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Gerd Geisslinger1,5 • Irmgard Tegeder1 • Sabine Grösch1
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Abstract Loss of intestinal barrier functions is a hallmark

of inflammatory bowel disease like ulcerative colitis. The

molecular mechanisms are not well understood, but likely

involve dysregulation of membrane composition, fluidity,

and permeability, which are all essentially regulated by

sphingolipids, including ceramides of different chain

length and saturation. Here, we used a loss-of-function

model (CerS2?/? and CerS2-/- mice) to investigate the

impact of ceramide synthase 2, a key enzyme in the gen-

eration of very long-chain ceramides, in the dextran sodium

salt (DSS) evoked model of UC. CerS2-/- mice developed

more severe disease than CerS2?/? mice in acute DSS and

chronic AOM/DSS colitis. Deletion of CerS2 strongly

reduced very long-chain ceramides (Cer24:0, 24:1) but

concomitantly increased long-chain ceramides and sphin-

ganine in plasma and colon tissue. In naive CerS2-/- mice,

the expression of tight junction proteins including ZO-1

was almost completely lost in the colon epithelium, leading

to increased membrane permeability. This could also be

observed in vitro in CerS2 depleted Caco-2 cells. The

increase in membrane permeability in CerS2-/- mice did

not manifest with apparent clinical symptoms in naive

mice, but with slight inflammatory signs such as an

increase in monocytes and IL-10. AOM/DSS and DSS

treatment alone led to a further deterioration of membrane

integrity and to severe clinical symptoms of the disease.

This was associated with stronger upregulation of cytoki-

nes in CerS2-/- mice and increased infiltration of the colon

wall by immune cells, particularly monocytes, CD4? and

Th17? T-cells, and an increase in tumor burden. In con-

clusion, CerS2 is crucial for the maintenance of colon

barrier function and epithelial integrity. CerS2 knockdown,

and associated changes in several sphingolipids such as a

drop in very long-chain ceramides/(dh)-ceramides, an

increase in long-chain ceramides/(dh)-ceramides, and

sphinganine in the colon, may weaken endogenous defense

against the endogenous microbiome.

Keywords Sphingosine � Occludin � Cytokines �
FITC dextran � Colon

Introduction

Inflammatory bowel diseases (IBD) affect young people

between 15 and 29 years of age. There is no cure for the

disease and the chronic inflammation of the colon increases

the relative risk for colorectal cancer by about two to

threefold [1]. IBD encompasses Crohn’s disease (CD) and
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ulcerative colitis (UC). While CD is a Th1-dominant

immune response and affects any part of the intestine, UC

is an atypical Th2-mediated disease, which is restricted to

the colonic mucosa [2]. The cause of UC is still unknown,

but destruction of the colonic barrier function and subse-

quent activation and deregulation of various immune cells

are the hallmarks of UC [3, 4], which may open novel

therapeutic avenues.

The colonic epithelial barrier function is mainly con-

trolled by tight junctions and their molecular components

including claudins, occludin, and the junctional adhesion

molecules (Jam), which are all transmembrane proteins [5].

Zonula occludens-1 (ZO-1) is a membrane-associated

protein which is essential for tight junction assembly. It

connects the junctions to the actin cytoskeleton by inter-

acting with the transmembrane proteins occludin, claudins,

Jam-A, and actin [6]. Disturbance of tight junctions in UC

patients has been associated with changes in expression

and location of ZO-1 and other candidates [7], giving rise

to the invasion of the colon wall with bacteria and other

pathogens, which are normally eliminated by intestinal

macrophages expressing markers like CD103, CCR9, and

CD14 [8]. Together with dendritic cells (DC), the macro-

phages constitute one of the first innate defense lines in the

gut, and are responsible for the recruitment of other

immune cells to the site of infiltration, and maintenance of

immune tolerance, which essentially requires control of

pro-inflammatory Th17 cells by regulatory T-cells (Treg).

Imbalance between Th17 and Treg cells promotes UC

development [9].

Sphingolipids are essential for physiological properties

of cell membranes and play a distinct role as second

messengers in signaling pathways [10, 11]. Consequently,

deregulation of sphingolipid metabolism is associated with

a number of diseases including cancer, inflammation,

demyelination disorders, or sclerotic diseases of the skin

and kidney [12, 13]. Ceramide synthases (CerS) catalyze a

key step in sphingolipid de novo synthesis involving the

attachment of various acyl-CoA side chains to a sphingoid

base. Six mammalian CerS (CerS1-6) have been described.

They have chain length preferences and introduce side

chains form C14-C26. CerS1 mainly synthesizes C18-Cer,

CerS4 synthesizes C18-/C20-Cer; CerS5 and CerS6 mainly

synthesize C14- and C16-Cer, CerS2 synthesizes the very

long-chain C22/C24-Cer, and CerS3 synthesizes very long

ceramides with chain length up to C34 [14, 15]. Hence, the

tissue distribution and regulation of the different CerS [16]

determine the ceramide profiles in specific tissues or cells.

This impacts on physiological and pathophysiological

processes, because their functions differ depending on the

chain length [13].

Recent findings indicate that ceramides play an impor-

tant role in inflammatory processes. For example, in cystic

fibrosis patients, ceramides induce the upregulation of pro-

inflammatory mediators [17]. CerS2 null mice, which have

low levels of very long-chain ceramides (C24:0 and C24:1)

but increased levels of C16-Cer [18], develop severe

symptoms of LPS-induced septic shock [19], they are

predisposed to inflammatory airway diseases [20] and also

to liver carcinoma that spontaneously develops at about

10 months of age in these mice [21]. On the other hand,

CerS2-/- mice are partially protected from experimental

autoimmune encephalomyelitis, a model of multiple scle-

rosis, because CerS2-deficient neutrophils lack normal

migratory properties, thus, limiting their infiltration into the

CNS [22]. Hence, the ‘boon or bane’ of CerS2 crucially

depends on the inflammatory model and the site of

inflammation or autoimmune attack. Therefore, barrier

functions, immune cell migratory properties, and cancer

defense all depend on ceramides, and this implies that

CerS2 is of particular importance for intestinal inflamma-

tory diseases, in which all three mechanisms determine the

outcome.

Therefore, we investigated here AOM/DSS-evoked

colitis and colon cancer development in CerS2-/- mice in

comparison to CerS2?/? mice, in terms of the clinical

symptoms and of pathophysiological correlates of the dis-

ease, including immune cell infiltration, cytokine

production, sphingolipid profiles, and histopathological

signs of barrier functions.

Methods

Animal models

In all experiments, the ethics guidelines for investigations

in conscious animals were followed and the experiments

were approved by the local Ethics Committee for Animal

Research. The CerS2?/- mice were backcrossed more than

ten times onto BL/6 and 129S4/SvJae (each separately).

For the experiments, we used the F1 generation of 129S4/

SvJae 9 C57BL/6, which we generated from CerS2?/-

BL/6 and heterozygous 129S4/SvJae to get CerS2?/? (wt)

and CerS2-/- CerS2-(ko) mice as described previously

[18]. For the chronic inflammation model, mice were

treated with AOM and DSS according to [23]. In brief, one

injection of 10 mg/kg azoxymethane (Sigma-Aldrich) was

given intraperitoneally at day 0, followed by 2% dextran

sodium sulfate (DSS) in the drinking water for 7 days.

After 14 day recovery, DSS treatment was repeated twice

to induce a chronic inflammation. Animals were killed

after 8 or 12 weeks by carbon dioxide inhalation. For the

acute inflammation model, mice were treated once for

7 days with DSS and killed on day 8.
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Imaging of colon inflammation

Bioluminescence imaging was done under 1.5–2% isoflu-

rane anesthesia with an IVIS Lumina Spectrum that

employs XENOGEN technology (Caliper LifeSciences).

Images of 3–5 mice per group were captured and analyzed

with Living Image� software (Perkin Elmer). The inflam-

mation of the gastrointestinal tract was assessed with the

bioluminescent XenoLight RediJect Inflammation Probe�

(Perkin Elmer), which allows in vivo assessment of

myeloperoxidase (MPO) activity. The abdominal region

was shaved to reduce the absorption of light. Inflammation

Probe� (200 mg/kg, ca. 150 ll) was injected intraperi-

toneally 4–10 min before imaging. The IVIS settings were

Epi-BLI, Em filter open, Ex filter block, fstop 1, binning 8,

exposure 120 s and focus B 6.5 cm.

Preparation of tissue for molecular and histological

studies

The colon was dissected and then cleared of faeces by

holding the colon with forceps and flushing with a syringe

filled with ice-cold HBSS without calcium and magnesium.

Residual mesenteric fat tissue was resected completely.

The colon was opened longitudinally and cut into 1 cm

pieces. Ten mg each were quickly frozen on dry ice and

stored at -80 �C for mRNA analysis and LC-MSMS. For

FACS (fluorescence-activated cell sorting) and MACS

(magnetic-activated cell sorting), blood and colon were

used immediately. The tissue for immunohistochemistry

was embedded in Tissue-Tek (SAKURA), then quickly

frozen on dry ice and stored at -80 �C.

Immunohistochemistry, immunocytochemistry,

and DIFF-quick staining

To assess morphologic changes in the tissue sections of the

mice colon, either haematoxylin and eosin staining was

used or a ‘‘Diff-Quick’’ kit (Labor ? Technik) according

to the manufacturer’s recommendations.

For immunohistochemistry, 4–10 lm tissue sections

were kept in 100% ice-cold methanol for 10 min and 100%

acetone for 1 min for fixation. For immunocytochemistry,

Caco-2 cells were seeded on a 8-well-chamber slide,

incubated for 2 days at 37 �C, 5% CO2, and fixed with 4%

paraformaldehyde for 10 min. Slices were washed and

permeabilized in PBS containing 0.025% Triton X-100 for

2 9 5 min, then blocked in PBS containing 3% bovine

serum albumin and 10% normal goat serum for 90 min at

room temperature. The sections were incubated with the

primary antibody at 4 �C overnight, followed by fluores-

cence-labeled secondary antibodies diluted 1:800 for 2 h in

PBS containing 1% bovine serum albumin and 1% normal

goat serum. The following primary antibodies were used at

the following dilutions: anti-CerS2, SIGMA (1:200), anti-

ZO-1, Thermo-Fischer (1:200), anti-occludin SIGMA

(1:200), and Cy3 anti-Rabbit IgG, SIGMA (1:800) as

secondary antibody. DAPI (40,6-Diamidine-20-phenylin-
dole dihydrochloride) (1:1000) (Applichem) staining was

performed for 10 min. Fluorescent measurements were

done with the Keyence BZ-9000 microscope at 20-fold

magnification.

Click-iT plus TUNEL assay

To study the level of apoptosis in mice treated with 2%

DSS, either in the acute model for 7 days or in the chronic

model after treatment with AOM and three cycles of 7 days

DSS, the terminal deoxynucleotidyl transferase (TdT)-

dUTP nick end labeling kit was used. Cryo-embedded

colon tissue was sliced into 4 lm sections and fixed with

4% paraformaldehyde. For staining of 30-OH ends of

fragmented DNA, the Click-iT Plus TUNEL Assay (life

technologies) was used. In short, the TUNEL assay utilizes

EdUTP, which is incorporated at the 30-OH ends of frag-

mented DNA by the TdT enzyme. Detection is based on a

copper catalyzed covalent reaction between Alexa Flour

488 picoyl azide dye and alkyne. The assay was performed

according to the manufacturer’s instructions.

Ex vivo measurement of intestinal permeability

Intestinal permeability was determined as described pre-

viously [24]. Briefly, mice were killed by cervical

dislocation and intestines from CerS2?/? and CerS2-/-

mice were removed. The intestine was cut into sections of

about 5 cm and washed with 37 �C pre-heated PBS.

Afterwards, one end of the intestine section was securely

closed with a suture loop. From the other end, 300 ll FITC
Dextran (MW *4000) solution (1 mg/ml) was injected

with a syringe and directly thereafter also securely closed

with a suture loop. The intestinal section was placed into a

50 ml tube containing 20 ml pre-heated Dulbecco’s Mod-

ified Eagle Medium (DMEM) and incubated up to 2 h at

37 �C in a water bath. Every 30 min, 200 ll (100 ll twice)
aliquots were taken from each tube and replaced by 200 ll
fresh medium. At the end of the incubation time, samples

and standards were measured for FITC with a TECAN

fluorescence reader using excitation/emission at 495 nm/

519 nm.

The standard curve was calculated with the R program

and the FITC concentration was calculated for each sam-

ple. Afterwards, the FITC-Dex permeability of each

individual intestinal sac was calculated according to the

following formula:
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Qt ¼ ðCt � VrÞ þ ðQt sum � VsÞ;

where Qt is the cumulative concentration at time t; Ct is the

concentration at time t; Vr is the volume at receiver side;

Qtsum is the sum of all previous Qt, and Vs is volume

sampled. Q values were blotted versus time (t) and slope

(dQ/dt) was calculated by graph Pad Prism 6. The FITC-

Dex permeability (Papp) was then calculated as:

Papp ¼ ðdQ=dtÞ=ðA� C0Þ;

where A is the area of tissue and C0 is the initial

concentration.

Cells and reagents

The human colon cancer cell line Caco-2 (ACC-169) was

purchased from Deutsche Sammlung für Mikroorganismen

und Zellkulturen (DSMZ, Braunschweig, Germany). Caco-

2 cells were cultured in Dulbecco’s MEM (modified

Eagle’s medium) with Glutamax-I medium containing 10%

FCS (fetal calf serum), at 37 �C in an atmosphere con-

taining 5% CO2.

Knockdown of CerS2 in Caco-2 cells by RNA

interference

The knockdown of CerS2 was performed by viral trans-

duction of CerS2-specific shRNA (GIPZ-system, Thermo

Scientific, Germany) into Caco-2 cells, as described pre-

viously [25]. A non-specific, scrambled shRNA (GIPZ-

system, Thermo Scientific, Germany) was used as negative

control. The constructs were transfected into HEK293T-

cells with lentiviral packaging vectors using calcium-

phosphate. Viruses were collected 48 h after transfection

and used to infect Caco-2 cells with MOI10. Stable cell

lines, Caco-CerS2-/- (knockdown of CerS2) or Caco-NC

(scrambled shRNA), were generated by puromycin (3 lg/
ml) selection. Transduction efficacy and permanent shRNA

expression were monitored by analyzing the GFP-Tag in

the GIPZ-system under fluorescence microscopy.

Detection of proteins by western blot

Membrane fractions of Caco-CerS2-/- and Caco-NC cells

wereprepared as describedpreviously [26]. Theprotein content

was determined using the Bradford method. Forty micrograms

of membrane extracts were separated electrophoretically on

8–12% SDS-PAGE (sodiumdodecylsulfate-polyacrylamide

gel electrophoresis) and proteins electro-blotted onto a nitro-

cellulose membrane (Hybond-C, Amersham, Freiburg,

Germany). Membranes were stained with 0.5% ponceau in 1%

acetic acid to confirm equal loading.After 2 h incubation of the

membranes in blocking buffer (Odyssey blocking reagent (LI-

COR Biosciences, Bad Homburg, Germany), diluted 1:1 in

PBS), theywere incubatedovernight at 4 �Cwith the respective

primary antibody directed against either occludin (1:500,

SIGMA, mouse monoclonal), ZO-1 (1:1000, Thermo-Fischer,

rabbit polyclonal), CerS2 (1:200, SIGMA, rabbit polyclonal),

Actin (1:1000, SIGMA, mouse monoclonal), and GAPDH

(1:1000, Ambion, mouse monoclonal) diluted in blocking

buffer in thepresenceof0.1%Tween20.Membraneswere then

washed three times with 0.1% Tween 20 in PBS and incubated

with an IRDye800 or IRDye700 conjugated secondary anti-

body (BIOTRENDChemikalienGmbH) in blocking buffer for

1 h. After extensive rinsing in 0.1%Tween 20 in PBS, protein-

antibody complexes conjugated with IRDye800/700 were

visualised on the Odyssey Infrared Imaging System (LI-COR,

Biosciences).

Isolation of IEL and LP immune cells

Lamina propria cells (LPs) and intraepithelial-lymphocytes

(IELs) from the colon were isolated using the Octo-MACS

dissociator with heaters and the lamina propria dissociation

Kit (Miltenyi) according to the manufacturer’s instructions.

Briefly, large intestines were removed and carefully

cleaned of their mesentery. Tumors were excised and the

colon was opened longitudinally and cleared of fecal

contents. The large intestine was then cut into pieces

0.5 cm in length, which were transferred into 50-ml conical

tubes and shaken at 250 rpm for 20 min at 37 �C in Hanks’

balanced-salt solution without Ca2? and Mg2? (GIBCO)

supplemented with 5% (vol/vol) FBS containing 2-mM

EDTA. This process was repeated once more and followed

by an additional washing step with HBSS. Cell suspension

was passed through a 100-lm strainer and the remaining

colon tissue was washed and then minced, transferred to a

gentle MACS C tube, and dissociated using the gentle

MACS Octo-Dissociator with heaters. Cell suspensions

were collected, passed through a strainer, and pelleted by

10-min centrifugation at 300g.

Real-time qPCR

The mRNA from colon and Caco-2 cells was extracted by

phenol–chloroform and precipitated with ethanol [27].

Briefly, about 5 mg of colon was homogenized in TRI-

Reagent� (SIGMA) and chloroform (80 ll per 350 ll
phenol) was added. After centrifugation, the upper aqueous

phase was washed with isopropanol and ethanol, dried, and

resuspended in water. The cDNA synthesis was performed

using the VersoTM cDNA Synthesis kit (Thermo Scientific,

Schwerte, Germany) including random hexamers. The

expression levels of CerS1, CerS2, CerS3, CerS4, CerS5,

CerS6, GAPDH, and PPIA (peptidyl prolyl isomerase)

were determined using Maxima SYBR Green (Thermo
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Scientific, Schwerte, Germany) with an ABI Prism 7500

Sequence Detection System (Applied Biosystems, Austin,

USA). Relative mRNA expression was determined using

the comparative CT (cycle threshold) method, normalizing

relative values to the expression level of murine PPIA. The

sequences for the primer sets are shown in Supplement

Table 1. Linearity of the assays was determined by serial

dilutions of the templates for each primer set separately.

FACS analysis of cell surface immune cell markers

Single cell suspensions were prepared from WBCs (after

lysis of erythrocytes), spleen (by mechanical disruption

through a 70-lm cell strainer), lamina propria cells, and

IELs. Non-specific antibody binding to Fc-c receptors was

blocked with mouse FcR Blocking Reagent (Miltenyi

Biotec, Bergisch Gladbach, Germany) for 15 min at room

temperature, followed by incubation with an antibody

cocktail consisting of CD3-PE-CF594, CD4-BV711,

CD11b-BV510, CD11c-AlexaFlour700, CD14-PE, CD19-

APC-H7, CD25-PE-Cy7, CD80-FITC, GITR-FITC, Ly6G-

APC-Cy7, MHC-II-BV605, NK1.1-PE, 7-AAD-PE-Cy5

(BD, Heidelberg, Germany), CD45-Vioblue (Miltenyi

Biotec, Bergisch Gladbach, Germany), CD8-eFluor655,

CD36-APC, Ly6C-PerCP-Cy5.5 (eBioscience, Frankfurt,

Germany), and F4/80-PE-Cy7 (BioLegend, Fell, Germany)

for 15 min at room temperature. Flow cytometric absolute

count standard (Polyscience, Eppelheim, Germany) was

used to determine absolute cell counts. Samples were

acquired with an LSRII/Fortessa flow cytometer (BD,

Heidelberg, Germany) and analyzed using FlowJo software

v10 (Treestar, Ashland, USA). All antibodies were previ-

ously titrated to determine optimal concentrations.

Antibody-capturing CompBeads (BD, Heidelberg, Ger-

many) were used for single-color compensation to create

multi-color compensation matrices. For gating, fluores-

cence minus one (FMO) controls were used. The

instrument calibration was controlled daily using cytometer

setup and tracking beads (BD, Heidelberg, Germany). Cell

populations described in this manuscript were identified as

follows: monocytes (CD45hi, CD11b?, Ly6G-, Ly6C?,

and CD11c-), Tregs (CD45hi, CD3?, CD8-, CD4?,

CD25?, and GITRhi), and IL-17 positive T-cells (CD8?

T-cells : CD3?, CD8?, NK1.1-, and IL-17?; immature

T-cells: CD3?, CD4-, CD8-, c/d-, and Nk1.1- IL-17?;

CD4/IL-17?: CD3?, CD4?, NK1.1-, and IL-17?).

FACS analysis of intracellular and plasma cytokines

1 9 106 isolated WBCs were cultured in RPMI ? Gluta-

max ? 10% FBS overnight and then harvested. Harvested

cells were resuspended in PBS ? 10% FCS and stimulated

with 50-ng/ml phorbol 12-myristate 13-acetate (PMA)

(Adipo-Gen) and 500-ng/ml ionomycin (SIGMA) for 3 h at

37 �C. For blocking the intracellular protein transport

processes, Golgi-Stop (BD) ? 5 lg Brefeldin A (Adipo-

Gen) were mixed and incubated for 4 h. After washing

with PBS, cells were blocked with FcR Blocking (Mil-

tenyi) for 20 min on ice. Cells were stained extracellularly

with CD45-AlexaFlour700, CD3-PE-CF594, CD4-BV711,

CD8-BV650, cd-TCR-APC, and NK1.1-BV510 (BD) for

30 min on ice. After washing with PBS, cells were fixed

and permeabilized using the fixation/permeabilization

solution kit (BD) according to the manufacturer’s instruc-

tions. A second blocking step for 15 min on ice was

performed before intracellular staining with IL-17-PE

(eBioscience) for 30 min on ice. Samples were acquired

with an LSRII/Fortessa flow cytometer (BD, Heidelberg,

Germany) and analyzed using FlowJo software v10

(Treestar, Ashland, USA).

For analysis of plasma cytokines (IL-10 and IL-6), we

used the Cytometric Bead Array (CBA) Mouse Th1/Th2/

Th17 Cytokine Kit (BD) according to the manufacturer’s

instructions. In short, the assay provides several beads (of

known size) conjugated with a specific antibody directed

against distinct cytokines. By incubating with a fluores-

cence coupled antibody, the bead–analyte complex could

be measured by flow cytometry, whereby the fluorescent

signal is proportional to the amount of bound analyte.

Liquid chromatography–tandem mass spectrometry

(LC–MS/MS) analysis of sphingolipids

Quantification of sphingolipids was performed by high-

performance liquid chromatography–tandem mass spec-

trometry. For quantification of sphingolipids, the tissue

samples were first mixed with water and homogenized to a

suspension of 0.05-ng/ll tissue using a swing mill (Retsch,

Haan, Germany) with 4 zirconium oxide grinding balls for

each sample (25 Hz for 2.5 min).

Afterwards, 40 ll of the tissue suspension (in total 2 mg

tissue) were mixed with 160-ll water, 200-ll extraction
buffer (citric acid 30 mM, and disodium hydrogen phos-

phate 40 mM) and 20 ll of the internal standard solution

containing sphingosine-d7, sphinganine-d7, sphingosine-1-

phosphate-d7, C17:0 Cer, C16:0 Cer-d31, C18:0 Cer-d3,

C24:0 Cer-d4, C17:0 LacCer, C18:0 DHC-d3, C16:0

LacCer-d3, and C18:0 GluCer-d5. The mixture was

extracted twice with 600-ll methanol/chloroform/hy-

drochloric acid (15:83:2, v/v/v). The collected lower

organic phases were evaporated at 45 �C under a gentle

stream of nitrogen and reconstituted in 100 ll of tetrahy-
drofuran/water (9:1, v/v) with 0.2% formic acid and

10-mM ammonium formate. Afterwards, amounts of sph-

ingosine, sphingosine-1-phosphate, sphinganine,

sphinganine-1-phosphate, C16:0-Cer, C18:0-Cer, C18:1-
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Cer, C20:0-Cer, C24:0-Cer, C24:1-Cer, GluCer-C16:0,

C16:0-dhCer, C18:0-dhCer, and C24:1-dhCer were ana-

lyzed by LC–MS/MS. A Luna C8 column

(150 mm 9 2 mm ID, 3-lm particle size, 100 Å pore size;

Phenomenex, Aschaffenburg, Germany) was used for

chromatographic separation. The HPLC mobile phases

consisted of water with 0.2% formic acid and 2-mM

ammonium formate (A) and acetonitrile/isopropanol/ace-

tone (50:30:20, v/v/v) with 0.2% formic acid (B). For

separation, a gradient program was used at a flow rate of

0.3 ml/min. The initial buffer composition 55% (A)/45%

(B) was held for 0.7 min and then within 4.0 min linearly

changed to 0% (A)/100% (B) and held for 13.3 min.

Subsequently, the composition was linearly changed within

1.0 min to 75% (A)/25% (B) and then held for another

2.0 min. The running time was 21 min and the injection

volume was 15 ll. After every sample, the column was

washed by injecting the sample solvent for a 12-min run.

The MS/MS analyses were performed using a triple

quadrupole mass spectrometer API4000 (Sciex, Darmstadt,

Germany) equipped with an ESI (Electrospray Ionization)

ion source. The analysis was done in multiple reaction

monitoring (MRM) mode with a dwell time of 25 ms.

Data acquisition was done using Analyst Software V 1.6

and quantification was performed with MultiQuant Soft-

ware V 3.0 (both Sciex, Darmstadt, Germany), employing

the internal standard method (isotope dilution mass spec-

trometry). Variations in accuracy of the calibration

standards were less than 15% over the whole range of

calibration, except for the lower limit of quantification,

where a variation in accuracy of 20% was accepted.

Multi-epitope-ligand cartography (MELC)

The MELC technology is an immunohistochemical imag-

ing method that allows the visualization of 20–40 proteins

on the same slide and has been described previously

[28, 29]. Briefly, colon tissue was embedded in tissue

freezing medium (Leica Microsystems, Nussloch, Ger-

many), and cryosections of 10-lm thickness were applied

on silane-coated coverslips, fixed in 4% paraformaldehyde

in PBS for 15 min, permeabilized with 0.1% Triton X100

in PBS for 15 min, and blocked with 3% BSA in PBS for

1 h. The sample was placed on the stage of a Leica DM

IRE2 and a picture was taken. Then, by a robotic process,

the sample was incubated for 15 min with bleachable flu-

orescence-labeled antibodies (see Table 2) and rinsed with

PBS. Afterwards, the phase contrast and fluorescence sig-

nals were imaged by a cooled, charge-coupled device

camera (Apogee KX4; Apogee Instruments, Roseville, CA,

USA, 29 binning results in images of 1024 9 1024 pix-

els). To delete fluorescence signals, a bleaching step was

performed. A post-bleaching image was recorded and the

next antibody was applied. The post-bleaching image was

subtracted from the following fluorescence image during

the data analysis. Using the corresponding phase contrast

images, fluorescence images produced by each antibody

were aligned pixel-wise. Images were corrected for illu-

mination faults using flat-field correction. After the MELC

run, the tissue slices were stained with Diff-Quick (Dade

Behring).

Statistics

Sphingolipid levels, mRNA levels and FACS data are pre-

sented as mean ± SEM (standard error of the mean).

Statistical analyses were done with GraphPad Prism 6 soft-

ware. The heatmap of Sphingolipid levels was done by ‘‘R’’,

standardized by z-transformation. Significant differences

between groups were assessed using one-way ANOVA for

three or more groups or two-tailed, two-sided Student’s

t tests for two groups. In case of significantANOVAs, groups

were mutually compared with t tests employing a correction

of alpha according to Tukey. Time courses, for example of

body weight and colitis scores, were analyzed by rm-

ANOVA for repeated measurements with the within factor

‘‘time’’ and between factor ‘‘treatment’’. Individual outliers

were identified with GraphPad Prism and were excluded.

Groups comprised of 8–10 animals for clinical courses of the

disease, and 3–4 animals for molecular, biochemical, and

immunologic experiments. The exact numbers are given in

the respective figure legends.

Results

CerS2 deficiency aggravates chronic AOM/DSS

and acute DSS-induced colitis

The AOM/DSS-induced chronic and the acute DSS colitis

models were used to assess whether CerS2 deficiency

impacted on the development of colon inflammation and

cancer development. The CerS2?/? wild-type mice have a

mixed genetic background involving Sv129, which is

resistant to DSS colitis. Therefore, CerS2?/? mice exhib-

ited only very mild symptoms in the chronic AOM/DSS

evoked disease. In contrast, CerS2-/- mice developed

severe clinical symptoms (Fig. 1) including aggravated

weight loss and clinical disease scores (Fig. 1a, b) and

morphologic manifestations of inflammatory destruction of

the colon epithelium, including ulcers, erythema due to

stronger blood flow, and colon shrinkage (Fig. 1d). In vivo
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imaging of living mice confirmed the stronger bowel

inflammation in CerS2-/- mice (Fig. 1c). After 12 weeks,

we also observed an enhanced tumor burden in the large

intestine in CerS2-/- mice compared with control mice.

Figure 1e shows examples of different CerS2?/? and

CerS2-/- colon swiss rolls after 12-week treatment. In the

acute DSS evoked disease, CerS2-/- mice also developed

severe inflammation which could be detected by imaging

in vivo as well as inflammatory destruction of the colon

(Fig. 2a, b). Hence, CerS2-/- mice were highly susceptible

to AOM/DSS and acute DSS induced colon inflammation

and the associated cancer development.

Regulation of CerS expression and shift

of sphingolipid profiles after AOM/DSS treatment

We next assessed the expression of the CerS isoforms and

sphingolipid profiles in plasma and colon tissue to confirm

the expected profile changes from CerS2-knockout and to

investigate whether AOM/DSS treatment leads to alter-

ations in other ceramide synthase isoforms. CerS2 mRNA

expression was undetectable in colon tissue from CerS2-/-

mice (Table 1). AOM/DSS treatment tended to increase the

expression of CerS1, CerS2, CerS3, CerS5, and glycosyl-

ceramide synthase (GCS) mRNA in the colon in wild-type

A

B

C

D

E

Fig. 1 CerS2 knockout increases the clinical course and pathology in

AOM/DSS induced colitis. 129S4/SvJae 9 C57BL/6 mice were

treated once with AOM and additionally 2.0% DSS in the drinking

water for seven consecutive days every 3 weeks to induce ulcerative

colitis. a Time courses of body weight from CerS2-/- and CerS2?/?

mice (n = 20 in each group) show a strong loss of body weight after

DSS phases. b Severity of colitis was monitored by a representative

score (0 = no symptoms, 1 = diarrhea, 2 = bloody faeces,

3 = abort). Asterisks indicate statistically significant differences

between groups [repeated-measures (rm) analysis of variance

(ANOVA), *p\ 0.05. c Bioluminescence imaging of inflammation

with an IVIS Lumina Spectrum. After two cycles of DSS treatment,

colitis was detected in living animals by i.p injection of 200 mg/kg

inflammation probe� and subsequent detection of bioluminescence in

the abdomen of CerS2?/? and CerS2-/- mice. The total luminescent

flux (p/s) in the abdominal regions of interest was quantified. Data are

mean ± standard deviation (SD) of n = 9; statistical analysis was

done by unpaired t test, *p\ 0.05. d Representative examples of

colons from CerS2?/? and CerS2-/- mice after two cycles of DSS

treatment. Colons from CerS2-/- mice are bloody and shortened in

comparison to CerS2?/? mice. e Pictures of whole colon and swiss

rolls of CerS2?/? and CerS2-/- mice after 12 weeks and three cycles

of DSS
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CerS2?/? mice, which did not occur or was reduced in

CerS2-/- mice. Immunohistochemistry of CerS2 in colon

tissue revealed that CerS2 is expressed mainly in colon

epithelial cells in CerS2?/? mice, but undetectable in

CerS2-/- (Supplement 1). The localization agrees with the

human tissue atlas (http://www.proteinatlas.org/

ENSG00000143418-CERS2/tissue/colon#imid_6864894).

As expected, the levels of C24:0- and C24:1-Cer, which

are mainly produced by CerS2, were strongly reduced in

colon and plasma of CerS2-/- mice in comparison to

A

B

Fig. 2 Bioluminescence

imaging of inflammation and

representative examples of

colons from CerS2?/? and

CerS2-/- mice after acute DSS

treatment. Mice were treated

with 2.0% DSS in the drinking

water. a Bioluminescence

imaging of inflammation with

an IVIS Lumina Spectrum.

After 7 days of DSS treatment,

colitis was detected in living

animals by i.p injection of

200 mg/kg inflammation

probe� and subsequent

detection of bioluminescence in

the abdomen of CerS2?/? and

CerS2-/- mice. The total

luminescent flux (p/s) in the

abdominal regions of interest

was quantified. Data are

mean ± standard deviation

(SD) of n = 4, statistical

analysis was done by unpaired

t test, and *p\ 0.05.

b Representative example of

colons from CerS2?/? and

CerS2-/- mice after 7 days of

DSS treatment. Colons from

CerS2-/- mice are bloody in

comparison to CerS2?/? mice

Table 1 RNA levels of CerS1-6 and glycosylceramide synthase (GCS) in colons of CerS2?/? and CerS2-/- mice with and without treatment of

AOM and two cycles of DSS [data are the mean ± SD and mice in each group (n)]

mRNA CerS2?/? control CerS2?/? DSS CerS2-/- control CerS2-/- DSS

Mean SD n Mean SD n Mean SD n Mean SD n

CerS1 1.01 0.35 5 249.1 362.0 12 4.55 5.12 6 16.24 16.21 4

CerS2 13.16 24.31 5 60.95 72.33 12 0.84 0.57 6 4.11 2.68 4

CerS3 2.21 1.95 6 91.82 147.8 12 4.39 3.14 6 18.19 28.27 4

CerS4 12.29 14.22 6 12.31 17.19 13 11.98 12.45 6 9.89 10.80 4

CerS5 3.44 3.90 6 9.24 7.77 13 5.48 4.35 6 8.12 9.59 4

CerS6 7.64 9.70 6 10.52 15.92 15 5.31 7.51 6 3.84 6.67 4

GCS 1.15 0.70 3 10.55 12.33 10 0.51 0.23 3 1.17 1.55 2

Significance of means was examined by one-way ANOVA with post hoc Turkey’s correction and revealed no significant changes; therefore,

trends are indicated in different fonts (‘‘bold’’ indicates that the level is upregulated in comparison to CerS2?/? control mice, ‘‘italics’’ indicates

that the level is downregulated in comparison to CerS2?/? control mice)

3046 S. Oertel et al.

123

http://www.proteinatlas.org/ENSG00000143418-CERS2/tissue/colon%23imid_6864894
http://www.proteinatlas.org/ENSG00000143418-CERS2/tissue/colon%23imid_6864894


CerS2?/? mice (Fig. 3; Table 2). In contrast, long-chain

ceramides and dihydroceramides (C16:0 and C18:0), as

well as sphinganine tended to be increased in the colon of

CerS2-/- control mice as compared to CerS2?/?. In gen-

eral, CerS2?/? mice did not show any significant lipid

changes after AOM/DSS treatment, which is in line with

the relative resistance of this mouse line to AOM/DSS

treatment due to their genetic background [30]. A non-

significant increase in C24:1-Cer was detected in the colon

of CerS2-/- mice after DSS treatment, likely due to the

strong inflammation in the mice and in line with our pre-

vious results in the DSS model [31]. This may be due to the

reverse activity of neutral ceramidase, which is able to

synthesize ceramides using sphingosine and fatty acids as

substrates at the plasma membrane [32, 33]. We cannot

exclude the possibility that CerS3 may also contribute to

this effect. The concentration of complex sphingolipids,

such as GluCer-C16:0, did not change after AOM/DSS

treatment in either genotype (Fig. 3; Table 2), but GluCer-

C16:0 was increased in plasma of naive CerS2-/- mice,

and decreased after DSS treatment (Fig. 3; Table 2). Fur-

ther alterations were observed for sphingosine (S),

sphingosine-1-phosphate (S1), sphinganine (SA), and sph-

inganine-1-phosphate (SA1P) (Fig. 3; Table 2).

Disruption of membrane barrier integrity

in CerS22/2 mice and human colon cells

The observed lipid profile changes pointed to alterations in

membrane properties which are closely linked to barrier

function. To test this hypothesis, we assessed tight junction

protein expression and membrane permeability. CerS2-/-

mice showed a loss of expression of zonula occludens-1

(ZO-1) and occludin expression in the colon tissue after

Fig. 3 Heat map of sphingolipid levels in colon (a) and plasma (b) of
CerS2?/? and CerS2-/- mice with and without treatment with AOM

and two cycles of DSS. Sphingolipids were determined by LC–MS/

MS. The absolute sphingolipid levels were standardized by Z-trans-

formation (x-mean/SD) for each analyte. High values with a relative

number of one are defined as dark red, middle range values are yellow

(0), and low values (-1) are shown in dark green. Black squares are

values which lie under the detection limit. Calculation and graphics

were carried out with the R program
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chronic AOM/DSS and acute DSS treatment (Fig. 4a, b).

While ZO-1 had a clear apical membranous localization in

epithelial cells in naive CerS2?/? mice, it showed patchy

staining in the whole cytoplasm after AOM/DSS, but its

expression was not lost. In contrast, in CerS2-/- mice, ZO-

1 was only weakly expressed in colon epithelial cells in

naive mice and almost undetectable after AOM/DSS

treatment (Fig. 4a). The decrease of tight junction proteins

is an early event in the DSS evoked disease, since ZO-1

and occludin diminished also in the acute DSS colitis

model already after 7 days DSS in CerS2-/- mice

(Fig. 4b). This is not related to apoptosis, as the results of

the TUNEL assay revealed. We detected only weak

TUNEL staining in the colon of CerS2-/- mice after acute

DSS treatment. This was much more obvious after chronic

AOM/DSS treatment. In contrast, in CerS2?/? mice, only a

few apoptotic cells could be detected in both disease

models (Fig. 4c, d).

To extend these data to the human system, we depleted

CerS2 in Caco-2 cells. In shRNACerS2 transduced Caco-2

cells, the very long-chain sphingolipids were reduced,

whereas long-chain sphingolipids increased (Supplement

2). Western-blot analysis of ZO-1 and occludin demon-

strated a clear reduction of both proteins in CerS2-depleted

Caco2 cells (Caco-shCerS2) in comparison to Caco-2 cells

transfected with a control shRNA (Caco-NC) (Fig. 5a).

Our immunohistochemical data indicated that even in

untreated CerS-/- mice, the barrier function is already

impaired in comparison to CerS2?/? mice. To test this

idea, we measured the permeability of the intestine ex vivo

using FITC dextran. The classical in vivo permeability

assay using oral FITC dextran was not applicable to our

mice, because the motility of cilia depends on C24:1-Cer

[34], which was reduced in CerS2-/- mice, hence resulting

in differences in intestinal transport of FITC dextran. To

circumvent this problem, we used the ex vivo permeability

Table 2 Sphingolipid levels determined by LC–MS/MS in colon and blood

ng/mg tissue CerS2?/? control CerS2?/? DSS CerS2-/- Control CerS2-/- DSS

Mean SD n Mean SD n Mean SD n Mean SD n

Sphingolipids colon

Sphingosine 0.22 0.07 7 0.25 0.22 24 0.33 0.10 5 0.23 0.10 11

Sphinganine 0.11 0.06 7 0.13 0.11 24 0.42 0.11 5 0.35 0.29 11

S1P 0.03 0.01 3 0.04 0.02 19 0.02 0.01 2 0.04 0.02 5

GluCer 16:0 1.62 0.95 7 2.45 4.53 24 1.56 0.57 5 3.67 3.24 11

C16:0-Cer 10.43 5.53 7 7.84 6.01 22 13.43 5.56 5 6.44 2.46 11

C14:0-Cer 0.12 0.08 7 0.06 0.06 24 0.09 0.03 5 0.04 0.03 11

C18:0-Cer 1.92 1.05 7 1.75 0.93 24 2.58 1.11 5 1.21 0.39 11

C20:0-Cer 2.39 1.06 7 2.24 1.33 24 2.59 0.74 5 1.49 0.46 11

C24:0-Cer 1.12 0.69 6 1.41 1.19 24 0.45 0.10 3 0.53 0.40 6

C24:1-Cer 3.38 2.66 6 3.43 2.17 24 0.45 0.10 3 1.53 0.40 6

C16:0-sphinganine 0.91 0.39 7 0.97 0.96 24 1.98 0.85 5 1.14 0.39 11

C18:0-sphinganine 0.09 0.06 7 0.09 0.07 24 0.12 0.06 5 0.16 0.10 11

C24:1-sphinganine 0.16 0.06 6 0.22 0.19 24 ND ND 5 ND ND 6

ng/ml plasma CerS2?/? control CerS2?/? DSS CerS2-/- Control CerS2-/- DSS

Mean SD n Mean SD n Mean SD n Mean SD n

Sphingolipids plasma

Sphingosine 12.10 3.67 8 12.54 2.91 7 25.63 10.45 9 24.20 17.43 8

Sphinganine 10.19 5.81 8 11.81 2.62 7 80.03 47.06 9 42.94 31.52 8

S1P 479.75 152.60 8 312.46 63.99 7 1055.86 470.28 9 389.65 58.27 8

SA1P 157.5 72.92 8 74.31 9.20 7 468.90 66.18 4 370.56 184.35 8

GluCer 16:0 262.76 410.64 8 670.03 557.45 7 13545 8543.9 9 2334.36 1931.64 8

C16:0-Cer 40.83 18.16 3 60.70 27.84 6 264.60 171.81 4 167.47 93.69 3

C20:0-Cer 49.96 26.12 8 99.39 48.64 7 26.37 18.46 9 42.08 45.79 8

C24:0-Cer 735.79 338.85 8 600.81 156.69 7 65.01 72.46 8 9.9 17.73 8

C24:1-Cer 470.75 295.36 8 625.90 151.99 7 39.66 72.56 9 ND ND 8

Data are mean ± SD. Significance of means was examined by one-way ANOVA with post hoc Turkey’s correction. p\ 0.05. Significant

changes of sphingolipid levels in untreated CerS2-/- mice in comparison to untreated CerS2?/? mice are shown in bold font
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assay [24] (Fig. 5b). The permeability of colon sacs in

CerS2-/- control mice was significantly increased com-

pared to CerS2?/? control mice (Fig. 5b).

Deregulation of immune cell balance in CerS22/2

mice

The observed disruption of barrier function in the colonic

epithelial layer in CerS2-/- mice may affect the

immunologic defense of the colon wall. To address this

question, we analyzed immune cell subtypes in blood and

colon epithelium (intestinal epithelial lymphocytes, IEL)

and lamina propria lymphocytes (LPL) by FACS and

MELC (muli-epitope ligand cartography) analysis. Blood

monocytes (CD11b?, Ly6C?, and Ly6G-) were increased

in naive CerS2-/- (Fig. 6a), accompanied by a higher IL-

10 level in plasma (Fig. 6c), suggesting that the immune

system was activated even without AOM/DSS. After DSS

treatment, there was a strong increase in monocytes, Tregs,

and IL-17? T-cells in blood and colon of CerS2-/- mice

(Fig. 6a, b), associated with an increase in IL-6 in plasma

(Fig. 6c), none of which occured in CerS2?/? mice, again

Dapi anti-ZO-1 merge zoom in

CerS2+/+

control

CerS2-/-

control

CerS2+/+

DSS

CerS2-/-

DSS

A

Fig. 4 a Immuno-fluorescence staining of ZO-1 in the chronic DSS

model. Colon sections were fixed with ice cold aceton and 100% ice-

cold methanol and permeabilized in PBS containing 0.025% Triton

X-100. After blocking, the tissue sections were incubated with anti-

ZO-1 (1:200) at 4 �C overnight, followed by a Cy3 labeled anti-rabbit

antibody diluted 1:800 for 2 h. Subsequently, tissue sections were

stained with DAPI (1:1000). Fluorescent measurements were done

with the Keyence BZ-9000 microscope with 20-fold magnification.

Representative pictures are shown from CerS2?/? and CerS2-/- mice

with or without AOM and two cycles of DSS treatment. Red bars

indicate 50 lm. b Immuno-fluorescence staining of ZO-1 and

occludin on 4-lm colon sections of CerS2?/? and CerS2-/- treated

with DSS for 7 days. Fluorescent measurements were done with the

Keyence BZ-9000 microscope at 40-fold magnification. White bars

indicate 100 lm. c H&E staining and TUNEL assay of 4-lm colon

sections from mice treated with DSS for 7 days (acute DSS model) as

well as after treatment with AOM and 39 7 days DSS (chronic DSS

model). TUNEL positive cells are stained by a Click-iT reaction with

AF-488 and subsequently stained with DAPI. Single pictures were

taken with the Keyence BZ-9000 microscope with tenfold magnifi-

cation and recomposed by the software. d AF-488 positive cells and

Dapi positive cells were counted by the Keyence software. The total

count of TUNEL positive cells in each picture (as shown in c) was
normalized to Dapi. Data are mean ± standard deviation (SD) of

n = 5 each group. Statistical analysis was done by unpaired t test,

*p B 0.05
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showing that the controls were fairly resistant to the dis-

ease. MELC analysis confirmed the changes in the immune

cell distribution in the colon, which is exemplified by the

monocyte infiltration. CD11b?, Ly6C?, and F480 positive

cells were more abundant in CerS2-/- mice compared with

CerS2?/? mice (Supplement 3 A–D).

Discussion

The present study shows that CerS2-/-mice are much more

sensitive towards AOM/DSS evoked colitis than CerS2?/?

mice, owing to a disruption of intestinal epithelial barrier

Dapi/anti-ZO-1 anti-Occludin merge zoom in
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Fig. 5 a ZO-1 and occludin expression in human Caco-2 cells after

lentiviral depletion of CerS2. Western blot analysis of ZO-1 (1:1000)

and occludin (1:500) in membrane fractions isolated from confluent

grown CaCo-2 cells. Values are presented as mean ± SD, *p\ 0.05

of three independent replicates. b Ex vivo FITC dextran permeability

assay of CerS2-/- and CerS2?/? mice colons. Permeability of

intestinal sacs was calculated by measurement of FITC dextran

diffusion from the sac lumen into the outer medium. FITC-Dex.

permeability of each sac is shown for untreated CerS2?/? and

CerS2-/- mice. Significance of means was examined with unpaired

t test. Data are mean ± SEM
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functions, resulting in stronger infiltration of pro-inflam-

matory lymphocytes and myeloid cells. Long-standing

colonic inflammation is associated with an enhanced risk of

colorectal cancer, as we confirmed in our CerS2-/- mice.

The molecular mechanisms by which inflammation pro-

motes clonal expansion are not fully understood, but Choi

et al. proposed that IBD is related to clonal evolution based

on three major mechanisms: IBD-associated inflammation

(I) generates a mutagenic pressure, (II) provides a selective

advantage to those cells able to survive an inflammatory

insult, and (III) provides a selective advantage to cells able to

repopulate the healingmucosamore rapidly [35]. Theway in

which CerS2 deficiency affects these mechanisms is not

known and will be investigated in future experiments.

Previously, it was shown that the membrane structure of

CerS2-/- mice is altered in comparison to CerS2?/? mice,

particularly that of detergent-resistant membranes (DRMs)

[36], which contribute to the organization of tight junctions

and the regulation of paracellular permeability in epithelial

cells [37]. In particular, claudins and occludin accumulate
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Fig. 6 a FACS analysis of immune cells in blood and colon (lamina

propria and intraepithelial leukocytes) of CerS2?/? and CerS2-/-

mice with and without AOM and two cycles of DSS treatment.

Monocytes were identified as CD3-, CD11b?, Ly6C?, and Ly6G-.

Tregs are CD3?, CD4? GITR?, and CD25?. b FACS analysis of IL-

17 positive T-cells in blood of CerS2?/? and CerS2-/- mice with and

without AOM and after two cycles of DSS treatment. The following

markers were used for the identification of the different subtypes:

CD8? T-cells: CD3?, CD8?, NK1.1-, IL-17?; immature T-cells:

CD3?, CD4-, CD8-, c/d-, and Nk1.1- IL-17?; CD4/IL-17?: CD3?,

CD4?, NK1.1-, and IL-17?. c Plasma cytokine concentration in

CerS2?/? and CerS2-/- mice with and without AOM and two cycles

of DSS treatment. Data are the mean ± SEM, n = 6–13 in each

group. Statistical analyses were done with GraphPad Prism 6

software. Significance of means was examined with one-way

ANOVA with post hoc Tukey’s correction p\ 0.05. Representative

FACS gates are presented in d. Gating strategy to determine Tregs is

shown. Blood cells from mice were first selected for CD45 positive

cells. CD45 positive cells were further selected for CD3-positive/

MHC-II-negative cells. CD3-positive cells were selected for CD8 or

CD4 expression and CD4-positive cells additionally were selected for

CD25 and GITR expression. CD25/GITR positive cells were Tregs
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in these DRMs and displacement of these tight junction

proteins impairs membrane barrier functions [38]. The loss

of zonula occludens-1 and occludin in the colon of

CerS2-/- mice points to disturbances of tight junction

assembly. The direct impact of CerS2 on tight junction

proteins could be confirmed by western blots of CerS-2

depleted Caco-2 cells which also displayed reduced ZO-1

and occludin expression in comparison to control Caco-2

cells. Further membrane barrier proteins, such as the gap

junction protein, connexin 32, also depend on their local-

ization to DRMs. Consequently, connexin 32 was

dislocated and increasingly degraded in CerS2-/- mice

[39], likely contributing to the loss of intestinal barrier

function.

CerS and GCS in the colon were upregulated in CerS2?/

? but not in CerS-/- mice after AOM/DSS treatment.

Clearly, the CerS2 response is deficient in CerS2-/- mice,

but whether this is related to cytokine effects, cell–cell

contact, or intracellular signaling pathway cannot be con-

cluded on the basis of our current data. It has been shown

that membrane microdomains enriched with very long-

chain LacCer are signaling platforms for membrane

receptors that bind to microorganism [40]. The glycosy-

lated very long-chain ceramides are reduced in CerS2-/-

mice as well as in CerS2-depleted Caco-2 cells. Thus,

alterations in microdomains might be responsible for the

reduced effect on CerS and GCS expression in the

CerS2-/- mice. Very little is known about the stimuli

regulating CerS expression, but we know that CerS

expression is regulated at the transcriptional, posttran-

scriptional as well as posttranslational level [16, 41], so

that multiple factors may play a role. Changes in CerS

expression did not result in changes in the respective cer-

amides, which could be attributed to the fact that ceramides

act as substrates for several other enzymes (like glucosyl-

ceramide synthase, sphingomyelin synthase, and

ceramidase) and are rapidly metabolized to more complex

sphingolipids or degraded. Therefore, CerS2 deficiency not

only affected ceramide profiles, but also sphingosine-1-

phosphate (S1P), which is another major player in DSS-

induced colitis. Knockout or inhibition of sphingosine

kinase 1 (SK1) or blocking of sphingosine-1-phosphate

receptors (S1PRs) attenuated DSS induced inflammation in

mice [42–45]. In contrast, deletion of intestinal neutral

ceramidase [46], leading to a decrease in S1P in colon

epithelium but not in plasma, worsens inflammation after

DSS treatment [47] and inversely, deletion of S1P phos-

phatase 2 (SGPP2) leading to an increase in intestinal S1P,

attenuated DSS induced colitis [48]. Hence, although

somewhat complex, it appears that S1P derived from colon

epithelium protects against DSS-induced inflammation,

whereas high plasma S1P promotes DSS-evoked colitis,

likely by affecting immune cell homing and egress to and

from lymphoid organs [49]. In line with this interpretation,

CerS2-/- mice had a high plasma S1P level in naive mice

without DSS, which might result in enhanced immune cell

traffic to the colon, resulting in high monocyte infiltration

and increased IL-17 expressing lymphocytes. Thus, S1P
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may be involved, but its inverse regulation and function in

plasma and colon remains unresolved.

The loss of colon epithelial barrier function is likely a

major reason for the aggravation of the disease in

CerS2-/- mice. Beside the differences in membrane

physiology discussed above, direct epithelial damage may

contribute to this effect. Sphinganine and sphingosine as

well as the imbalances between long-chain and very long-

chain ceramides/(dh)ceramides are toxic for colon cancer

cells [50–53]. Furthermore, it has been shown that med-

ium-chain-length fatty acids as well as Western-style diet,

which contains high amounts of medium- to long-chain-

length fatty acids, augment DSS induced colitis in mice

[54, 55]. Instead, long-chain polyunsaturated fatty acids

(PUFA) with n-3 have been shown to be protective in

various colitis models [56]. Until now, the possibility that

the inclusion of very long-chain sphingolipids to diets

impacts the outcome of colitis has not been tested.

However, due to the fact that these lipids are not cell

permeable, the benefit is likely to be questionable.

In conclusion, we show that CerS2 deficiency

increases the susceptibility towards AOM/DSS induced

chronic colitis as well as acute colitis, resulting from

imbalances in ceramide profiles, in particular a loss of

very long-chain ceramides in favour of the shorter

variants, which leads to disruption of intestinal epithelial

barrier functions with enhanced immune cell infiltration

(Fig. 7). The barrier disruption was evident in naive

CerS2-/- mice and only intensified with AOM/DSS,

suggesting that CerS2-deficiency causes a life-long

defect of pathogen defense, possibly with microbiome

changes and an increased risk of autoimmune-mediated

inflammatory bowel disease. Translated to humans, it

may be useful to diagnose ceramide profile changes in
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Fig. 7 Scheme of the molecular mechanisms contributing to severe

colitis in CerS2-/- mice. In CerS2-/- mice, the formation of tight

junctions is disturbed by the loss of very long-chain sphingolipids in

the membrane of colon epithelial cells. This leads to an invasion of

bacteria from the colon lumen and activation of the immune system.

DSS treatment enhances this effect as it leads to a further destruction

of tight junctions and enhanced inflammation resulting in colitis
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colon biopsies and eventually reset the balance by ali-

mentary treatments.
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