1) containing 1-O-AcylCers and the
CID induced fragmentation behavior a group of a3 species was identified in mice
(Rabionet et al., 2013). Combinatorial calculatisuggest the existence of more than 200
subspecies in mouse epidermis. So far no detamgsdrigtions of 1-O-AcylCers containing
So(d17:1) exist and it is not known if they amnigirly metabolized like the corresponding
1-O-AcylCers with So(d18:1) anchor (Rabionet et @013). Furthermore the enzymes
responsible for 1-O-AcylCer synthesis were up townnoot identified and therefore
investigations about 1-O-AcylCer metabolism in epmdis and other tissues will be part of
this study.
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II.1.2 Farber disease and the lysosomal acid ceramidase

The phospholipase A2 releases the FAs of phosptslip sn2 position (Burke and Dennis,
2009). Typically, thesn-1 position of phospholipids is occupied by satedafatty acids,
whereas thesn2 position is occupied by polyunsaturated fattidasuch as arachidonic or
docosahexaenoic acids (Darios et al., 2007), whieh not found to be attached to 1-O-
AcylCers. However, even though LPLA2 was shown not to be lvea in 1-O-AcylCer
production under normal circumstances (Rabionat.eP013), if the Cer levels in lysosomes
are unnaturally increased there still might be so$pmal pathway by LPLA2 to form 1-O-
AcylCer. LPLA2 normally only hydrolyses phosphotipi in the presence of water, but in
competition with high concentrations of short che@mamides, it used ceramides as substrate
for Acyl-attachment instead of water (Abe et ab9&; Shayman et al., 2004). Hence, we
decided to study the lysosomal metabolism in magtil by investigations of a newly
established mouse line with reduced activity ofdhiel ceramidase, also called Farber disease
(asahl).

Farber disease (FD) (Lipogranulomatosis) is a maukisystemic autosomal recessive disease.
The inherited metabolic disorder was firstly ddsed by Sidney Farber in 1957 (Farber et
al.). Farber disease is caused by mutations ifyusomal acid ceramidase gene. Therefore,
the Farber disease is classified as a lysosomagaadisorders (LSDs) amongst many other
known types. Acid ceramidase (ACDase) is a lysos@nayme being responsible for the
cleavage of ceramide to FAs and sphingoid basesleWdw levels £€10% normal) of
ACDase activity result in the progressive accumaiatof ceramide in most tissues, no
correlation between ACDase levels and disease isgi®known. The childhood disorder is
already manifested early after birth with minor ggoms (Levade et al., 1995) but
neurological and visceral involvement are also plese (Antonarakis et al., 1984), that lead
to psychomotor retardation and enlargement of li@ed spleen, respectively. Most FD
patients suffer an early death with live spanslanger than 2 years and show growth and
developmental impairment (Haraoka et al., 1997)f&mo cure of FD was found and the
severity of the disease made reseanchivo difficult. Complete ‘knock-out’ models in mice
of FD resulted in early embryonic lethality (Li &t, 2002) and a tissue specific reduction of

ACDase activity in the ovaries resulted in oocyteosis (Eliyahu et al., 2012).
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Palmitoyl-CoA + L-Serine

ACDase

= Tumor marker
= Tumor resistance

Ceramide
Synthetic enzymes

Ceramide Farber disease

® Lipid raft integrity
Sphingomyelin < > L] Inﬂamma_\tlon _’l Sphingosine + fatty acid
= Apoptosis
= Metabolic syndrome
= Differentiation

I

Glycosphingolipids

Figure 23 Affected pathways by FD (Sands 2013 eramide is a key metabolite to the further synthedi several
membrane lipids such as sphingomyelin and the gpftimgolipids, galactosylceramide and glucosylcédantCeramide has
also been shown to be directly involved in a numbgibiological processes, including inflammatiorpoptosis and
differentiation Acid ceramidase (ACDase) is a sadulyisosomal enzyme responsible for the degradaifoceramide to
sphingosine and fatty acid. A deficiency in ACDas#ivity leads to the accumulation of ceramide inngdissues, a
characteristic of Farber disease.

Recently, Alayoubi et al (2013) described the depelent of a nonlethal ‘knock-in’ mouse
model of FD. They used a homoallelic missense nautgiP362R) discovered in a patient
with a ‘classical’ Farber disease and inserteditiistheasahlgene. This mutation is located
within the most highly conserved amino acid regsdthe mouse and humasahlgenes and
results in normal levels of protein but reduced08) ACDase activityin vitro (Li et al.,
1999). They described that the mouse model hasldoels of ACDase activity, ceramide
accumulation in many tissues, histiocytic infiltoais, reduced body weight, shortened life
span (median ~65 days), impaired ovary developnadigied myeloid parameters, shortened

epiphyseal plates and elevated MCP-1 levels im,lq@een, brain and thymus (Sands, 2013).
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[1.2 Results

[1.2.1 Epidermal 1-O-acylceramide production
[1.2.1.1 Identification of 1-O-acylceramides

To further investigate the 1-O-acylCer identity theveloped MS/MS method (Rabionet et
al., 2013) was extended also for the quantificatioh 1-O-acylceramides with
sphingosine(d17:1) as core structure.

Therefore product ion spectra were recorded. lurféi@4 A two product ion spectra can be
seen. The upper lane shows the fragmentation patierl-O-stearoyl-Cer(d18:1;h16:0),
eluting at 3.75 min and with a m/z ratio of thetprated form of 820.5. Cleavage of water
leads to a fragment of the m/z 802.3 and loss effétty acid moiety in 1-O position and
another water molecule to the fragment m/z 518% fragment with the mass of 264.1
derives from the sphingoid base So(d18:1). In tveel lane the fragmentation pattern of 1-
O-steoroyl-Cer(d17:1;h16:0) can be seen, but witerference of 1-O-17:0-Cer(d18.1;h16:0)
as both species are structurally isomeric and elutBe same time (in this case at 3.63 min).
The loss of one water molecule leads to a fragmaetit m/z 788.3 which can be further
fragmented either into the protonated Cer(d18:1;6:®)1 or into the protonated
Cer(d17:1;h16:0) by the loss of 2 water moleculed the corresponding fatty acid moiety.
Finally, the smallest fragment is either So(d17m)z 250) or So(d18:1) (m/z 264).

While scanning for other compounds, it occurred thignals for Cers with a So(d17:1)
sphingoid base are less intense than the corresmp@er with So(d18:1), as well as signals
strongly overlap with fragmentation patterns whachbably derive from ammonium adducts
of triglyceride species (Figure 24 B). While forQt24:0-Cer(d18:1;24:0) no prominent
interference with other species occurs, for theesponding 1-O-acylCer with d17:1 base
(and structural isomers) many more fragments atectkrl. From the ion with the m/z of
968.4, not only the fatty acid moieties derivednir@Cers can be cleaved off. Its further
fragmentation also leads to molecules with masseimgf to fragments derived from

triglycerides (loss of neutrals corresponding toFAL; 18:2; 20:1; 22:1; 24:0; 24:1).
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Figure 24 Product ion spectra of protonated 1-O-adgeramides ([M+H]") from epidermal lipid extract of CerS3-
deficient mice. Average product ion spectra were recorded for dh@etspan of the transitions i) m/z 820 to m/z 26d i§
m/z 806 to m/z 250 as seen in the correspondingneditograms on the right side of the picture. Agifnentation patterns of
1-0-18:0-Cer(d17:1/d18:1;h16:0). B: fragmentationtgrat of 1-O-24:0-Cer(d18:1/d17:1;24:0). On the kfe plotted the
TICs of the corresponding product ion spectra andherright the peaks of the corresponding transstiof i) m/z1000 to
m/z264 and ii) m/z986 to m/z250 (nominal massesgiation to the transition recorded for the intdrstandards (m/z816 to
m/z264).
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Similar to what is published for 1-O-AcylCers wiphingosine(d18:1), characteristic elution
times were obtained out of the information of thheduct ion spectra for the series of 1-O-
AcylCers(d17:1;X:0) that depend on the length @& #tyl chain in ester linkage and on the
ceramide backbone (Figure 25A). These patterns aahieved by using the transitions of the
molecular ions to their c-type fragment, which pedfic for the parent Cer backbone (for
descriptions of c-type fragment see also Il.1.1y).kBeping the 1-O-acyl chain constant the
retention times increased with increasing lengththef FA (ceramide) anchor (Figure 25B
vertical lines). With these curves predictions witfier unknown compounds and peaks with
regard to the O-acyl chain length of 1-Oacylcerasidan be made. Structurally isomeric 1-
O-acylceramides eluted simultaneously and coulg bel differentiated by the SRMs used.
For example a ceramide (d17:1;24:0) with behenid ac 1-O position (Figure 25A, series

m/z 600, peak G) and 1-O-lignoceroyl Cer(d17:1;p2Fgure 25A, series m/z 572, peak I)

eluted at the same time but differed in their SRMnce, a series of lipids appropriate to the
esterification of the corresponding Cer backbonth wing to very long chain saturated fatty
acids was identified also for 1-O-AcylCers contagh50(d17:1).
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Figure 25 RP chromatography of 1-O-acylceramides wh a C17-So backbone.l-O-acylceramide (with a C17-
sphingosine, d17:1) were recorded in subseriesrdicmpto the parent Cers they derived from [h16, €E8(1;h16:0); 16,
Cer(d18:1;16:0); 18, Cer(d18:1;18:0); 20, Cer(d18:p022, Cer(d18:22:0); and 24, Cer(d18:24:0)]. A: Totan
chromatogram of the subseries of 1-O-acylceramidipéds were separated using a RP-18 column. Lettepict peaks of
acylceramides with defined 1-O-acyl chain: C, C1&0€18:0; F, C20:0; G, C22:0; |, C24:0. Other speaesnded either
appear in between these peaks and are not annaatdfteir concentration is too low to be observedtotal ion
chromatograms. Std. denotes the internal stand#@ebleoyl Cer(d18:1;17:0).B: Retention times of 1-Gaeyamides on
RP-18 column are plotted in dependence of the getligcyl chain in ester linkage for the differeatgnt Cer backbones.
Curves were obtained by nonlinear regression (seoad&t polynomial).
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[1.2.1.2 Quantification in epidermal samples

[1.2.1.2.1 Analysis of 1-O-AcylCer levels during the developrhef the water permeability
barrier

If 1-OAcylCer also function as barrier lipids they shlibamerge during the establishment of
this barrier. Such increase in wildtype animals lddurther verify the biosynthetic origin of
these compounds, excluding methodological artifalctlsng sample preparation. Therefore
skin of BL6 mice from prenatal day 16 (E16) up tsimatal day 1 (P1) was examined for 1-
O-acylceramide composition (Figure 26).

As it was not possible to separate epidermis fremmis at E16, due to a not fully developed
epidermis, full skin of E16 and E17 mice was cdlécand compared. At E16 1-O-AcylCers
are hardly synthesized, while at E17 they increfissxtly to maximum amounts. After stage
E17 levels of 1-O-acylceramides stay steady atrat@00 pmol/mg of dry weight, which is

in accordance with all our shown control values.

Sum of 1-O-acylceramides of BI6 skin Sum of 1-O-acylceramides of BI6 Epidermis
300- 3004 E3 dis:1
€3 dis1 E3 di7:1
B3 di7:1
% 2004 % 200-
3 2
2 1001 g 1001
o pr— o
e
o
ety
O e T 0- -
& & A S A

Figure 26 Correlation of occurrence of 1-O-acylcermides with establishment of water permeability barier. 1-O-
AcylCers occur together with establishment of WPB3rsological samples per group.
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11.2.1.2.2 Analysis of competing pathways

Cers can be either modified into GSLs and altevebtiinto SM, or they can be acylated to
form 1-O-acylceramides. All three pathways thecedly compete with each other. To
investigate whether GlcCer production and 1-O-aeyl€@rmation exclude each other, we
analyzed the epidermis of mice deficient in GlcGgnthesis (Figure 27). Epidermal lipid
extracts from wild-type mice with keratinocyte sihiecdeficiency of GlcCer-S (Ugcg) cells
at postnatal day 4 (P4) (Figure 27) revealed th8 2 53 pmol of 1-O-acylceramides
contained a C18-sphingosine base and 155 + 31 ar@dl7-sphingosine base. A comparison
with the published (Jennemann et al., 2007) totabunt of w-esterified C18-sphingosine
base-containing Cers, showed that 1-Oacylceram{dés:1;X:0) make up 4.6% of all
esterified Cers (sum of EOS-, POS-, and 1-O-acgtoates with a C18-sphingosine base) or
4.3% of all esterified SLs (including esterifiedcGers and SMs with a C18-sphingosine
base). The amounts of 1-O-AcylCers(d18:1;X.:0) pidermis of mice deficient in GlcCer
synthesis on the other hand, increased to abou®90Gnd to about 450% for 1-O-
AcylCers(d17:1;X.0) in 4 day old mice. While 1-OyACers with a VLC moiety, e.g., 1-O-
lignoceroyl Cers, increased only 3- to 4-fold, Ilp@mitoyl and 1-O-stearoyl Cers (LC)
increased 60- and 80-fold, respectively (Rabiohat.e2013).

As LPLA2 is o homologue of Lrol, the involvement &PLA2 in epidermal 1-O-
acylceramide synthesis was also investigated. Bysoméng the 1-Oacylceramide levels from
extracts of controls and LPLA®utants it was revealed that at the 5% level, rfier@inces
were observed. These results were conformed in Ileangd both, newborn or 4 days old

mice, excluding a major role of LPLAZ epidermal 1-O-acylceramide synthesis (Figure 27)
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Figure 27 Quantification of 1-O-acylceramide levelsin the epidermis of LPLA2 -deficient, keratinocyte-pecific
GlcCer-S-deficient, nGlcCerase-deficient, and corrgponding control mice.A: 1-O-acylceramides containing saturated 1-
O-acyl chains from C14 to C26 and parent Cer backbarits either a C17-sphingosine (d17:1) or a C18-gpisime
(d18:1) combined with the N-linked acyl chains h@18216:0, C18:0, C20:0, C22:0, or C24:0 were quaatifty UPLC-
MS/MS. 1-O-acylceramide levels were compared batwamtrol (c) and the different knockout (ko.) miaebirth [post
natal day (P)0] and 4 days postnatal (P4). Theliftlbf compounds is listed in supplementary Tdbl@GlcCerase, neutral
glucosylceramidase/Gb2a; n = 3 for LPLA 2 (PO amy, Rnd GlcCer-S control and mutant (ko.) groupss 6 for
nGlcCerase controls and n = 4 for nGlcCerase-defici@mples (ko.). From (Rabionet et al., 2013).

In the following the data of the quantifications bfO-acylceramides were grouped into
lengths of the N-linked anchor moiety (d18:1/d1710Q) and lengths of the 1-O-acyl moiety
for better visibility of 1-O-acylCer compositions.

Figure 28 shows data of mice with deficiency of thgtosotically located neutral
glucosylceramidase (nGlcCerase), which is tighttpched to membranes of the Golgi and
the ER (Kdrschen et al., 2013) or the plasma menabfAureli et al., 2012). Deletion of
nGlcCerase was accompanied by a significant deerefd-O-acylceramides with anchor
lengths of 16 carbon atoms (also for hydroxyl 18:6¢ corresponding precursor Cers (Figure
28 left panel) are also significantly reduced. Mer the ceramides with stearic (16:0) and
arachidonic (18:0) acid moieties are significarmgluced, while Cer(d18:1;24:0) levels are
elevated. The overall glucosylated ceramides arepposite to Cers, significantly increased.
The GlcCers (d18:1;h16:0) and (d18:1;24:0) showlawmation only by trend.

On the other hand, several FAs in 1-O positionbgreeend decreased in nGlcCerase deficient
mice. 1-O-acylceramides with stearic acid (C18lighoceric acid (C24:0), pentacosanoic
acid (C25:0) and cerotic acid (C26:0) in 1-O positare significantly different on a 5% level
(Figure 28 right panel).
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nGlc Cerase 1-O-acylCers (d17:1+d18:1)
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Figure 28 Detailed analysis of epidermal 1-O-acylcamides from neutral glucosylceramidase-deficient ee. C18 and
17-sphingosines containing 1-O-acylceramides weoeged according to their parent Cer [1-O-acyl CH(d;X:0)] and
according to their 1-O-acyl moiety. Note a sigrafit decrease of those 1-O-AcylCers containing adimikéd hydroxy-
palmitoyl chain (h16; 73% of controls) or an N-letk palmitoyl chain (16; 56% of controls), which eliccorresponds to a
simultaneous decrease of these free Cers [Cer(d18:Dhand Cer(d18:1;16:0)] in neutral glucosylceasie-deficient

mice; p < 0.05. GlcCers are generally elevated. t6=ahimals per sample group. Significance was tated with the
students Ttest.
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11.2.1.2.3 Search for potential enzymes catalyzing the aayladif ceramides vivo

To further explore which enzymes could be respdeasibr epidermal 1-O-acylceramide
production epidermal skin extracts of DGAT2 and ICutant mice (provided by B. Farese
and M. Hoekstra) were investigated. Mice were 4sdajd and wildtype as well as
heterozygous mice were used as controls compareabitkout mice. DGAT2 and LCAT are
both homologous of the diacylglycerol acyltranséeisaDgalp and Lrolp and possibly 1-O-
acylate VLC-Cers. Hence a deficiency of these emsymould cause a decrease of 1-O-

acylceramide levels.

In Figure 29 quantification of 1-Oacylceramideslilging those with sphingoid bases with 17
and 18 carbon atoms, is shown for DGAT2 mutantamdrol mice. Distribution of FAs in 1-
O-position of ceramides is similar to other mousadaeis, for example comparable to CerS3
mutant mice (Rabionet et al., 2013), with lignoceaicid moieties (C24:0) being the most
abundant species in both ko and control mice. Thetrabundant FA anchor incorporated
into Cers by N-linkage is hydroxy-palmitic acid ¢h@). Overall, 1-O-acylceramides are by
trend increased in DGAT2 mutant mice for all lersgth moieties in 1-O-position with both,
So0(d18:1) and So(d17:1) as Cer bases. In mutant T2G#amples 1-O-palmitoyl, 1-O-
stearoyl and 1-O-arachitoyl Cer levels are sigaifity increased from control mice.
Interestingly, FAs with lengths from 16 C-atomswhich are incorporated as anchors into
Cers seem elevated in the mutants, while the hdecbor seems to be less often used for 1-
O-AcylCersynthesis (second row in Figure 29). To dde to judge, if 1-O-AcylCers
production with h16 moieties is reduced, the ratial-O-AcylCers to the sum out of the
corresponding precursor Cers and the 1-O-AcylCas galculated (Figure 29, second row
and the right side). Here, levels of 1-O-AcylCels{d ;h16) in mutant samples are also
significantly reduced in comparison to control s&sp Furthermore the classic Cer and
GlcCer levels were determined (Figure 29, bottaait; $ide). Overall Cer levels in DGAT2
deficient mice are by trend elevated (significar fCer(d18:1, 18:0/20:0/22:0/24.0),
corresponding to GlcCers of which the types Glc@H(1;h16.0/20:0/22:0) are significantly
increased. Also interesting is, that Cer levelshef species shown, are quite low and in the
same range of 1-O-AcylCers, in comparison to Cezlteof other mouse models
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Figure 29 Detailed analysis of epidermal 1-O-acylcamides from DGAT2-deficient mice C18 and 17-sphingosines
containing 1-O-acylceramides were grouped accortbntipeir parent Cer [1-O-AcylCer(d18:1;X:0)] and axding to their
1-OAcyl moiety. Besides 1-O-AcylCers(d18:1/17:1;h)6;01-O-AcylCers, classic free Cers and GlcCers areréyd
elevated. n=3animals per sample group. Significava calculated with the one sided ANOVA test.
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LCAT on the other hand is essentially a specialigkdspholipase A that utilizes cholesterol
as an acyl acceptor in place of water. LCAT reacisoresponsible for the synthesis of most
of the cholesteryl esters present in human plasmaisaa critical component of the reverse
cholesterol transport pathway (Subbaiah et al.,620Blere wildtype, homozygous (hom)
(LCAT activity is 1% of wildtype) and heterozygo@isCAT activity is 70% of wildtype)
mice were used for investigations (Ng et al., 1997)

Figure 30 shows the quantifications for 1-Oacylogdes containing both sphingoid bases
with 17 and 18 carbon atoms. Lignoceric acid megt(C24:0) are most abundantly

incorporated in 1-O position in both hom and cdntnace. The most abundant FA anchor in
Cers is hydroxy-palmitic acid (h16:0). Overall, 1a@ylceramides are by trend increased for
some lengths of moieties in 1-O- position (16:00222:0/24:0) with So(d18:1) as Cer base.
1-O-AcylCers Y(d17:1;X) are not elevated. Also RAish lengths from 16 C-atoms on which

are incorporated as anchors into Cers seem elewatbd mutants (second row in Figure 30).
Furthermore the classic Cer and GlcCer levels wetermined (Figure 30, bottom; left side).

Besides hydroxyl-palmitoyl overall Cer levels in AT deficient mice are by trend elevated

(significant for Cer(d18:1, 16:0/18:0/24:0), copeading to GlcCers of which the types

GlcCer(d18:1;18:0.0/20:0/22:0;24:0) are signifitamcreased.
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Figure 30 Quantification of 1-O-Acylceramides in LCAT mutant mice. So(d18.1) containing-O-acylCer levels are
tendentiously elevated between wt and mutant sanpleereas So(d17:1) containing 1-O-AcylCers leaetsnot altered.
Classic free Cers and GlcCers are by trend elevate&&hnimals per sample group. Significance was tatled with the

students Ttest.
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[1.2.1.2.4 Which ceramide synthases and fatty acid elongagesssential for the production
of the VLC-ceramide backbone of 1-O-AcylCers?

It was suggested as CerS3 deficient mice show adeation of 1-O-AcylCers, that only
VLC-FAs are used for 1-O-acylCer production, (Raleibet al., 2013). One prominent
Ceramidbackbone of 40-AcylCer contained Ninked lingoceric acid. This backbone should
depend on either of the three ceramide synthaseS2C€erS3, or CerS4 and could also
involve Elovl3 or Elovll to elongate long chaintfafcids to 24 carbon atoms. With CerS2,
CerS3, CerS4 and Elovl3 mutant mice in hands, thestipn was addressed if any of those
enzymes is quintessential for-Q-AcylCer(dX:1,24:0) production. -O-AcylCer were
qguantified in these mutant and control mice anc @a¢ plotted together with those of LCAT

and DGAT2 mutant mice for better comparison in FégBil.

Total amounts of 1-O-acylceramides are signifigaptevated in CerS3, LCAT and by trend
in DGAT2 mutant samples. Only in Gb2a mutant epidsra significant reduction can be
noted. In all other samples (CerS2, CerS4) no feogmit alteration is observed (Figure 31).
Neither in CerS2, CerS3, and CerS4 nor in ElovI3tamu mice single species of 1-O-
AcylCers containing VLC moieties are reduced. A®-AcylCers are downstream products
of Cers, total free ceramide levels were determiBssides Gb2a, which levels are reduced,
and DGAT2 which levels are increased, all values @mchanged in the mutant samples,
whereas values are significantly different only @ers in Gb2a and DGAT2 mice. GlcCers
are all by trend elevated in the mutants but sicguitly different only in Gb2a mice. The ratio
of 1-O-AcylCers to the sum of 1-O-AcylCers and esponding Cers shows no significant

differences for either of the mouse models.
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Figure 31 Sums of 1-Oacylceramides in mutant mice odels. Total amounts of 1-O-acylceramides are elevated in
CerS3, LCAT and by trend in DGAT2 mutant sample<€lbvi3and Gb2a mutant epidermis a reduction candted. In

all other samples there is no significant alterati® observed. Also total ceramide and glycosylédla amounts for
each mouse model were determined. Besides Gh2avealklare by trend elevated or unchanged in thamhgamples,
whereas values are significantly different for Gar&b2a and DGAT2 mice, as well as for GlcCers irR&mice. The
ratio of 1-O-AcylCers to the sum of 1-O-AcylCers arairesponding Cers shows no significant differerioegither of

the mouse models. n=3-6 biological samples permr8ignificance was calculated with the studenestTt

95



Part Il - Results

11.2.1.3 Sphingoid base quantification

In parallel to 1-O-AcylCer analysis CerS3, Ugcgr&& ElovI3, Gb2a, LCAT and DGAT2
were also investigated upon their levels of frel@irggoid bases with the method developed in
Part I. As shown in Figure 32 levels nicely refleesults out of Cer and 1-O-AcylCer
measurements. Free So is always proportional ®@er levels. Only in epidermis of CerS3
deficient mice sphingoid base levels are reducédC& synthase, CerS4, ElovI3, nGlcCerase
and LCAT deficient mice show no alteration in sguid base levels. The mean increase

observed in Dgat2 mutants was not significant fiermumber of samples analyzed.
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Figure 32 Total amount of sphingoid bases in mutaninouse modelsSignificance was calculated with the studentstTtes

96



Part Il - Results

II.2.2 Farber disease and the lysosomal acid ceramidase

As both, water and shechain ceramides were published to compete for ¢hiaeceptor role
when LPLA2 hydrolysis phospholipids (Abe et al. 969 Shayman et al., 2004), we decided
to analyze mice with endogenously higher lysosoreahmide levels. Mice with a mutation
of asahtesembling the human Farber disease, were obtdioed T.Levade. Furthermore,
we were interested to see, if by increased ceraradels, 1Oacylceramides could be

detected in significant amounts also in other gghan epidermis.

In cooperation we analyzed organs of these mickedap thymus, heart and kidney) and
analyzed them for 1-O-AcylCer composition to finditomore about origins of 1-O-

acylceramides.

Alayoubi et al (2013) suggested that upon defiggapicACDase activity macrophages fail to
degrade the sphingolipids and the ceramide thesestohich results in more ceramide
accumulation (especially livers, brains, spleems] thymuses) and their subsequent foamy

appearance that is characteristic of FD.

Figure 33 and Figure 35 illustrate, that elevate@-AcylCer levels in mutant organs of
Farber diseased mice are present. In spleen lewelgarticular high, namely a 100 fold
increased compared to controls. In thymus we cao fahd a 10 fold increase whereas in
other organs (Kidney, heart and brain) an increds2-4 fold compared to controls can be
observed. In all organ types, FAs of 16 and 18 @natlength, are most frequently bound to
the O-position of the ceramide backbone. Concertiregunsaturated species, we can also

observe elevated values, but levels are in gedéréimes smaller than the saturated ones.
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1-O-Acyl Ceramide (d18:1) in spleen of farber mice
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Figure 33 1-Oacylceramide levels of Farber mutantpdeen (hom) and controls (wt and het) sorted afted-O-acyl
moiety length. Levels for hom samples are 100 fold higher tharctotrol samples. One way ANOVA significant on a 5%
level. n=4 biological samples per group.

In homozygous spleen 1-O-acylceramides (d18:1) withsaturated FAs pentadecylic acid,
palmitic acid, stearic acid, arachidonic acid, tigaric acid and the unsaturated FAs oleic acid
and docosahexaenoic acid in 1-O position are sogmfly elevated. 1-O-AcylCers with
unsaturated moieties make up ~15% in wt and 10%®m samples. Also The FAs N-linked
to the sphingosine(d18:1) are elevated in sampliés educed Asahl activity, whereas
palmitoyl-Cers are the most abundant species. &irtol O-linked FAs, differences between
homozygous and control samples concerning FAs jpuorated at the N-position are
significant (Figure 34). In homozygous spleen valaee100 fold increased, in thymus 20
fold and in kidney and heart 4-5 fold (Data notwhp
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1-O-Acyl Ceramide (d18:1) in thymus of farber mice
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Figure 35 1-Oacylceramide levels of Farber mutantitymus (hom) and controls (wt and het)Levels for hom samples
are 10 fold higher than for control samples. Sigaifce calculated by one way ANOVA test. n=4 bigdafsamples per
group.

Also in heart and kidney values of homozygous samplre 5 times higher than in control
samples. In heart of homozygous mice 1-O-palmitaytd 1-O-stearoyl-Cer levels are
significant different from control samples, whereéaskidney only 1-O-stearoyl-Cer shows

significant differences on the 5% level and 1-Oaptdyl-Cer differ only on the 10% level
(Figure 36).
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Figure 36 1-O-acylceramide levels of Farber mutanheart and kidney (hom) and controls (wt and het)Levels for hom

samples are 5 times higher than for control sam@@mificance was calculated with the one sidedOAM test. n=4
biological samples per group.
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Classic free ceramide levels in homozygous headlt kadney are approximately 10 fold
increased compared to controls. Due to technidéicdlties free Cer levels could not be

measured in thymus and spleen.
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Figure 37 Free Ceramide levels in organs of Farbanutant and control mice. Ceramide levels are significantly elevated
in heart and kidney of mutant mice. Significanceswalculated with the one sided ANOVA test. n=4idgaal samples per
group

The pathway how and by which enzymes, 1-O-acylcetesnare formed and degraded is still
unclear. In skin, unsaturated FAs make up approein@25% (determined by 1-O-(18:1)Cer)
of saturated FAs in1-O-position of Cers (Figure. B)rthermore in skin FAs with a length of
22:0 and 24:0 carbon atoms are the FAs, which arst finequently added to the ceramide
backbone in 1-O position, while in other organglfidy, heart, spleen and thymus) FAs with
a length of 16 and 18 carbon atoms are most abunHamvever in the here investigated
tissues, proportions of saturated to unsaturatediep is ~4:1 in skin samples and also in
spleen, thymus, heart and kidney. 1-O-Acyl (24:1)®as not taken into account for these
calculations as it is not present in both, skin atiter organs ( kidney, heart spleen, and

thymus).
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1-O-acylceramide in control mice
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Figure 38 1-O-acylceramide levels in BL6 control egiermis samplesMice were newborn and of age postnatal ddy 0
O-AcylCers with unsaturated FAs in 1-O position make25% of the corresponding 1-O-AcylCers with satienl FAs in 1-
Oposition. n=4 biological samples per group.
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[1.3 Discussion

The biosynthetic pathways of Cer 1-O-acylation weescribed for yeast, but only recently
also the composition and structure of endogeno@sAkylCers containing So(d18:1) and

their natural concentrations were characterizedbigteet et al., 2013). In this work the

method for quantification of 1-O-acylceramides veakpted to also identify 1-O-AcylCers

containing So(d17:1). While for So(d18:1) contagii-O-AcylCers the fragmentation

patterns were limited to loss of 1-2 water molesufellowed by loss of the O-linked acyl

moiety and ending with the sphingosine(d18:1) aallest fragment, total product ion scans
of 1-O-AcylCers containing So(17:1) in skin weremma@omplex. Product ion scans showed
that 1-O-AcylCers seem to coelute with structuratymeric triglyceride ammonium adducts.
By recording product ion scans only the most abohd&0-100) ions are detected and
fragmented within a certain time frame, called upted LC-MS/MS analysis. This may lead
to negligence of the less abundant 1-O-AcylCer(@X70). Thus in the targeted analysis of
1-O-AcylCers by multiple reaction monitoring, Sofdl) containing Cers can be more
reliable identified.

As the enzyme(s) responsible for epidermal 1-O-8eyiproduction in mammalian are
unknown, it was hypothesized that homologues ofy#ast enzymes may be involved in this
pathway in mammals. LCAT and LPLA2 are both humamablogous of the yeast Lrolp.
Furthermore LPLA2, which was shown to contain teany&ation activity towards using short
chain Cers (Cer(d18:1;2.:0)) (Shayman et al., 20tvBs excluded to play a major rafe
epidermal 1-O-acylceramide synthesis (Rabionet kf 2013). Even though 1-O-
acylceramides could be produced by lysosomal plagases which are secreted during
keratinocyte degradation and could transfer FAmfphospholipids to Cers, it is unlikely that
the FAs found in 1-O-AcylCers derive from phosplyoglolipids (Rabionet et al., 2013).
Phosphoglycerolipids do not contain VLC chain FAspecially C24:0; lingoceric acid)
which was found to be frequently attached to th@ pesition of Cers. In epidermis, 1-O-
acylceramide synthesis rather seems to competeG®¥t8er synthesis, as a loss of GlcCer
synthase leads to a strong increase of 1-O-acyltdeaamounts. GlcCer derived Cers at the
Golgi might be transported back to the ER or tadligroplets where they could be 1-O-
acylated by DGAT2, the homolog of the yeast Dgalp.

Interestingly, deficiency of the neutral glucosylmidase, which is tightly attached to

membranes of the Golgi and the ER (Kérschen eR@ll3) or the plasma membrane (Aureli
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et al., 2012), was accompanied by a decrease sé th@-acylceramides (hydroxyl 16:0 and
16:0 FAs) for which we also observed a decreaghetorresponding precursor Cers. Also
the sums of all measured 1-O-AcylCers were by trdadreased which suggests that the
neutral glucosylceramidase activity is topologiga#lated and upstream of 1-O-acylceramide
production. Glucosylceramides were in oppositeaased in epidermis of mutants proving
that GlcCers degradation is disturbed. If neuthatgsylceramidase is located closely to sites
of 1-O-acylCer production, it could enhance locah@entrations of Cers used for 1-O-

acylation. Correspondingly, loss of this enzymentiveould lead to decreased substrate
availability and to lower 1-O-acylceramide leveBurthermore 1-O-AcylCer synthesis

seemed not to depend on LPLAZ2, as in LPLA2 deficmite no reduction in either of the 1-

O-AcylCer species could be observed.

DGAT2 was speculated to be responsible for 1-O-8eylproduction in mammals (Jacquier
et al., 2011; Sorger and Daum, 2002). Interestinghly the 1-O-AcylCers with hydroxy-
palmitoyl moieties in N-position were significantheduced in the homozygous samples,
whereas all other species with FAs esterified ® @position were by trend increased. In
DGAT2 deficient mice the corresponding free ceramgpecies were not reduced, but
corresponding glycosylceramides were significambyreased. This could be interpreted in a
way, that DGAT2 is only responsible for the utitiba of Cers with h16 anchor to form 1-O-
AcylCers, even though it was described for prefgriendogenously synthesized
monounsaturated FAs (Yen et al., 2008). Consequéldls containing N linked hydroxy-
palmitic acid could then instead be used for Glg@eduction. On the other hand, could also
be uniquely synthesized in cell types, in whichslad DGAT2 activity towards 1-O-
AcylCers(X;h16:0) cannot be fully compensated blyeotenzymes. DGATZ2, as part of the
DGAT enzyme family, is usually responsible for ¢ybglycerol (TGs) synthesis (Yen et al.,
2008). In addition to DGATZ2, its family includes yhk€CoA:monoacylglycerol
acyltransferase-1 (MGAT1) (Yen et al., 2002), MGA{Rao et al., 2003; Yen and Farese,
2003), MGAT3 (Cheng et al., 2003), and wax monaesgathases (AWATs 1-2 and hDC3)
(Cheng and Russell, 2004; Turkish and Sturley, 200rkish et al., 2005; Yen et al., 2005).
DGAT1 on the other hand, is part of a large fansifymembrane-bound O-acyltransferases
(MBOAT, National Center for Biotechnology Informati (NCBI) Conserved Domains
Database accession number: pfam03062) (HofmannQ)2Q@BOAT family members
transfer fatty acyl moieties onto the hydroxyl oot groups of lipids and proteins (Chamoun
et al., 2001; Kadowaki et al., 1996; Yang et @0&, Zhai et al., 2004). Even though DGAT1

and DGAT2 probably interact with different cellulproteins and participate in different
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pathways of TG synthesis (Stone et al., 2004; Yteal.e 2008) loss of DGAT2 could be
compensated by another family member. If DGAT1 @AT2 family members like AWAT,
MGAT or hDC3, have O-transacylation abilities todsrVLC-Cers is not known. Even
though DGATL1 is topologically not closely localized lipid droplets and has a different
specificity towards FAs it cannot be excluded tD&AT1 could compensate for the activity
towards Cers of DGAT2 or if other enzymes DGAT2wisrking in a complex with, can
counterbalance for its loss. For example it was atestrated that DGAT1 fromrabidopsis
thaliana can restore TAG synthesis to the yeast dgal:lrel:are2 quadruple mutant
(Turchetto-Zolet et al., 2011). Also a human mutigtional O-acyltransferase (MFAT) that
belongs to the acyl-CoA:diacylglycerol acyltransfex 2/acyl-CoA:monoacylglycerol
acyltransferase (MGAT) gene family and is highlypeessed in the skin was recently
characterized (Yen et al., 2005) and it is not kmaWMFAT possibly 1-O-acylates also Cers.
As all other Cers and GlcCers without h16:0 anckeemed to accumulate in DGAT2
deficient mice, it is possible that acyl-CoAs whichn't be used for TG production are
instead used for Cer and GlcCer synthesis andftirerked to enhanced 1-O-AcylCer levels.

LCAT is known to synthesize high density lipoproteholesterylesters by transferring acyl-
CoAs to cholesterol (Hoekstra et al., 2013; Saeedl., 2014). The sum of 1-O-AcylCers for
LCAT deficient mice is only slightly, but signifiadly increased. The sum of VLC- FA

containing Cers and GlcCers remained unchanged a@ugo control mice, whereas some
Cer and 1-O-AcylCerspecies containing So(d18:1evirecreased. A defect in LCAT activity

could lead to excess acyl-CoA amounts and hengeteased substrate avaibility for LCAT.

Hence, LCAT is most likely not involved in 1-O-A&gr formation.

In CerS3 deficient mice the Cers containing C24 W&se significantly reduced to 50% of
control levels after alkaline hydrolysis, but nogréficant changes were detected in
corresponding 1-O-AcylCer levels. Cers containirn@- land VLC-FAs on the other hand,
remained unchanged in CerS3 mutants. Hence it waslued that only VLC- FAs are
probably used for 1-O-AcylCer synthesis and ULCgOmoduced by CerS3are no substrates
for 1-O-AcylCers. That's why the impact of furthenzyme deficiencies on VLC-FA
synthesis and subsequently 1-O-acylCer productias mwvestigated. CerS2 and CerS4 both
favor the synthesis of Cers with FAs ranging fror@2€@6, by definition VLC-Cers.
Deficiency of both enzymes led to no significanaebes in 1-O-acylCer levels. Ceramide
and GlcCer levels were also not changed for Cer8tamh mice. Obviously the synthesis of
1-O-AcylCer with Nlinked VLC-FAs is redundant and does not rely on a single C&is®
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loss of ElovI3, which elongates FAs up to a lengitti8-24 carbon atoms, has only a minor
influence on 1-O-AcylCer production. While 1-O-AGdr levels were significantly reduced
in ElovI3 mutant mice, ceramide and GlcCer levelmained unchanged. ElovI3 expression is
restricted to certain cells of hair follicles ammdsebaceous glands (Westerberg et al., 2004b).
Hence, 1-O-AcylCers are not produced in sebacetarslg or other enzymes of the Elovl
family (Elovll; (Sassa et al., 2013)) compensatetlie loss of Elovl3 and elongate saturated
FAs to VLC chain lengths. Also the ratios out ofOiAcylCers and the sum of the
corresponding Cers and 1-O-AcylCers reflect theamimpact of CerS4, Elovl3, nGlcCerase,
LCAT and DGAT2 on 1-O-AcylCer production, as nonetloe ratios showed significant
reductions of the level in mutants towards the st Levels of sphingoid bases were
proportional to Cers. An increase of ceramides @AD2 led to an increase of free sphingoid
bases As already discussed in Part |, free sphdngmses are probably not secreted, but are a
product of ceramide degradation in the extracellgfmace. Results of Ugcg and Cers3 were
discussed in Part I. In summary none of the enzymesstigated seemed to be directly or
uniquely involved in 1-O-acylCer synthesis. Nevel#lss, as in samples of E&fbryonic
skin no :*O-AcylCer could be detected, artificial production thlese compounds during
sample preparation can be excluded. Furthermomar tbccurrence correlated with the
establishment of the water permeability barriemieetn embryonic stage E17.5 and E18.5
(Hardman et al., 1998), suggesting their partiegmatiuring barrier development.

Similar to the findings in yeast, 1-O-AcylCers amore likely synthesized in ER or ER-
related organelles, than in lysosomes. Howeveadaiitional lysosomal pathway could not be
fully excluded and increased lysosomal Cer levelsidt then lead to form 1-O-AcylCers by
the lysosomal LPA2. In lysosomal storage disordditss the Farber disease, it was
hypothesized that an accumulation of ceramide irstniissues leads to recruitment of
monocytes to help dispose of the excess ceramideeyd@abi et al., 2013). The recruited
macrophages fail to degrade the ceramides, whshltsein more ceramide storage and the
subsequent foamy appearance of these macrophagearaxteristic of Farber disease. Also
1-O-acylceramides were elevated in the here inya®d tissues of mice with reduced
ceramidase activity (~10%). An accumulation of B€Aceramides occurred especially in
thymuses (100xfold increase) and spleen (10xfotatei@mse), which are important parts of
immunity. Also in kidney and heart a 4-5xfold inase was observed. These differences were
significant on the 5% level, but homozygous samplesved strong varieties of Cer and 1-O-
AcylCer levels. We could also show that the fremcgde levels of animals with diminished

ceramidase activity were, as expected, increaséeant and kidney. In thymus and spleen,
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free Cer levels could not be measured due to teahmiifficulties. Therefore, the results

obtained here have to be verified with a new saafples before further speculations arise.

Based on our results we suggest that in excessma could lead to excess 1-O-AcylCers.
In thymus and spleen on the other hand, maybe etisspecific cells, (or a higher
activity/number of enzymes) are uniquely able tovast Cers into 1-O-AcylCers and like
this eliminate excess Cer. As macrophages stranglirate the enlarged spleen and thymus
in Farber diseased animals, they could be the ¢ellsroduce the excess 1-O-AcylCers.
Tissue staining also showed that most organs of Ragber mice are infiltrated by
macrophages, but that spleen and thymus are mbssiv@aded and almost completely
covered by macrophages by 9 weeks (Alayoubi eR@l3). Alayoubi et al (2013) suggested
that the accumulation of ceramide prompts the seled a ‘call signal’ (MCP-1) that recruits
circulating monocytes to help dispose of the excesamide from tissues (especially livers,
brains, spleens, and thymuses). Being deficienaadlic ceramidase activity themselves,
recruited macrophages fail to degrade the sphipigisliand ceramide they store, which results
in more ceramide accumulation. Maybe 1-O-acylcetdasare synthesized in macrophages in
enhanced amounts due to scavenging of other lgnmdsceramides from cells. The pathways
how and by which enzymes 1-O-acylceramides areddrand degraded are still unclear, but
the distribution pattern of saturated and unsatdrdtAs incorporated into 1-O-AcylCers
suggested that the pathway leading to 1-O-Aycl@emot tissue specific and is similar to the
one in skin. In skin, the proportions of saturatedinsaturated FA in O-position of Cers, is
approx. 4:1. The abundances of FAs used for 1-O@eryproduction are similar in skin and
other organs proposing similar metabolisms in @bhas. The results of accumulation of 1-O-
acylceramides in Farber diseased organs is nogjustique phenomenon, it is possible that
the same enzymes than in all other organs are \adol However, the enzymatic

responsibilities for 1-O-acylceramide synthesi sive to be discovered.

The functions of 1-O-acylceramides are not knowQ-acylceramides are more polar than
triglycerides, wax esters, or cholesterol esterthag contain a free hydroxyl group, which
allows them to undergo oriented hydrogen bondingractions. Due to their predicted
physicochemical properties, 1-O-acylceramides miglunstitute building blocks of

extracellular lipid lamellae and may contribute tteeir stability and correct organization.
Lamella phase organization was demonstrated tadberbled in patients with atopic eczema
(Janssens et al., 2011). In spite of their reltilav abundance (5% of all esterified Cers, or

2.3% of all Cers (Rabionet et al., 2013). In epmierl-O-acylceramides could contribute to a
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functional water permeability barrier as they amoag the most hydrophobic epidermal Cers
and as 4 times more 1-O-AcylCers are found in $kam in the other organs investigated.
Besides the thymus of wt animals, in which simdarounts of 1-O-AcylCers as in skin were
found (both in average 100pmol/mg DW), in spleadn&y and heart ~10-25 pmol/mg DW

were present. The high amounts in thymus could estgghat there 1-O-AcylCers have a
tissue specific role, like for example as storageecule or in signaling (Youm et al., 2012).

It will be topic of further research if this pathyveepresents a detoxification mechanism to
protect cells from toxic amounts of ceramides dtyfacids (like speculated for Farber
disease), or whether it also serves as a storadecubes (similar to TAGs), which are

mobilized for membrane biosynthesis. In membrarmesnselves, 1-O-AcylCers may not

necessarily support a highly ordered membrane dorf@imation and properties range

between bilayer forming lipids and those of storhgiels. Due their predicted inverted cone
shape and size which probably spans through bgtrdaf the membrane bilayer, they may
stabilize the extracellular lipid lamellae of th&gatum corneum, but could be as well
deposited in lipid droplets (Rabionet et al., 208¢8ynova et al., 2012).
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[11.1 Introduction

[11.1.1 Testis

CerS3 is not only expressed in skin but also iigewhere it was up-regulated more than
700-fold during postnatal testicular maturationtj®aet et al., 2008). The testis is composed
of loops of seminiferous tubules which are requii@dsperm cell formation, and which are
embedded in interstitial tissue. In each spermaticgeycle spermatozoa are continuously
produced from differentiated germ cells in semimtes tubules (Figure 39). Sertoli cells
deliver nutrients to germ cells during spermatogen@Mruk and Cheng, 2004). They are also
needed for the maintenance of the integrity of skeniniferous epithelium, regulation of
differentiating germ cells and for the phagocytadisesidual bodies left by spermatids upon
transformation into spermatozoa (Rabionet, 201tdi##onally, Sertoli cells are crucial for
the establishment of the blood-testis barrier (BTB)e BTB is a junctional complex that
generates a physical barrier separating the sesmni$ tubules into an adluminal and a basal
compartment (Mok et al., 2013). Leydig cells areaked in the interstitium between tubules
and are the endocrine cells responsible for theogee production, mainly testosterone.
Additionally, myeloid cells are localized in thetenstitium enclosed within the lymphatic
endothelium.

pl/ISC
Nucleus

germ cell differentiation

SG

.— basal —'—— adluminal — 1 luminal —

Figure 39 Testis structure and spermatogenesiB the seminiferous tubules of the testis, spergm@l stem cells (SGs)
adhered at the basal lamina (BL) proliferate geiregaspermatogonia type B that differentiate int@l@ptotene and
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leptotene spermatocyte (pl/ISC), which are the nalif§erentiated germ cells present at post natal (RY) 10. These
primary SCs must traverse the blood-testis barB&B{) and further differentiate into pachytene speougtes (pSC), which
are present at PN 15 of the first spermogenic cysidPN 20, the first round spermatids (rST) arerfed and 10 days later
the tubules contain significant amount of elongatsgrmatids (eST). These must further differentietegenerate
spermatozoa (Sza), which are released into therlwhthe tubules from PN 35 onwards, and transpart® the epididymis
where they acquire full maturation. In the intensth (IS) between adjacent tubules, androgen piioduceydig cells (LC)
are located. Scheme modified from (Sandhoff, 2009).

[11.1.1.1 The spermatogenic cycle

Spermatogenesis is the process in which diploidnsggonia differentiate into mature
haploid spermatozoa (Mok et al., 2013). The locatd the spermatogenic cycle is inside
seminiferous tubules and each cycle has to runugirothree stages known as
spermatocytogenesis, spermatidogenesis and spemesig. During spermatogenesis, the
seminiferous epithelium can be classified into i&)ss (stage I-XII) in mice, 14 stages in
rats (stage 1-XIV) and six stages (I-VI) in humasording to the developmental stages of
germ cells (Mruk et al., 2008). In mammals the spogonial stem cells located at the basal
lamina undergo several mitotic divisions within ighty proliferative phase. These rapid
successive divisions generate firstly different ety spermatogonia, which can be
distinguished by the amount of chromatin in the leaic envelope and secondly further
differentiation steps lead to type B spermatogoiiiais is followed by the formation of
primary spermatocytes, i.e. preleptotene and leptospermatocytes (pISC and ISC). These
primary SCs induce the prophase of the first meialivision and thereby initiate the
spermatidogenesis. During spermatidogenesis, pyirB&s overcome the active BTB and
migrate to the adluminal compartment which leadthé&formation of secondary SCs. There,
in the pachytene, SCs (pSC) enter the second melniision which yields in the formation
of haploid spermatids. Spermiogenesis continuels thig transformation of round spermatids
(rST) into elongated spermatids (eST) and ends fwilly differentiated spermatozoa. The
therefore required morphological changes of themspgds include the development of the
flagellum for motility of spermatozoa, the formatiof an acrosome membrane containing
digestive enzymes necessary for fertilization andlear transformation and the elimination
of excess cytoplasm by the excretion of a resithodly (rb) (Rabionet, 2011). Spermatozoa
which were generated with each spermatogenic ancist be released into the lumen of the
seminiferous tubules during a process known asnspgon (O’Donnell et al., 2011).
Subsequently, spermatozoa are transported intoeph@idymis were their maturation is
completed and spermatozoa are stored. The congperenatogenic cycle requires repeated

mitotic and meiotic divisions. A single type A spwtogonium undergoes 10 consecutive
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rounds of mitosis leading to 1024 primary spermgis; which then enter meiosis to produce
in theory 4096 spermatids (Cheng and Mruk, 2012)y@he first mitotic division generates
two separated daughter cells. All following diviso generate sister cells that remain
connected by intercellular bridges due to an indetepcytokinesis, and thereby share one
unique cytosol and plasma membrane (Haglund et28l11). However, efficiency of
spermatogenesis is only approximately 25% and #genty of germ cells undergo apoptosis,
a process regulated by Leydig, Sertoli and geris(@adgelenbosch and de Rooij, 1993).

[11.1.1.2 Testicular polyenoic ultra long chain sphingolipids

Mice require testicular glycosphingolipids (GSLsy proper spermatogenesis. Mutant mice
strains deficient in specific genes encoding bitisstic enzymes of the GSL pathway
including Galgtl (encoding GM2 synthase) a&iat9 (encoding GM3 synthase) lack various
subsets of GSLs (Sandhoff et al., 2005). AlthougdlenGalgt deficienimice are infertile,
male Siat9 deficientmice are fertile. GSLs which were thought to beersal for male
spermatogenesis were absent in these mice stidirscomparison of these GSL patterns led
to the discovery of a novel class of complex GStesent only in the fertile mouse model
(Sandhoff et al., 2005). Structural analysis ofsth& novel molecules revealed that a fucose
residue is attached to their oligosaccharide chairtsrestingly, the novelty depended on the
fatty acid residue incorporated in theses comple®L$; being almost exclusively
polyunsaturated (4 to 6 double bonds) and with @nclhength of 28 to 32 carbon atoms
(Figure 40). Previously, sphingolipids containing ©PUFA residues have only been
described as minor components incorporated intangpmyelin molecules of various
mammals (Robinson et al., 1992). GSLs of this ctassexpressed differentially in testicular
germ cells. Infertile mice lack this neutral subskte to a genetic disruption of the
GM2S/Galgtl-/- and developed multinuclear giantscat the stage of spermatid formation.
The intercellular bridges connecting the sistersadids were lost, leading to an arrest of
spermatogenesis in these mutant mice. Hence, psdyurated, fucosylated GSLs are

essential for spermatogenesis and male mousetjef8andhoff et al., 2005).
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Figure 40 GSL structures expressed in mouse testiSeramide moieties of testicular sphingolipids cdnefsa d18:1-
sphingosine base to which a fatty acid is linkewilgh an amide bond. In case of interstitial ceflsrtoli cells and germ
cells of the basal compartment, these fatty acigties are of long chain and saturated (mainly tadracid), whereas in the
case of adluminal germ cells and spermatozoa,ahepf very long chain (C28-32) and polyunsaturéie® double bonds).
The sphingolipid head group (R) may be ceramide fHhsphorylcholine (sphingomyelin), Glc, Lac,Gb3eba complex
ganglioside oligosaccharide in case of somatic sc€k.g. Sertoli, Leydig cells, myofibroblasts) armgramide,
phosphorylcholine, Glc, Lac, and acidic or neufraosylated complex ganglio series oligosacchar{des C) in case of
germ cells. (modified from(Sandhoff, 201@permatogonia and basal germ cells express sialp@ond A (s.Cp.A,
FucGM1, IV2-a-Fuc,lI3-a-NeuNAc-Gg4Cer) with LC-FApachytene spermatocytes, round and elongating sgielsm
synthesize four complex asialo-glycosphingolipidmpounds A-D, with VLC-PUFAs. Compounds B-D are \d#ives of
Cp.A (Cp.A, FucGAl, IV2-a-Fuc-Gg4Cer; Cp.B: IV3-a-GaleBAl; Cp.C: IV3-a-GalNAc- FucGAl; and IV3-a-
GalNAcb3Gal-FucGAl). Elongating spermatids add#ibn sialylate these compounds giving rise to faamplex
gangliosides with VLC-PUFAs: sialo- Cp.A-D (s.Cp.A-B;Cp.A: l13-a-NeuNAc-Cp.A, FucGM1; s.Cp. B: IV3-a-Gal
FucGM1; Cp.C: IV3-a-GalNAc-FucGM1; and 1V3-a-GalNA&BEl-FucGM1). Scheme modified from (Sandhoff, 2010).

[11.1.2 Epithelial tissue

The epidermis is a derivative of the surface eatodevhich also forms the epithelium of the
oral cavity and tongue (Jonker et al., 2004). Aytdly different barrier is developed by
appendages such as teeth, filiform papillae, tpsigllae and salivary glands that are all
functionally involved in food ingestion (Jonker at, 2004). How this region-specific

differentiation is genetically controlled is largelnknown.

The upside of the tongue consists of a connecissei¢ covered with a stratified squamous
epithelium (lwasaki, 2002). In the mouse tongues Harrier formation starts at around
embryonic day 16.5 (E16.5) and is fully establiskeéthin 48 hours (Marshall et al., 2000).
Barrier formation in the tongue follows the expresspattern ofSprrlA a member of a
family of ‘small prolinerich region proteins’ which encode for key componentshef CE
(Steinert et al., 1998)SprrlA is not expressed in the skin and the analysiseoéntly
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identified Sprr-like genes in mice and humans (callate envelopeproteins (LEP) genes in
humans) within the epidermal differentiation complsuggests that these genes are
differentially expressed in CEs of the skin andgiosm (Marshall et al., 2001; Wang et al.,
2001). These differences may show the need to de\sgecific barriers in a different (wet or
dry) environment. Also, specific patterns of kamagenes are expressed in the epithelium of
skin, oral cavity, and tongue and they are requteedorm an organ specific architecture.
Deletion ofkeratin 6x andkeratin @ genes in mice result in severe lesions of the tengu
epithelium, whereas the skin is not affected irs¢hmutants (Wong et al., 2000). The surface
ectoderm, also a derivative of the epidermis, fothms epithelium of the oral cavity and
tongue. Barrier formation is, like in epidermis sKin, achieved by a highly coordinated
differentiation program of the keratinocytes (Madlet al., 2000).

The stratum corneum of esophagus serves mainly exhanical barrier for the defense
against luminal contents (Chen et al., 2013). Tomkination of apical junction complexes
and apical cell membranes within the SC is largehat makes the esophageal epithelium
‘electrically tight'(Amir et al., 2014). Its lumers lined by an epithelium, followed by a
vascular connective tissue, the lamina propria, @ntbp of the lamina propria is in turn is a
narrow band of smooth muscleiiscularis mucosaeTogether these three tissues form the
mucosa of the alimentary canal. In the esophagusgpithelial mucosa is formed by stratified
squamous epithelial cells. Since this epitheliummasmally not exposed to dryness or to
abrasion, it is non-keratinized. Esophageal epiihelmay be transformed to a simple
columnar form in the condition called Barrett's @sagus. Barrett's esophagus can be

associated with esophageal obstruction from sa@aem/or carcinoma.
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[11.2 Results

[11.2.1 Localization of CerS3

To elucidate epidermal topology of CerS3 in micer$3 was localized at the cellular and
subcellular level using fluorescence microscopy. Nepecific antibodies for
immunohistochemistry and immunoprecipitation of merCerS3 exist so far. To this end,
peptides containing soluble domains, specific toSSgwere designed and ordered as KLH-
conjugates at Peptide Specialty Laboratories Gntbtinea pigs were then immunized by
Hans Heid (DKFZ) to generate polyclonal antibodies.

Antibodies were raised in guinea pigs against ttiewing peptides:
Al/2: against N-terminal end of CerS3 (mouse); angicid sequence KPSHTDIYGLAKKC
B1/2: against N-terminal end of CerS3 (mouse); anaicid sequence CNLTERQVERWLR

Cl1l/2: against C-terminal end of CerS3 (mouse); amimacid sequence
CTKGKETEYLKNGLG

D1/2: against C-terminal end of CerS3 (mouse); amairid sequence CTNRHLIANGQHG

H1/2: against C-terminal end of CerS3 (human); anaicid sequence CLKNGLRAERH

[11.2.2 Antibody establishment in cell culture

At first antibodies A-H were tested on functionalgnd specificity in cell culture. Therefore
stably transfected cells lines were provided by ibta Rabionet. Cells were either
transfected with mouse or human CerS3 with +/- GERched at the C-terminal end (for
plasmid structure see Figure 4) and expressioneo&& protein was induced by doxycyclin

treatment (see methods section for details).

In Figure 41 results of IHC with transfected cdillees are shown. Negative controls are either
uninduced cells (-Dox) or non-transfected cells.lIestably transfected with the
mCerS3+GFP fusion protein, did not reveal a spedfgnal for CerS3 using any of the
antibodies (shown in red, secondary AB Cy3). Nmcalization with GFP was observed. As
published before (Jennemann et al., 2012) a difteartibody against mCerS3-EGFP showed
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colocalization of CerS3 with the ER marker (Pdit bot with those for Golgi (Golgal) or

lysosomes (Lampl).
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Figure 41 Cell lines transfected with CerS3SMCAT is a control HeLa cell line, transfected witlerS3; M2= HelLa cells
stably transfected with the fusion protein mouseS3eGFP; H20 = HelLa cells stably transfected withftision protein of

the human CerS3+GFP. Scales are 5 um, or for H2h1QerS3 in red, nuclei in blue (Dapi)
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As no intense signals were observed for eithehefantibodies using the mouse CerS3+GFP
fusion protein, cells expressing CerS3 without @ were analyzed for antibodies D1 and
D2,which were raised against the C-terminal peptide

Therefore we tested the antibody D, on cells exgingsonly CerS3 without a GFP tag (Mcat).
Indeed for both aliquots D1 and D2 a strongly sipesignal for CerS3, in a typical ER-like

pattern was observed.

The antibody against the human CerS3 was testétRihcells which after induction with
doxycyclin expressed the fusion protein of hCerSBRPGColocalization with GFP should
prove signal specificity. Only the antibody H2 stsowolocalization, but the signal is weak
and seems not to be positive. Also negative cangbbw a slight red signal, probably due to

unspecificity.

Hence, for further analysis of CerS3 topology amdijp D2 was used as it seemed more
specific in the staining of the M2 and Mcat cefids. In the following D2 will be just entitled
with CerS3 AB.

The antibody previously used for CerS3 detectiorl@ba cells and mouse skin (a synthetic
peptide located at the C-terminus of mouse Cer8&prwas generated to immunize rabbits
(PickCell Laboratories), (Jennemann et al., 201423ysn’t successful for detection of the
protein in testis. Therefore we decided to usenthe established CerS3 AB (D2) and stained

in repetition for CerS3 in murine epithelial tisswend testis.

[11.2.3 Localization of CerS3 in skin

CerS3 deficiency in mice led to WPB disruption anedonatal death. Phenotypically,
CerS3d/d mice were easily distinguished from Cef@&and CerS3+/+ mice, as their skin
appeared unwrinkled, erythematous and sticky. Wigrkvith an antibody, produced by Pick
cell laboratories, revealed that CerS3 clusterestaitered dots within keratinocytes of upper
stratum spinosum and stratum granulosum. In cant@esS3 expression was not detected in
mutants (Fig. 35A and ‘A thereby indicating that deletion of exon 7 remsdsynthesis or
stability of mutated CerS3 dysfunctional. Mutant &@s almost twice as thick with ~40%
more corneocyte layers constituting only a stratoompactum, but lacking a stratum

disjunctum. (all results published in (Jennemanal.e2012)).
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controlpg

control L3-0 d/d L3-0

Figure 42 Cers3 (D2) staining in skirCers3 in red, Dapi in blue. A and A’: wt and korskf L3-0 mice stained with
custom made PC antibody (modified from Rabionetlgt.Biand B’: D2 on embryonic (E19) wt and ko skifiL3-0 mice.
Scales are 10um and 30 pum respectively.

Antibody D2 for detection of CerS3 was applied ombeyonic skin and on adult skin of the
L3-0 mouse model as shown in Figure 42 B. In agesgro our previous findings (A) CerS3
is mainly expressed in stratum granulosum andwstrapinosum. In embryonic skin signal is
not as intense as in P0. Staining with D2 in skikaomice reveals that CerS3 is also detected
to some extent in stratum basale and also on thst mngper layer of stratum corneum
(indicated by arrows). In control samples a vemptfgignal in stratum basale is also seen,
suggesting that the D2 antibody shows some unspéctiowards skin proteins. Nevertheless

the specific signal in SG and SS (comparable as ise®) is absent in ko mice.

[11.2.3.1 Epithelium of oral cavities and tongue

CerS3 is important for establishing the CE in epit® skin and it could be that it is also
involved in barrier formation in epithelial tongu@herefore its expression in tongue

epithelium, as well as in oral cavities of CerS3tanti mice was investigated. Figure 43
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shows that similar expression pattern in controh@as as compared to skin epithelium can
be seen. CerS3 is expressed in SS and SG of t@pjtrelium, whereas in deficient mice no
signal for CerS3 in can be detected. Also SC ik#ned in tongue epithelium (Figure 43 B).
Oral mucosa shows a positive signal for CerS3 itamts as well as in control mice. However
this part of the mouth should be non- keratinizad a function of ceramides produced by
CerS3 is not known (Figure 43 A).

Epithelial tissue of esophagus was also investigdiat no signal could be detected.
Nevertheless, esophagus consists of nonkeratiegidelium, and no signal was expected.

To verify results out of epidermal CerS3 stainingstern blots (WB) of epidermal proteins
like described in the methods section were perfdrisued are shown in (Figure 43C). One
band appearing at ~40kDa (marked) suits to the cotde weight of the native CerS3

(Mizutani et al., 2013; Radner et al., 2013) antheyeby proving antibody recognition of the
protein in skin. As already explained above, stajrfior CerS3 was not only restricted to SS
and SG but a signal is seen also in SB and SC.iplubands in the WB also show that the
antibody D2 is obviously crossreactive also foreotiproteins in skin. No corresponding
signal at the height of ~40 kDa is seen in thedmdes.
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Figure 43 CerS3 expression in oral cavities and tgue. D2 (red), Dapi (blue). A and B: staining in epithiefi of tongue
and oral cavities. On the left control tissue andhee right mutant tissue is shown. C: WB of membifaaetion of Cers3wt
and ko epidermis on the left (n=3, wt and ko sasplech) and loading control with Ponceau red omitfine.
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[11.2.4 Localization of CerS3 in testis

The fact that adluminal germ cells express uniqu@yunsaturated, fucosylated GSLs gave
rise for speculations about their role in germ cdéflerentiation as well as their appearance
correlated with testicular CerS3 expression (Radtiat al., 2008; Sandhoff et al., 2005). To
analyze the role of these unique sperm-sphingdifidrS3 was deleted exclusively in germ
cells (Cers-Stra8) which demonstrated the requirgrmegerm cell GSLs and adluminal germ
cell ULC-PUFA sphingolipids for correct spermatogsis (Rabionet, Bayerle et al.,

unpublished results).

111.2.4.1 Mouse

To determine the expression pattern of CerS3-deperzkramide synthesis in testis cellular
localization of CerS3 in wt and testis with a dysftional mutation of CerS3 in
spermatogonia (Cers3(Germ)-ko) as negative contvete performed. Immunocytochemical
data reveal staining within wild type seminiferotudules (Figure 44). The distribution
pattern of the CerS3 signal appears heterogenemlidudbular stage-specific, indicating a
germ cell differentiation specific expression dgrthe spermatogenic wave. In Cers3(Germ)-
ko testis, CerS3 protein expression in a simildatgpa is not detectable in either cell type at
any tubular stage. However, tubular stages in é&stid are not easy to determine, and in some
rare cases a signal in spermatocytes can be sesoldgical in ko testis in very few tubules
(<1%), normal spermatogenesis can be observed ridaghown here). Immunoblotts show a
single band at ~42kDa for wt, but also a very dedmmd at 40kDa for germ cell-CerS3
deficient mice. Heights for wt samples fit the ectee size of the native CerS3 (Mizutani et
al., 2013) and its dysfunctional form in the kotheiut exon 7, with slightly lower size. At
higher magnification distribution patterns of CernSdetter observed, showing low levels of
CerS3 throughout the cytoplasm of prophase pachyparmatocytes (tubular stage 1l to Xl),
which have crossed the BTB and locate within therathal compartment (B). The staining
intensity gradually increased in early pachytend(tar stage Il, B’ and tubular stage 11I/1V,
C) and peaked in mid-pachytene (tubular stageswil|-Fig. B” and C’), whereas in late
pachytene to diplotene spermatocytes (tubular sbdgel, Fig. B”’, C” and C”) CerS3
protein levels faded away. In spermatocytes dunmagotic divisions | and Il (tubular stage
XIl, B inset) still a faint CerS3 staining wasbgerved whereas round haploid spermatids

(Fig. B-B”, C-C’, and D) no longer appeared to exgs CerS3. However, in elongated
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spermatids of stage 10 to 15 (for spermatid stagieg F) a distinct positive punctuate
structure appeared suggesting lysosomal CerS3 adatiom within cytoplasmic lobes (B-B’,
C, C). Hence, also compartmental localization ©rS3 was investigated. To gain insight
into the nature and localization of intensely stdipuncta and to clarify specificity of those,
colocalization studies were performed. Even thotighas shown in cell culture, that CerS3
localized within the ER (Jennemann et al., 2018)in;ng with common ER markers like
Calreticulin and Calnexin did not work on paraffired sections and direct proof for ER
localization could not be provided. As in elonggtispermatids, dispensable cell organelles
and cytosol are collected in residual bodies fogrdéation, colocalization studies with
markers of lamp1l (lysosomal-associated membrarteiprt) as a lysosomal marker, and Lc3
(also Mapllc3a or Apg8, microtubule-associated enotl light chain 3 aplha) to identify
autophagosomes and Piwill (or MIWI, RNA-binding teia) were performed. The double
immunofluorescent stainings with Lampl and Lc3 diea@emonstrate the CerS3-postive
puncta not to colocalize neither with lysosomegFé 44 D), nor with autophagosomes
(Figure 45 B).
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Figure 44 CerS3 expression in control and mutant G83-depleted testis.Whereas CerS3 labeling displays the full
spectrum of signal intensity in control testis (Agsticular cells of Cers3(Germ)-KO (A’) were absehtCerS3 labeling.
CerS3(Germ)-control testis exhibited weak CerS3agwithin the cytoplasma of early pachytene spewnyes, as well as
in a specialized structure within the tail of elatefl spermatids in stage | (B). Through stage ltrap®cytes and elongated
spermatid-puncta, CerS3 signal progressively inesagaching its maximum intensity in mid pachytéB& while
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disappearing from the specialized structures afigdted spermatids (B”). In late pachytene/diplotspermatocytes CerS3
immunolabeling gradually decreases (B, stage KgWwise in spermatocytes undergoing the | and llotie divisions
(B, inset). CerS3 does not colocalized within tRavill positive-chromatoid body (green) of roundspatids in none of
the stages investigated (C, stage llI-IV; C’, stageWIll; C”, stage IX-X; C'”, stage X-XI), neitherwith the lysosomal
marker Lampl (green, D). Western blot of four colstiand four Cer3(Germ)-KOs demonstrating the lagkéene reduction
of CerS3 protein in the membrane fraction of Cer§3eted testis (E). CerS3 band in control animalsappt the height of
about 42 kDa, whereas in the KO appeared reducedait 40 kDa) and Gapdh was used as loading d¢oscheme
representing the morphological changes of gerns cklting murine spermatogenesis including the stagscribed first by
Russel et al. C: cytosolic fraction of control. Scalas: 30 um (A) and 5 pum (B-D).(from Rabionet, Biyest al.
2014,unpublished)

A structure named chromatoid body (CB) functionsaasibcellular coordinator of different
RNA-processing pathways (Kotaja and Sassone-Ca€%)7). The mRNAs molecules are
transported to the cytoplasm and shuttled througtiear pores to the CB, where the male-
germ-cell-specific RNA-binding proteins, MIWI and Ml are localized. As MIWI is
probably a germ cell specific protein, we searcheidonly for colocalization with CerS3 but
also investigated the effects on MIWI during speoganesis (Figure 45 and 44 ). CerS3
does not colocalize within the MIWI (Piwill) posé-chromatoid body (green) of round
spermatids in none of the stages investigated tggesllI-IV; C’, stage VII-VIII; C”, stage
IX-X; C, stage X-XI). The CB/MIWI appears for #hfirst time in the cytoplasm of meiotic
pachytene spermatocytes as fibrous—granular stasctin the interstices of mitochondria
clusters. After meiosis, the CB condenses into single granule in round spermatids and
remains in the cytoplasm of post-meiotic spermatiigil they elongate and form the
spermatozoa (Figure 44 C-C’”) concordant with ayous study (Kotaja and Sassone-Corsi,
2007).

As targeted deletion of Cers3 in mouse germ cetlsd infertility, the phenotypic alterations
of arrested spermatogenesis during the first wafethe spermatogenic cycle were
investigated. Absence of elongated spermatids & dbrm cell-specific knockout was
accompanied by a remarkable atrophy of the semmife tubules and the formation of
multinuclear giant cells. MIWI staining of CerS3(@g9-Ko tissue revealed that in an earlier
tubular stage MIWI is normally expressed in speouoges, whereas by the formation of
round spermatids multinuclear giant cells develogh wne single CB often centered in the
middle of the grouped nuclei (Figure 45 A- A”).
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£

Control - Cers3(G'erm)-KO Cers3(Germ)-K0 Control

Figure 45 Aberrant expression of Piwill-associatedhromatoid body (green) in CerS3 deficient testi§A’ earlier stage
and A” and later stage) as compared to endogeeapsession in control (A). Lack of colocalizatiof ©erS3 (red) in
autophagosomes as shown with Lc3 (green) immumistpi(B). Scale bar: 30 um. ).(from Rabionet, Bayesteal.
2014,unpublished)
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[11.3 Discussion

In search for an antibody that i) recognizes CetiS8ue unspecifically, ii) enables the
colocalization with commercial antibodies from meuwsnd rabbit and iii) in search for an
antibody that may be used for immunoelectron mmowpy, customized peptides were
designed to raise antiouse and antiuman CerS3 antibodies in guinea pigs. Therefore
CerS3 was localized at the cellular and subcelligeel by use of antibodies against the C-
and N-terminal end of the mouse CerS3. The antil2{C-terminal end) was shown to be
specifically towards Cers3 without a tag. In cedgpressing the fusion protein of
mCerS3+GFP no specific signal for D2 was visibléhasantibody probably binds in a region
where the GFP tag was inserted into the CerS3 sequeasking the epitope. In cell culture
the CerS3 D2 antibody yielded in a typical ER-lgignal as similarly already published
before (Jennemann et al., 2012).

In mouse skin CerS3 was found to be mainly expregsetratum granulosum and stratum
spinosum. In contrast, CerS3 expression in SS @&av&s not detected in mutants, thereby
indicating that deletion of exon 7 renders synthesr stability of mutated CerS3
dysfunctional. These expression pattern of CerS8Btae observed thickened SC were in
agreement with previous findings (Jennemann et28l12; Rabionet et al., 2014). Some
unspecific signal in the most upper layer of thatsin corneum and in the basal cell layer
was detected, which was also present in the matanples. As also in western blot additional
bands were detected, theses signals are consiebedunspecific and due to cross reactivity.
It was recently discovered that homozygous mutatiarthe humai€erS3gene cause a new
type of autosomal recessive congenital ichthyoBikl( et al., 2013; Radner et al., 2013).
There epidermal antibody studies demonstrated tth@atCerS3 localized at the interface
between the stratum granulosum and the stratumeaornwhich is similar to our findings
and confirms the functionality of our antibody. Thg Elovl proteins newly synthesized
activated VLC or ULC-FAs are usually transferredC®erS3 which is also known to reside in
the SS/SG (Rabionet et al., 201%hen in the SG, the by CerS3 synthesized ULC-ceatesi
are quickly transported to the Golgi apparatusGtoeCer and SM formation. Finally at the
SG-SC interface, LBs are transported apically towael glasma membrane where they fuse
and secrete their contents into the extracellyacs. Hence, the CerS3 localization correlates

with the cells where the Cers production pathwawgitgated.
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Depending on the region of the mouth, the epitihelmay be nonkeratinized or keratinized.
Nonkeratinized squamous epithelium covers for exantpe soft palate, inner lips and
cheeks, the mouth bottom, and ventral sides otdhgue. Keratinized squamous epithelium
is present in the attached gingiva and hard palsteell as areas of the dorsal surface of the
tongue. In Kkeratinized tongue epithelium Cers3 esgion was also detected in stratum
granulosum and spinosum in the wt, whereas theakigas absent in the ko. Furthermore
stratum corneum of mutant tongue epithelium wask#ned, similar to findings in CerS3
deficient epidermis (Jennemann et al., 2012; Ratienal., 2014), suggesting that CerS3 also
participates in barrier establishment in the tondaePart | sphingoid base levels of tongue
epithelium were determined. Even though in mutammals dysfuncionality of CerS3 was
suggested by immunohistochemistry, levels of sphithfases in tongue were not altered. So
far no CerS3 expression was immunohistochemicactist and the consequences of CerS3
loss on barrier establishment of the tongue epithelare not known. Both skin and oral
barrier is established by the keratinocyte cordigavelope (Marshall et al., 2000). The CE is
crosslinked to aggregated keratin (Candi et al98)%nd to lipids (Marekov and Steinert,
1998). As some genes are differentially expressedBs of the skin and tongue (Marshall et
al., 2001; Wang et al.,, 2001) it is likely that tewrs in a wet or dry environment are
differently established. Dysfunctionality of CerSBBould lead to reduction of ULC-Cers and
hence to reduced sphingosine levels. Although aatohial lipids at the surfaces of the oral
mucosa are known to be part of innate immunity (Bawet al., 2013), in tongue of Cers3
deficient mice no altered So levels were found, Imeagaused due to an inhomogeneous
sample group. Unfortunately not much informatiomaisilable about ceramides in tongue,
but that FAs of Cers are 20-28 carbons long (Davetaal., 2013). Nevertheless it could be
that only Cers with shorter chain length are neeidedpithelium of tongue and used for
establishment of the CE and that their synthestioige by other CerS (CerS2). Oral mucosa
on the other hand showed a positive signal for @@nSmutants as well as in control mice.
However this part of the mouth should be non-keraéd and a function of ULC-Cers
produced by CerS3 is not known. A generally highater permeability of oral regions may
reflect the presence of low amounts of unsaturegedmides, but free phospholipids and free
glucosylceramides (Dawson et al., 2013; Wertz gt1886). Epithelial tissue of esophagus
was also investigated by immunohistochemistry aadnass spectrometry, but no signal for
CerS3 or sphingoid bases could be detected. Mosthat is known about the esophageal
barrier properties has been determined in the gbofegastroesophageal reflux disease (Katz

et al.,, 2013) and from whole-organ permeabilitydsta in vitro (Diaz-Del Consuelo et al.,
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2005) which showed that barrier comprises of arl@fenucus and unstirred water, surface
bicarbonate (HCO3, junction proteins and lipids (Diaz-Del Consuedd al., 2005).
Nevertheless esophagus consists of nonkeratingzéiseéum, and therefore there is no need
for CerS3 to provide ULC-Cers for the formationao€E and ELL.

In testis it was demonstrated that murine Cers3 MRWs activated at postnatal day 15
coinciding with the formation of pachytene sperrsgtes in the adluminal compartment
(Rabionet et al., 2008). In mice which lack the &exclusively in germ cells, ULC-FGSLs
were lost in those cells. To closely define theicetar CerS3 activity in these CerS3(Germ)-
ko mice, antibodies were raised in guinea pigs #slicular immuhistological studies
performed. The distribution pattern of the CerSghal appeared heterogeneous and tubular
stage-specific, indicating a germ cell differentat specific expression during the
spermatogenic wave. CerS3 was neither localizdgismsomes, autophagosomes or the CB
and its expression started with pachytene spermi@®cDuring this first phase of CerS3
expression, immunolabeling was detected in a stradtpattern in the cytoplasm, possibly
indicating ER localization as demonstrated previply colocalization studies in cultured
HelLa cells (Jennemann et al., 2012). CerS3 wasgeaftbm tubular stage Il to Xl, fading with
diplotene spermatocytes and being turned off imdospermatids, suggesting that there is no
production of ULC-PU-sphingolipids. However ULC-RJangliosides, which were observed
in elongating spermatids by immunohistochemistrgn@off et al., 2005), still have to be
produced in elongating spermatids, which coincidth the reactivation of CerS3 expression
of elongated spermatids of stage 9 to 15. Yet,eXgression pattern during re-activation
differed appearing in distinct positions of the teo®r part of elongated spermatids which did
colocalize with neither lysosomes, autophagosonuoesPiwill-associated complexes. This
novel location may reflect a condensed ER-structBueh a structure was indeed previously
described as radial body recognized in mouse (sid¢gE5) and rat (stage 15) spermatids
(Hermo et al., 2010; Nakamoto and Sakai, 1989).iMguthe early elongation phase of
spermiogenesis peculiar radial arrangements of @asimic reticulum (ER) cisternae were
observed in the cytoplasm of the spermatids (Sdle94). These structures were similar in
appearance to the radial bodies described in extvegdids (Soley, 1994). As spermiogenesis
progresses, the spread-out endoplasmic reticuluadugtly aggregates to form the radial
body, a condensed, glomerulus-like structure ctingi®f a very thin endoplasmic reticulum
connected to the surrounding ER (Nakamoto and S&R&0). Thus, the ER may aggregate,
condense, be transformed into a radial body, anthés probably removed from the

cytoplasm. Hence, with the potential expressiorCefS3 in these structures and with the
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knowledge that CerS3 still has to be active, thedensing ER of late spermatids thus may
not only reflect a degrading organelle but may kakbor enzymatic activity. The deletion of
Cers3 in germ cells resulted in a loss of these PLE-A sphingolipids (Rabionet et. al.,
unpublished). CerS3-deficiency was accomplishedamyarrest of spermatogenesis and the
formation of multinuclear giant cells at the rouspermatid stage, as also seen by MIWI
stainings in Figure 45. Deficiency of the ULC-PUFAhingolipids resulted in enhanced
apoptosis especially of meiotic spermatocytes amtsequently smaller multinuclear giant
cells and early arrested acrosomal cap formati@bi@het et. al. unpublished). This is in line
with the stage specific expression of CerS3 in pierie spermatocytes, where it seems to
produce lipid products which are subsequently nédde membrane growth at the end of
meiosis and for germ cell survival and correct ldgghment of intercellular bridges. Hence,
CerS3, which is also highly expressed in humanstéRiabionet et. al. unpublished) appears

to be quintessential for proper completion of misi@sd ongoing spermiogenesis.
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A detailed knowledge of ceramide metabolism is &amdntal for the understanding of skin
pathophysiology and hence is a prerequisite fayetaxd therapy of skin disorders. When the
two main barrier functions against transepidermatewloss and pathogen invasion become
deficient, such as in ichthyosis, atopic dermatitigl psoriasis, specific barrier components of
the cornified epidermal layer, particularly the @Bd the extracellular lipid lamellae are
severely altered (Hong et al., 2007; Kaplan et 2012; Moon et al., 2013; Palmer et al.,
2006; Radner et al., 2013).

The prominent coexpression of CerS3 and of ULCimgipids in skin and testis suggested
CerS3 to be involved in water permeability barfi@mation and ongoing spermiogenesis
(Jennemann et al., 2012; Rabionet et al., 20085&was located in differentiating cells, e.g.
in keratinocytes of SS and SG as well as in adlamspermatocytes and elongating
spermatids and hence, could be classified as areiffiation marker. Furthermore the
punctuated staining of CerS3 in elongating spedsatinay hint to its expression in
condensing ER structures, possibly the radial bdgigiocalization studies with pathway
related ER enzymes such as the fatty aeiy@oxylase (FA2H) could bring further insight
into the identity of this structure. In both skindatestis, deletion of CerS3 led to an arrest of
epidermal maturation and of spermatogenesis higtatig its importance for proper barrier
establishment. CerS3-deficient mice lacked all epchl SLs with ULC-FAs resulting in
WPB disruption and pathogen invasiooalidida albicans Sphingosine, which is a
degradation product of Cer, was identified as aictiobial agent. Levels of sphingoid bases
in CerS3 mutant skin were decreased to 10% compgaredntrol mice. Phenotypically, in
newborn CerS3 deficient mice dendritic cells integly migrated into epidermis, which
could either, be induced by a higher sensitivityrti@ction and a malfunction of protection
mechanisms or by a missing inhibition of proteirdga C by sphingosine and a consequently
overreactive activation of T-and or B-cells. Alszhggosine(d18:1) was shown to be able to
inhibit growth of candida albicansthereby indicated its potential role in therapy séin

disorders.

The discovery of epidermal 1-O-acylceramides opansiew pathway for mammalian
ceramides. These very hydrophobic compounds mairilbote to stability of extracellular
lipid lamellae and correct lamella phase orgammatiNeutral glucosylceramidase activity
seemed to be topologically related and upstream ld@D-acylceramide production.
Furthermore, 1-O-acylceramide synthesis seemedrtpete with GlcCer synthesis, as a loss

of GlcCer synthase led to a strong increase of dc@deeramide amounts. GlcCer derived
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ceramides at the Golgi might be transported badk@oER or to lipid droplets where they
could be 1-O-acylated by enzymes of the MBOAT orAJGamily. These enzymes are all
O-acyltransferases, but none of them was showarsio factively use VLC-FAs and produce
1-O-AcylCers in mammals. Besides a reduction of-Ae)ICers(d18:1;h16:0) no alteration
in DGAT2 deficient mice was detected. Hence, DGA®B2Id be exclusively responsible for
the utilization of Cers with h16:0 anchor to forrOtAcylCers. Loss of DGAT2 could be
also compensated by another O-acyltransferase,aI8GAT1, AWAT, MGAT or hDC. If

one of these enzymes has O-transacylation abitdigards VLC-FAs is not known and could
be topic of further research. The human homologduse yeast Lrolp, LCAT and LPLA2

were shown not be uniquely responsible for 1-O-Seyl production. Hence, 1-O-AcylCers
could be synthesized in ER or ER-related organeles by majority not in lysosomes.
However, if the Cer levels in lysosomes are unmdiyurincreased there still might be a
lysosomal pathway to form 1-O-AcylCer. A summary wiiat is known about the 1-O-

AcylCer metabolism is shown in Figure 46.
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Figure 46 possible pathways leading to 1-O-AcylCdbrmation.

It was hypothesized that in lysosomal storage dexsy; like Farber disease, an accumulation
of ceramide in most tissues leads to recruitioomahocytes to help dispose of the excess
ceramide (Alayoubi et al., 2013). Here, accumuiaiof 1-O-acylceramides in ACDase
deficient tissues (activity <10%) especially in rinyses (100 fold increase) and spleen

(10xfold increase) were detected. Also in kidneg baart a 4-5 fold increase was observed.

Based on our results we suggested that in non-irenigaues, like heart and kidney, excess

ceramide amounts could lead to excess 1-O-AcylQarshymus and spleen on the other
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hand, a higher ceramide turnover is caused mayle tdutissue specific cells. As
macrophages, deficient in ACDase, strongly infikrahe enlarged spleen and thymus in
Farber diseased animals they could try to elimiraigess Cer by transformation into 1-O-
AcylCers. However the enzymes being responsiblelf@r-acylceramide synthesis still have
to be discovered and investigations of Farber disganice indicated that macrophages could

be one production site of 1- O-acylceramides.

The complex molecular events presumably altered iggnamide metabolism might as well

contribute to the pathogenesis of many differemt skseases. Ichthyosis, atopic dermatitis
and psoriasis are just some few skin diseases wiggenides are involved, but also other
parts of the body will be affected. Farber disems@ne example of lysosomal storage
disorders where ceramide accumulation has lethadempences. Recently it was discovered
that depressive patients have an increased activagid sphingomyelinase (Beckmann et al.,
2014; Gulbins et al., 2013). Mutated mice overeggirgy this sphingomyelinase developed
elevated ceramide levels in the brain developededspre like symptoms (Gulbins et al.,

2013). Hence, lowered ceramide abundances mayeéetel goal for the future development

of antidepressants.

Defects at a branching point of such complex paylswean lead to a broad diversity of
changes on a product level. These changes canmedeted only due to a genetic disorder
or due to epigenetic diversifications. Analysisaproduct level is needed to help to unravel
the progression on a molecular scale and showsimpaertant it is to investigate metabolic

processes vivo.
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