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differentiation, and intracellular traffi cking ( 1 ). It has 
been demonstrated that cells adjust SL production in 
response to metabolic needs ( 2 ). SM is biochemically syn-
thesized through the activity of serine-palmitoyl-CoA 
transferase, 3-ketosphinganine reductase, ceramide (Cer) 
synthase, dihydroceramide desaturase, and sphingomy-
elin synthase (SMS). SMS, which uses Cer and phos-
phatidylcholine as substrates, is the last enzyme in SM 
biosynthesis ( 3 ). Two isoforms, SMS1 and SMS2, have 
been cloned in mammals ( 4 ). SMS1 localizes in the Golgi 
apparatus, whereas SMS2 can be localized in the PM ( 5 ) 
but also in the Golgi apparatus. Although SM is princi-
pally synthesized by SMS1 activity, it has been reported 
that both SMS1 and SMS2 are required for SM homeo-
stasis and growth in human HeLa cells ( 6 ). SM synthe-
sis is directly related to correct intracellular protein 
traffi cking ( 7 ). It has been recently shown that the 
downregulation of SMSs significantly retards the traf-
fi cking of the reporter protein vesicular stomatitis virus 
G protein tagged with GFP   from the trans-Golgi net-
work to the PM. Moreover, the correct endosomal recy-
cling network is directly related to Golgi SM synthesis 
( 8 ). 

 SM is the main SL in mammalian cells. Because of the 
high affi nity of interaction with cholesterol, SM drives 
the formation of PM rafts or detergent-resistant micro-
domains (DRMs) ( 9, 10 ), thus providing a framework 
for PM organization. Early studies have demonstrated 
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viability ( � 100%). D609 was added to the culture medium, to-
gether with hypertonic treatment. Cells subjected to isotonic 
conditions were incubated for the same periods of time but in 
isotonic medium. To inhibit serine-palmitoyl-CoA transferase, 
myriocin (Myr; Sigma-Aldrich), a specifi c inhibitor, was used at 
100 nM. To inhibit glucosylceramide (GlcCer) synthase activity, 
 D -threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol  (D -
PDMP; Matreya), was used at 5 µM. Both inhibitors were added 
to the culture medium, together with hypertonicity and/or D609 
treatment. To obtain SMS1 and SMS2 siRNA-transfected cells, 4 
h before subjection to hypertonicity, confl uent MDCK cells were 
seeded and transfected with 40 nM SMS1 siRNA duplex 5 ′ -ACCU-
GUUGCACCGAUAUUCAATT-3 ′  5 ′ -UUGAAUAUCGGUGCAA-
CAGGUTT-3 ′  (Gene ID: 477582, sphingomyelin synthase 1, 
 Canis lupus familiaris ) and with 40 nM SMS2 siRNA duplex 
5 ′ -GGCACCAAAAAGTACCCAGA-3 ′  5 ′ -GAGTCTCCGTTGAG-
CTTTGG-3 ′  (Gene ID: 478505, sphingomyelin synthase 2,  Canis 
lupus familiaris ) (Invitrogen) by using HiPerFect Transfection 
Reagent (QIAGEN), following the manufacturer’s protocol. Ef-
fi cacy was determined by cotransfection with siRNA conjugated 
with AlexaFluor 488 (AllStars Negative Controls-QUIAGEN). 
Positive intracellular green dots were considered as positive 
as transfected. The transfection efficacy was between 15% 
and 25%. 

 Lipid analysis 
 MDCK cells were treated as described above and labeled with 

25 nCi/ml of [ 14 C]palmitic acid (PerkinElmer) or 2 µCi/ml of 
[ 14 C]serine (PerkinElmer). After 18 h of incubation, the cells 
were harvested and lipids extracted by the Bligh and Dyer tech-
nique and dried by N 2 . Glycerophospholipids were removed by 
saponifi cation in alkaline methanol, followed by reextraction 
and evaporation. Aliquots of SLs were spotted onto a TLC plate. 
The corresponding radioactive spots were scraped off the TLC 
plates for additional measurement by liquid scintillation count-
ing. Data were normalized to the number of counts incorporated 
every 10 6  cells. 

 For SM analysis, the TLC was developed in chloroform-metha-
nol-acetic acid-water (40:10:10:1, v/v/v/v) and visualized by auto-
radiography. For Cer, GlcCer, and lactosylceramide (LacCer) 
analysis, the TLC was developed in two different solvents. The 
fi rst TLC was developed to two-thirds of the plate in solvent sys-
tem butanol-acetic acid-water (60:20:20, v/v/v). Then, the plate 
was cut at Rf = 0.8 (just above the sphingosine standard), and the 
remaining piece of the plate was developed in choloform-methanol 
(98:2, v/v). The radioactive spots were visualized by autoradio-
graphy. Endogenous content of Cer was determined by densito-
metric analysis by using copper acetate reagent as described by 
Fewster et al. ( 29 ). Results are expressed as relative percentage of 
the control. Endogenous content of SM was carried out by mea-
suring the quantity of free orthophosphate using Fiske-Subbarow 
reagent ( 30 ). 

 Before the radioactive incorporation experiments, the SLs 
were identifi ed by mass spectroscopy analysis. The TLC was re-
vealed by the primuline staining technique ( 31 ) and visualized 
under UV light. The bands corresponding to the Rf of the differ-
ent standards were scraped off and separated from the plate by 
extraction. This was performed by three successive extractions 
with chloroform-methanol-water (5:5:1, v/v/v), thoroughly mix-
ing, centrifuging, collecting the solvents, and partitioning with 
4 vol of water to recover the lipids in the chloroform phase ( 32 ). 
This phase was evaporated under N 2  fl ow, and the samples were 
analyzed by MALDI TOF-TOF analysis at LANAIS-PROEM-
CONICET, Argentina. The standards used were as follows: C12:0 
SM (d18:1/12:0;  N -lauroyl- D -erythro-sphingosylphosphorylcholine), 

that rafts play important roles in signal transduction and 
protein sorting in cell membranes ( 11, 12 ). Rafts have 
been also associated with regulation of the actin cytoskel-
eton and the cell matrix and cell-cell adhesion structures 
( 13–16 ). We have recently demonstrated that in fully dif-
ferentiated collecting duct cells, adherens junction (AJ) 
protein complexes are located in an SM-cholesterol-rich 
DRM, whose lipid composition is necessary to preserve 
cell-cell adhesion ( 17 ). 

 Cultured Madin-Darby canine kidney (MDCK) cells 
are used as a model to study epithelial cell polarization 
and differentiation. When seeded at low density, MDCK 
cells undergo morphological changes from a fi broblast-
like phenotype to a polarized one ( 18 ). To acquire a po-
larized phenotype, MDCK cells have to adhere to each 
other, and such adhesion is essential to the maintenance 
of tissue integrity. The fi rst step in cell-cell adhesion is 
the establishment of AJ by homophilic cadherin interac-
tion of adjacent cells and the intracellular formation of 
the AJ complex ( 19 ). The interaction of E-cadherin with 
neighboring cells recruits downstream  � -catenin, p120-
catenin, and  � -catenin, which link and modulate the 
organization of the actin cytoskeleton ( 20 ) and form 
mature AJs. As a result, each component in the E-cad-
herin,  � -catenin,  � -catenin, and actin cytoskeleton com-
plex is important in maintaining the stability of AJs ( 21 ). 
Initially, the AJ complex is immature and unstable, but as 
cells undergo differentiation, the AJ complex matures 
and becomes stable. In this process, the E-cadherin-mediated 
AJ complex is critical for the maintenance of the epithelial 
tissue architecture ( 22–24 ). 

 In our lab, we have demonstrated that under hypertonic 
conditions, MDCK cells acquire a differentiated pheno-
type with changes in the cellular and nuclear architecture 
( 25, 26 ), accompanied by changes in lipid metabolism 
( 27, 28 ). Considering both that AJ plays a central role in 
epithelial cell differentiation and our previous observation 
that AJ is located in an SM-rich membrane domain, we 
decided to evaluate whether SM synthesis is involved in 
the acquisition of the differentiated phenotype of MDCK 
cells induced by external hypertonic stress. 

 MATERIALS AND METHODS 

 Cell culture, treatment, and transfection 
 MDCK cells were seeded at a density of 0.1 × 10 6  cells/ml in 

6-well multidishes and grown in DMEM (GIBCO) containing 
10% FBS, penicillin (100  � g/ml), and streptomycin (100  � g/ml) 
at 37°C in a humidifi ed 5% CO 2  atmosphere. After 24 h, the me-
dium was replaced by DMEM containing 0.5% FBS so as to syn-
chronize the cell cycle, and cells were incubated for another 24 h 
to reach confl uence. In this condition, MDCK cells acquired a 
polarized phenotype. Then, cells were switched to a hypertonic 
medium (550 mOsm) by addition of NaCl and further incubated 
for 48 h. To inhibit SMS activity, tricyclodecan-9-yl-xanthogenate 
(D609; Sigma-Aldrich), an SMS inhibitor, was used at 7.5, 10, 15, 
and 20 µM. It is important to note that these D609 concentra-
tions were adjusted to inhibit SMS activity and maintain cell 
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anti- � -catenin, and 1:500 rabbit anti-E-cadherin in 1% BSA in 
TBS-Tween. After washing, blots were incubated with secondary 
antibodies and bands evidenced by means of the Bio-Lumina anal-
ysis system (Kalium Technologies). The intensity of each band was 
estimated by optical densitometry using ImageJ software. 

 mRNA measurements 
 Total RNA was isolated with RV Total RNA isolation reagent 

(Promega). SMS1 and SMS2 mRNA levels were measured by 
semiquantitative RT-PCR (18–30 cycles) from 0.4 µg in total 
RNA. To compare the relative mRNA levels, both SMS1 and 
SMS2 were determined in the same reaction. The forward and 
reverse primer sequences were SMS1: 5 ′ -CCGAAGCTTTTTG-
GAGACTG-3 ′  and 5 ′ -ATGCAGAAGATCCCAACCAC-3 ′ ; SMS2: 
5 ′ -GGCACCAAAAAGTACCCAGA-3 ′ and 5 ′ -GAGTCTCCGTTGA-
GCTTTGG-3. A negative control was performed by omitting the 
cDNA sample. For real-time PCR [quantitative RT-PCR (qRT-PCR)], 
a new set of primers was designed: SMS1:5 ′ -CCTGTCCATCAC-
TGGTTCT-3 ′  and 5 ′ -ATGCAGAAGATCCCAACCAC-3 ′ ; SMS2: 
5 ′ -ACGGAGACTCTCAGGCAAAA-3 ′  and 5 ′ -TCAGCACAACAGT-
GTGACCA-3. Beta actin was used as control. The qRT-PCR was 
performed in a RotorGene Q (QIAGEN). 

 SMS enzyme assay 
 The SMS enzyme assay was adapted from the protocol devel-

oped by van Helvoort et al. ( 35 ) and modifi ed by Ternes et al. 
( 36 ). MDCK cells treated as described above were washed twice 
with HBSS and incubated with HBSS containing 1% w/v fatty 
acid-free BSA (HBGB) and 2 µM C 6 -NBD-ceramide (C 6 -NBD-
Cer; Molecular Probe) at 4°C for 4 h. The incubation superna-
tant was saved, and cells were incubated again with HBGB 
(without C 6 -NBD-Cer) at 4°C for 30 min. The new supernatant 
was saved and pooled with the fi rst one. The cells were washed 
twice with HBSS and scraped off. Lipids were extracted from 
cells, and supernatants by the Bligh and Dyer technique. The 
lipid extract was analyzed by high-performance TLC (HPTLC) in 
chloroform-acetone-methanol-acetic acid-water (50:20:10:10:5, 
v/v/v/v/v). Fluorescent lipids were visualized on a STORM 860 
Image Analysis system (Molecular Dynamics), and the relative in-
tensity of the band was quantifi ed using ImageJ software. To 
identify SM, GlcCer, and LacCer spots, standards for C12:0 SM, 
C18:0 GlcCer, and C12:0 LacCer were used (Avanti Polar Lipids 
Inc.). The presence of the standards was revealed by the primu-
line technique. 

 Lactate dehydrogenase   assay 
 The lytic lysenin activity was assessed by the determination of 

the released lactate dehydrogenase (LDH) in the medium, mea-
sured by an LDH-P UV assay kit (Wiener Laboratorios, Rosario, 
Argentina) according to the manufacturer’s instructions. The 
maximum amount of releasable LDH enzyme activity was deter-
mined by lysing the cells with 0.2% Tween 20. 

 RESULTS 

 SMS1 expression and activity are increased during 
induced MDCK differentiation 

 MDCK morphological changes were evaluated by 
differential interference contrast (DIC) microscopy. 
Confluent MDCK cells cultured in isotonic medium 
displayed an elongated fi broblast-like phenotype (  Fig. 
1A  -a), whereas, when cultured in hypertonic medium 

C12:0 Cer (d18:1/12:0;  N -lauroyl- D -erythro-sphingosine), C12:0 
GlcCer (d18:1/12:0;  D -glucosyl- � -1,1'  N -lauroyl- D -erythro-sphin-
gosine), C18:0 GlcCer (d18:1/18:0;  D -glucosyl- � -1,1'  N -stearoyl- D -
erythro-sphingosine), C12:0 LacCer (d18:1/16:0;  D -lactosyl- � -1,1' 
 N -laurosyl- D -erythro-sphingosine), and sphingosine (d18:1; 
 D -erythro-sphingosine), all from Avanti Polar Lipids Inc. 

 Fluorescence microscopy 
 Cells were plated on coverslips and treated as described above. 

Cells were washed with PBS, fi xed with 4% (w/v) paraformalde-
hyde at 25°C for 20 min, and permeabilized with 0.1% (v/v) Tri-
ton X-100 at 25°C for 20 min. After washing with PBS, cells were 
incubated with 3% BSA and 3% normal goat serum in PBS at 
25°C for 60 min, followed by incubation at 25°C for 90 min with 
different primary antibodies. The antibodies used were as fol-
lows: 1:250 mouse anti- � -catenin (Sigma), 1:200 rabbit anti- � -
catenin (Sigma), and 1:50 rabbit anti-E-cadherin (Santa Cruz 
Biotechnology). Primary interactions were detected by using a 
1:100 F(ab´) 2  fragment of goat anti-rabbit IgG and a 1:100 F(ab´) 2  
fragment of goat anti-mouse IgG (Jackson ImmunoResearch), 
both FITC- and tetramethylrhodamine  -labeled. For actin fi la-
ment observation, the marker phalloidin-FITC (Sigma) with pri-
mary antibodies was used. 

 The detection of PM level of SM was performed by lysenin 
(PeptaNova) staining as described by Yamaji et al. ( 33 ) and modi-
fi ed by Barceló-Coblijn et al. ( 34 ). Lysenin was detected by using 
a 1:200 rabbit anti-lysenin antibody (PeptaNova) and a 1:200 
F(ab´) 2  fragment of goat anti-rabbit IgG, Alexa Fluor 647 conju-
gated (Molecular Probes). The coverslips were then mounted 
onto microscope glass slides with Vectashield Mounting Medium 
(Vector Laboratories) and stored at 4°C until analysis. 

 A nonsilencing siRNA conjugated with AlexaFluor 488 (AllStars 
Negative Controls, QIAGEN) was used as a control and for moni-
toring transfection. Labeled cells were analyzed for the evaluation 
of morphological changes induced by specifi c siRNAs. 

 Imaging and data processing 
 Cells were examined by wide-fi eld microscopy with an epifl uo-

rescence Nikon Eclipse Ti microscope equipped with an oil im-
mersion 60× numerical aperture 1.40. Images were taken with 
the acquisition freeware Micrometric SE premium. A minimum 
of 10 fi elds containing several cells were collected from each 
sample. Images of confocal immunofl uorescence were obtained 
by an Olympus FV300 confocal microscope (model BX61) 
equipped with Ar and He-Ne lasers, and oil immersion 60× nu-
merical aperture 1.40. Images were taken with the acquisition 
software FluoView version 3.3. A minimum of 10 fi elds contain-
ing several cells were collected from each sample. Optical sec-
tions of 0.5 µm for z-plane and 3D reconstruction were obtained. 
Images were analyzed and reconstructed using ImageJ and 
Image-Pro plus version 4.5. 

 Immunoblotting 
 After washing with PBS, cells were treated with trypsin-EDTA 

and counted, and viability was determined by the trypan-blue ex-
clusion assay. After resuspending in lysis buffer (50 mM HEPES, 
1% Triton ×100, 150 mM NaCl, 1 mM PMSF, 1 µg/ml aprotinin, 
1 mM leupeptin, 200 µM NaVO 4 ), cells were passed through a 
29-gauge needle, and aliquots of either 20,000 or 30,000 cells 
were incubated with 4× Laemmli buffer at 100°C for 5 min and 
resolved in a 10% or 12.5% SDS-polyacrylamide gel and blotted 
to polyvinylidene fl uoride membranes. In the E-cadherin experi-
ments, cells were scraped off with a rubber policeman. Blots were 
blocked with 10% nonfat milk in TBS-Tween incubated over-
night at 4°C with 1:5,000 mouse anti- � -catenin, 1:5,000 rabbit 
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  Fig.   1.  SMS1 expression and activity are increased during induced MDCK differentiation. MDCK morphological changes were evaluated 
by DIC microscopy. A: Confl uent MDCK cells cultured in isotonic medium (a) and subjected to external hypertonicity for 48 h (b). B: 
MALDI TOF/TOF analysis of the TLC spot corresponding to the Rf of SM. The intensity versus mass ( m/z ) graph (a), magnifi cation (b), 
fragmentation (c). C: Endogenous SM expressed as nmol SM per 10 6  cells. [ 14 C]palmitic acid (D) and [ 14 C]serine incorporation (E), ex-
pressed as relative percentage of incorporation per 10 6  cells (*  P  < 0.05). F-a: Lytic lysenin activity (fi nal concentration, 5  � M/ml) by dif-
ferent incubation times (10, 30, and 60 min) was measured by the release of LDH. The results are expressed as relative LDH activity respect 
to 100% value of the cell layer lysed with 0.2% Tween 20. SM distributions using lysenin staining were observed by confocal microscopy opti-
cal section and the xz and yz plane reconstruction. Images from a middle confocal plane in both cultured cell conditions (b and c) and z-
plane reconstruction (xy and zy) were observed. RT-PCR (G) and qRT-PCR (H) for SMS1 and SMS2 were performed. I: Representative TLC 
of NBD-SM synthesis in the supernatant and cell. Quantifi cation expressed as relative percentage of optical density (Hyper/Iso per 10 6  
cells) (*  P  < 0.05).   

for 48 h, they acquired a more packed cobblestone-like 
morphology, typical of differentiated epithelial cells 
( Fig. 1A -b).  To further determine the SM amount and 
metabolism in cultured cells, cells were subjected to hy-
pertonicity, and, after extraction, dried lipid extracts 
were separated by TLC. To confi rm its identity, the 
chromatographic spot corresponding to the Rf of SM 

was analyzed by mass spectrometry (MALDI TOF/TOF) 
( Fig. 1B ). The intensity versus mass ( m/z ) graph shows 
most of the signal in the  m/z  650–850 range ( Fig. 1B -a). 
The magnifi cation of this  m/z  range ( Fig. 1B -b) shows 
peaks of possible subspecies of SM with different fatty 
acid carbon number. The molecular structures of the 
SM subspecies were confi rmed by fragmentation, with 
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apparatus from SM synthesis in the PM, subjected or not 
to hypertonicity. For this purpose, treated cells were in-
cubated in the presence of C 6 -NBD-Cer at 4°C for 4 h, 
and then BSA extraction was performed (see Materials 
and Methods). The SM obtained from the scraped-off 
cells was considered as the SM pool synthesized in the 
Golgi apparatus, which corresponds to SMS1 activity 
(Cell-NBD-SM), whereas the BSA-extracted SM is consid-
ered as the SM pool synthesized in the PM and refl ects 
SMS2 activity (Supernatant-NBD-SM).  Fig. 1I  shows a 
representative HPTLC obtained from experiments per-
formed in isotonic and hypertonic conditions (cell and 
supernatant) and a quantifi cation of the spots adjusted 
to cell number. An HPTLC of different SL standards is 
also shown (standard). The SM fl uorescence intensity of 
the supernatant extracted from hypertonicity-subjected 
cells was significantly lower than that extracted from 
isotonicity-subjected cells ( Fig. 1I , Supernatant-NBD-SM, 
gray bar), denoting a decrease in PM-SMS2 activity. How-
ever, the spot corresponding to Golgi SM was higher in 
hypertonicity-subjected cells ( Fig. 1I , Cell-NBD-SM, gray 
bar). These results suggest that, in cells subjected to hy-
pertonicity, SMS activity in the Golgi apparatus is more 
relevant than that in PM. These results are consistent 
with the switch in the expression of SMS genes evoked by 
external hypertonicity ( Fig. 1G, H ). 

 SMS1 knockdown impairs the acquisition of the 
differentiated phenotype 

 The above results allow us to consider SMS1 as the most 
important SMS isoform involved in the progress of hyper-
tonicity-induced MDCK differentiation. To obtain a more 
precise approach of SMS1 participation during hyperto-
nicity-induced MDCK differentiation, we knocked down 
SMS1 by the siRNA technique. Silencing of SMS2 and 
scramble siRNA was also performed as control experi-
ments. The effectiveness and specifi city of RNA silencing 
were analyzed in each case evaluating the expression of 
SMS1 and SMS2 by RT-PCR. The samples from cultured 
cells transfected with SMS1 siRNA showed a signifi cant de-
crease in SMS1 mRNA level as compared with the scram-
bled-siRNA-treated cells. It is important to note that mRNA 
SMS2 level did not decrease but appeared moderately in-
creased as compared with the scrambled sample, which 
may refl ect induction of SMS2 mRNA when expression of 
SMS1 mRNA was knocked down. When SMS2 mRNA was 
silenced, a moderate decrease in its RNA expression was 
observed (  Fig. 2A  ).   

 We further determined SMS1 and SMS2 activity by incu-
bation of cultured cells with C 6 -NBD-Cer as described 
above. In the cells treated with SMS1 siRNA, SM synthesis 
in the Golgi apparatus decreased as compared with treated 
cells with scrambled siRNA ( Fig. 2B ), thus refl ecting that 
SMS1 knockdown evoked a decrease in Golgi SM synthe-
sis, demonstrating that the silencing of SMS1-RNA is 
accompanied by a decrease in SMS1 enzyme activity. No 
changes in the intracellular synthesis of SM were obtained 
when cells were transfected with SMS2 siRNA, while syn-
thesis in the PM remained at a very low level. 

the detection of a peak at  m/z  184 corresponding to 
phosphocholine ( Fig. 1B -c). 

 Thereafter, SM was quantifi ed by the Fiske-Subbarow 
method. Results are expressed as nmol of SM/10 6  cells. 
Hypertonicity induced a >2-fold increase in the total en-
dogenous content of SM ( Fig. 1C ). To determine SM syn-
thesis, cells treated as described above were incubated in 
the presence of [ 14 C]palmitic acid. As expected, an in-
crease in radioactive SM was obtained under hypertonicity 
( Fig. 1D ). Considering that [ 14 C]palmitic acid can enter 
the metabolic pathway at different steps, both as substrate 
of serine palmitoyl transferase (SPT) and as substrate of 
Cer synthases during de novo synthesis and during the re-
cycling pathway, we further studied [ 14 C]serine incorpora-
tion as a refl ection of the de novo synthesis pathway. When 
cells were incubated with [ 14 C]serine, [ 14 C]SM level in-
creased in cells subjected to hypertonicity ( Fig. 1E ). These 
results confi rm that hypertonicity increases SM cellular 
content and synthesis. 

 We further analyzed SM content in PM determining 
lytic lysenin activity (5  � M/ml) by release of LDH. As ex-
pected, the relative LDH release was almost three times 
higher in cells subjected to hypertonicity than in control 
cells ( Fig. 1F -a). 

 To determine the cellular SM distribution z-scan of con-
focal immunofl uorescence using lysenin staining was per-
formed. Images from a middle confocal plane show posi-
tive fl uorescent signal in both cultured cell conditions 
( Fig. 1F -b, c). In the xz and yz reconstruction, it is observed 
that while under isotonicity lysenin staining is distributed 
all over the cells drawing cell periphery ( Fig. 1F -b, xz and 
yz plane, arrowhead), and under hypertonicity most of the 
signal is basolaterally accumulated ( Fig. 1F -c, xz and yz 
plane, arrowhead). These images of lysenin distribution 
resemble those reported by Ishitsuka et al. ( 37 ) in MDCK 
cells showing lysenin staining is accumulated in lateral 
membrane 

 In order to evaluate the expression of both SMS1 and 
SMS2 in MDCK cells, we performed an RT-PCR assay. The 
results showed that both isoforms are expressed in MDCK 
cells, with the expression of SMS1 lower than that of SMS2 
under isotonicity, keeping an SMS2/SMS1 ratio of  � 1.5. 
When subjected to external hypertonicity for 48 h, the 
relative expression of SMS mRNA switched, and the 
SMS2/SMS1 ratio turned to a value <0.75 ( Fig. 1G ). Then, 
SMS1 and SMS2 mRNAs were quantitatively analyzed by 
qRT-PCR. For this purpose, a new set of primers was de-
signed (see Materials and Methods). We compared SMS1 
and SMS2 expression in cells cultured either under isoto-
nicity or hypertonicity. Signifi cant increase in SMS1 mRNA 
was found under hypertonicity while a decrease in SMS2 
mRNA was obtained, both normalized by  � -actin expression 
( Fig. 1H ). These results show that SMS1 is the prevalent SMS 
isoform expressed in hypertonicity-induced differentiated 
MDCK cells. 

 To evaluate the correlation between SMS1/SMS2 gene 
expression and the respective enzyme activity, we next 
determined SMS1 and SMS2 activity by using a proto-
col that allows discriminating SM synthesis in the Golgi 
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 We further evaluated the level and distribution of SM by 
lysenin staining. In the middle plane of  Fig. 2D -a, it can be 
observed that cytosolic labeling of SM may be due to bind-
ing of lysenin to intracellular vesicles, which was attenu-
ated by SMS1 ( Fig. 2D -b) but not by SMS2 silencing ( Fig. 
2D -c). As shown in z reconstruction, SMS1 silencing 
evoked a lysenin signal dissipation from the basolateral 
domain (arrowhead and arrow), while no change was 
observed in SMS2 siRNA ( Fig. 2D -b) if compared with 
scramble-transfected cells ( Fig. 2D -a) and cells treated 
with the transfection reagent alone ( Fig. 2D -e). No fl uo-
rescent signal was observed in cells incubated without lys-
enin ( Fig. 2D -d). 

 Taken together, the results suggest that SMS1 activity is 
important for the maintenance of cell-cell adhesion and 
for cells to develop the differentiated morphology. 

 To evaluate the effect of SMSs knockdown on trans-
fected cells, immunofl uorescence microscopy was per-
formed. Negative-siRNA conjugated with Alexafl uor488 
was used as control of cotransfection. The cells transfected 
with SMS siRNAs presented a green dotted signal in 
the cytoplasm ( Fig. 2C , small arrowhead). Morphologi-
cal changes were determined by DIC microscopy. SMS1 
siRNA-Alexa488-positive cells presented loss of the hexag-
onal phenotype and more diffuse cell-cell limits ( Fig. 2C , 
arrowhead) when compared with nontransfected cells 
( Fig. 2C , arrow). By contrast, no changes in the cell phe-
notype were observed in SMS2 siRNA-transfected cells. 

 Quantitative data showed that 75% of scrambled cells or 
those transfected with siSMS2 had conserved phenotype 
while the 85% of cells transfected with siSMS1 presented 
altered phenotype. 

  Fig.   2.  SMS1 knockdown impairs the acquisition of the differentiated phenotype. A: qRT-PCR analysis of the effect of SMS1 and SMS2 
silencing on SMS1 and SMS2 expression. B: Effect of SMS1 and SMS2 silencing on PM and Golgi synthesis of SM expressed as relative 
percentage of siRNA/scr activity (*  P  < 0.05 data compared by ANOVA). C: DIC of SMS1 and SMS2 siRNA. SMS1-transfected cells (siRNA-
Alexafl uor488 green dotted cells, arrowhead) and nontransfected cells (white arrow). D: SM distributions using lysenin staining were ob-
served by confocal microscopy optical section and the xz and yz plane reconstruction. Images from a middle confocal plane and z-plane 
reconstruction (xy and zy) in siRNA scramble (a), siRNA SMS1 (b), and siRNA SMS2 (c) transfected cells were observed. Negative control 
(avoiding lysenin) (d) and transfection reagent control (e) were performed.   
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SM amount and metabolism in cultured cells treated or 
not with D609. To this end, cultured cells were subjected 
to hypertonicity, and, after extraction, dried lipid ex-
tracts were subjected to TLC. Thereafter, the chro-
matographic spots corresponding to the Rf of SM were 
quantifi ed by Fiske-Subbarow. Results are expressed as 
nmol of SM/10 6  cells. As expected, when cultured cells 
were treated with increasing concentrations of D609, the 
endogenous level of SM decreased in a concentration-
dependent manner ( Fig. 3C , gray bars). We further stud-
ied [ 14 C]serine incorporation as a refl ection of the de 
novo synthesis pathway. When cells were incubated with 
[ 14 C]serine, the serine incorporation to SM decreased 
as compared with the control at any of the inhibitor 

 The morphological changes induced by hypertonicity 
are impaired by an SMS inhibitor in a 
concentration-dependent manner 

 As described above, SMS1 knockdown impaired hyper-
tonicity-induced MDCK differentiation. To obtain more 
evidence and to allow the progressiveness of this process, 
we performed experiments with increasing concentrations 
of an SMS inhibitor (D609). To select the optimal D609 
concentration, we fi rst determined cell number and cell 
viability (  Fig. 3A , B ) and found no differences from 7.5 to 
15 µM D609 but a toxic effect at 20 µM D609, refl ected by 
a signifi cant decrease in cell number and viability.   

 Because D609 is an inhibitor of SMSs and SM is a fi nal 
product of SL metabolism, we further determined the 

  Fig.   3.  The morphological changes induced by hypertonicity are impaired by D609, an SMS inhibitor, in a concentration-dependent 
manner. Effect of increasing concentrations of D609 on cell number (A) and viability (B) (*  P  < 0.01 data compared vs. Iso; #  P  < 0.05 data 
compared vs. Hyper). C: Effect of increasing concentrations of D609 on the endogenous levels of SM expressed as nmol of SM per 10 6  cells 
(*  P  < 0.05). D: Effect of increasing concentrations of D609 on SM de novo synthesis (*  P  < 0.05). E: Wide-fi eld fl uorescence microscopy 
showing the effect of increasing concentrations of D609 on cell morphology. F: Lysenin staining of SM in control (Hyper) and D609 treated 
cells (H+D15). G: Washed cells reincubated for 24 h without inhibitor.   
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delineated the square shape, typical of the differentiated 
phenotype displayed by MDCK cells ( Fig. 4A -b, e). When 
cells were treated with 15 µM D609, E-cadherin positive 
signal in cell-cell junctions was lost in most of the cells 
( Fig. 4A -c, f). Instead of continuous peripheral distribu-
tion, E-cadherin showed a discontinued distribution, ac-
quiring a dot-like appearance ( Fig. 4A -c), better observed 
in the magnifi ed image ( Fig. 4A -f, arrowheads). The dissi-
pation of E-cadherin immunofl uorescence was further 
corroborated by Western blot analysis. Indeed, the posi-
tive signal for E-cadherin progressively decreased as D609 
concentration increased ( Fig. 4B ). 

 To confirm SMS1 involvement in AJ alteration, E-
cadherin distribution was also evaluated in SMS1 or SMS2 
knockdown cells. As seen in  Fig. 4C , SMS1 siRNA-trans-
fected cells (small arrowhead) presented discontinuous 
PM E-cadherin distribution, with a clear loss in the periph-
ery of the cell ( Fig. 4C , white arrowhead) as compared 
with nontransfected cells ( Fig. 4C , white arrow). No altera-
tion in E-cadherin distribution was observed in SMS2 siRNA-
transfected cells ( Fig. 4D ). 

 SMS inhibition and SMS1 knockdown impair AJ assembly: 
alteration of  � - and  � -catenin 

 It is considered that the stabilization of the cell-cell ad-
hesion properties of E-cadherin depends on the cytoplas-
mic domain. In fact, to exhibit stable functional adhesion, 
E-cadherin must form complexes with cytoplasmic plaque 
proteins called catenins and with the actin cytoskeleton. 
The cytoplasmic E-cadherin domain binds  � -catenin, 
which in turn binds  � -catenin, which connects with the ac-
tin cytoskeleton. Thereafter, we analyzed the role of SMS 
in the correct distribution of  � - and  � -catenin by the phar-
macological inhibition (  Fig. 5A  ) and the knockdown of 
SMS1 ( Fig. 5C, D ).  Both  � - and  � -catenin were found in 
the periphery of the cells  , both under isotonicity and un-
der hypertonicity for 48 h ( Fig. 5A -a, g/b, h, respectively). 
However, merged images showed better colocalization of 
 � - and  � -catenin in cells subjected to hypertonicity than in 
those in isotonicity ( Fig. 5A -m, n, respectively), refl ecting 
maturation of cell-cell adhesions induced by hypertonic-
ity. The magnifi ed images allowed us to observe the typical 
organized rows of puncta at sites of cell-cell contact in cells 
under isotonicity. After 48 h of hypertonicity, the puncta 
increased in number and size and appeared to fuse until 
constituting a continuous line formed by a single highly 
organized row of puncta, typical of mature AJs ( Fig. 5A -s, 
´s/t, ´t) ( 38 ). When cultured cells were treated with in-
creasing concentrations of D609, the typical epithelial 
sheet was increasingly altered. In fact, at 7.5 µM D609, cell-
cell adhesion started to be impaired and some cells ac-
quired an elongated fi broblastic phenotype ( Fig. 5A -c, i, 
and o). In the magnifi ed image, it is possible to see that 
the positive signal for  � - and  � -catenin appeared as two 
distinct rows of puncta at sites of intercellular contact ( Fig. 
5A -u, arrowhead), losing the continuous line of colocal-
ized  � - and  � -catenin ( Fig. 5A -´u). At 10 µM D609, the ef-
fect of the inhibition of SMSs was more evident ( Fig. 5A -d, 
j, and p), cell-cell adhesion was impaired in most of the 

concentrations used, thus refl ecting inhibition of SM de 
novo synthesis ( Fig. 3D ) 

 We further studied the effect of D609 on the MDCK cell 
phenotype by wide-fi eld fl uorescence microscopy. Changes 
in cell shape were observed by visualization of phalloidin-
FITC fl uorescence, where its peripheral distribution re-
fl ects the presence of polymerized actin forming the cell 
cortex. Confl uent MDCK cells cultured in isotonic me-
dium displayed an elongated fi broblast-like phenotype, 
whereas those cultured in hypertonic medium for 48 h ac-
quired a more packed cobblestone-like morphology, typi-
cal of differentiated epithelial cells ( Fig. 3E ). 

 To determine whether inhibition of SMS can affect the 
hypertonicity-induced epithelial phenotype, cultured cells 
were treated with increasing concentrations of D609. At 
7.5 µM D609, most of the cells kept their differenti-
ated phenotype with actin distributed in the cell cortex 
( Fig. 3E , H+D7.5, arrowhead). As D609 concentration in-
creased, alterations in cell-cell contacts were evident, and 
the cell limits became irregular. At 10 µM D609, the cell 
borders acquired a zipper-like appearance, and stress fi ber 
formation was evident ( Fig. 3E , H+D10, arrowhead). At 15 
µM D609 ( Fig. 3E , H+D15), the F-actin cell cortex was 
more disrupted, with alteration of the points of cell-cell 
adhesion (arrowhead). At 20 µM D609, the F-actin cell 
cortex was lost in most of the cells, and F-actin organized 
as intracellular parallel fi bers that do not correspond to an 
epithelial cell phenotype ( Fig. 3E , H+D20, arrow) but re-
semble a fi broblast-like phenotype. 

 To determine the effect of D609 in the cellular distribu-
tion of SM, z-reconstruction of confocal immunofl uores-
cence using lysenin staining was performed. Images from 
a middle confocal plane show cytosolic labeling of SM may 
be due to binding of lysenin to intracellular vesicles, which 
was attenuated by D609-treated cells ( Fig. 3F , H+D15). In 
the xz and yz reconstructions, it is observed that under hy-
pertonicity most of the signal is basolaterally accumulated 
( Fig. 3F , Hyper, arrowhead) while in D609-treated cells 
lysenin staining is distributed all over the cells drawing cell 
periphery ( Fig.3F , H+D15, arrowhead). 

 In order to evaluate the reversibility of the D609 effect, 
cultured cells were washed and incubated for another 24 h 
in the absence of the inhibitor. Results show that cells re-
covered their differentiated phenotype, thus demonstrat-
ing no deleterious effect of D609 ( Fig. 3G ). 

 SMS inhibition and SMS1 knockdown impair AJ assembly: 
alteration of E-cadherin 

 Being that AJ is the most important cell-cell adhesion 
structure and considering that it is initiated by the homo-
philic interaction of E-cadherin of adjacent cells, we next 
studied E-cadherin distribution by confocal immunofl uo-
rescence. We evaluated SMS involvement by two strategies: 
the pharmacological inhibition of the enzyme activity and 
SMS1 knockdown. The images of the middle confocal 
plane are shown in   Fig. 4  .  Under isotonicity, E-cadherin 
appeared retained in cell-cell adhesions, showing the 
fi broblast-like phenotype ( Fig. 4A -a, d), whereas under 
external hypertonicity for 48 h, E-cadherin perfectly 
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 � -catenins. Because  � -catenin is a necessary intermediate 
in the linkage of  � -catenin to the cadherin cytoplasmic do-
main, we performed Western blot analysis to address the 
presence of  � - and  � -catenin.  � -catenin was highly sensi-
tive to the increasing concentration of D609, showing an 
important decrease in the amount of protein from 7.5 µM 
D609 ( Fig. 5C , white bars).  � -catenin appeared more resis-
tant to the effect of D609, but at 15 µM a decreased amount 
of the protein was evident ( Fig. 5C , gray bars). 

 To confi rm the progressive effect of the inhibitor, SMS1 
knockdown experiments were performed. When  � -catenin 
distribution was evaluated, we observed that SMS siRNA-
transfected cells ( Fig. 5D ,  � -catenin, white arrow) pre-
sented a diffuse disrupted signal in the PM ( Fig. 5D , 
 � -catenin, white arrowhead) compared with nontrans-
fected cells ( Fig. 5D ,  � -catenin, small arrowhead). Only 
the cell-cell contact of cells adjacent to positively trans-
fected but not to nontransfected cells presented a dissipa-
tion of the  � -catenin signal in the cell periphery. These 
results show that SMS1 knockdown alters  � -catenin 
distribution. When  � -catenin distribution was evaluated, 
the immunofl uorescence images showed that SMS1 
siRNA-transfected cells presented a wider, more diffuse 
 � -catenin distribution in the periphery of the cells with 
evident signals of cell-cell adhesion relaxation ( Fig. 5D , 
 � -catenin, white arrows) compared with nontransfected 
cells ( Fig. 5D , small arrowheads). These results show that 
SMS1 silencing evokes an impairment of cell-cell adhesion 
integrity, suggesting an important role of SMS1 in AJ con-
formation. Additionally, transfected cells (green dotted 

cells, and the dissipation of the  � / � -catenin signals was 
evident in some zones of the cell culture [ Fig. 5A -v (arrow-
head), ´v]. At 15 µM D609, cell-cell adhesion was also im-
paired in most of the cells, with a complete dissipation 
of the  � / � -catenin signals in some zones [ Fig. 5A -w, ´w 
(arrowhead)]. At 20 µM D609, cells lost their epithelial 
phenotype, cell-cell adhesions were disrupted, and cells 
appeared completely irregular ( Fig. 5A -f, l, and r). Some 
cells developed a pseudopod-like structure ( Fig. 5A -r, 
arrow), and most of the cells showed  � / � -catenin-labeled 
fi lopodium-like structures to contact each other ( Fig. 5A -x, 
arrowhead). In these conditions the  � / � -catenin puncta 
were smaller, although organized in the periphery of the 
cells, but appeared to serve as points where fi lopodia 
emerge punctuate and embedded into neighboring cells 
( Fig. 5A -´x). It is interesting to note that  � -catenin was 
present in the cytoplasm, which seems to refl ect a cytoplas-
mic translocation of the protein evoked by the treatment 
with 20 µM D609 ( Fig. 5A -l,   arrowhead). In some cells, in-
tranuclear  � -catenin was also observed. 

 In order to evaluate the reversibility of the D609 effect, 
cultured cells treated with 15  � M D609 were washed and 
reincubated without inhibitor during additional 24 h. As 
is seen in the merged image ( Fig. 5B ), AJ recovered their 
mature phenotype. 

 It is accepted that cells require the constant expression 
and function of AJ proteins to remain associated and orga-
nized as an epithelium ( 38 ). Furthermore, for cadherins 
to exhibit functional adhesion activity, they must form 
complexes with the cytoplasmic plaque proteins  � - and 

  Fig.   4.  SMS inhibition and SMS1 knockdown impair 
AJ assembly: alteration of E-cadherin. A: E-cadherin 
(green fl uorescence) images of the middle confocal 
plane and their magnifi cation under isotonicity 
(a and d), hypertonicity (b and e), and under hyper-
tonicity with 15 µM D609 (c and f). B: Effect of in-
creasing concentrations of D609 on E-cadherin level. 
C: Immunofl uorescence of E-cadherin distribution in 
SMS1 knockdown transfected cells (small arrowhead) 
as compared with nontransfected cells (white arrow-
head). D: Immunofl uorescence of E-cadherin distri-
bution in SMS2 knockdown transfected cells (small 
arrowhead) compared with nontransfected cells 
(white arrowhead).   
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  Fig.   5.  SMS inhibition and SMS1 knockdown impair AJ assembly: alteration of  � - and  � -catenin. A: Confocal immunofl uorescence of the 
middle confocal plane of  � -catenin ( � -Cat) and  � -catenin ( � -Cat) distribution, under isotonic (a, g, respectively) or hypertonic conditions 
(b, h, respectively). Merged images (m, n). Confocal immunofl uorescence of the middle confocal plane of  � -catenin (c–f) and  � -catenin 
distribution (i–l). Merged images of  � - and  � -catenin (o–r). Digital magnifi cation (s–x). Arrowheads show the progressive alteration of AJ 
and cell-cell adhesion. From magnifi ed images, segmentation processes were performed. Yellow pixels are represented as white pixels 
(Colocalization: s´, t´, u´, v´, w´, and x´). B:  � -catenin (green) and  � -catenin (red) were detected in wash cultured cells and reincubated 
without inhibitor. C: Effect of increasing concentrations of   D609 on  � -catenin (white bars) and  � -catenin (gray bars) levels determined by 
Western blot analysis. Actin was used as loading control (representative image, n = 4,  P  < 0.05). D: Effect of SMS1 knockdown on  � -catenin 
(red) and  � -catenin (red) distribution. Transfected cells are seen as green dotted cells (small arrowhead).   
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fl uorescence, respectively) in the periphery of the cells, 
both under isotonicity and under hypertonicity ( Fig. 6A , 
Isotonic, Z Plane, white arrowheads). However, images 
showed that cells subjected to hypertonicity presented bet-
ter colocalization of  � - and  � -catenin than cells maintained 
under isotonicity. When cultured cells were treated with 
D609, cell-cell adhesion was impaired and the peripheral 
localization of  � - and  � -catenin was lost, refl ecting cell-cell 
adhesion disruption ( Fig. 6A , Hyper + D15, white arrow). 

 To obtain a closer examination of the cell morphol-
ogy, 3D reconstructions were performed from the optical 

cells, small arrowhead) presented a  � -catenin cytoplasmic 
distribution consistent with the effect observed with the 
highest D609 concentration ( Fig. 5D , gray “*”). 

 To obtain additional support for the observation that 
hypertonicity induces the maturation of AJs, we ana-
lyzed the cell-cell adhesion structure through serial z-axis 
0.5  � m optical sections on cells subjected to isotonicity 
and hypertonicity either with or without D609 15 µM treat-
ment (  Fig. 6A  ).  We generated z-plane cross-sections across 
the monolayer ( Fig. 6A , lines a–d). Analysis of z-planes 
( Fig. 6A , Z Plane) showed  � - and  � -catenin (red and green 

  Fig.   6.  Z-plane and 3D reconstruction. SMS inhibition and knockdown. A: Z-plane cross-sections across the 
monolayer were generated (a–d). Analysis of z-planes (Z Plane) showed  � - and  � -catenin in the periphery of 
the cells, both under isotonicity and under hypertonicity (white arrowhead). In cells treated with 15 µM 
D609, cell-cell adhesion was impaired and the peripheral localization of  � - and  � -catenin is lost (Hyper+D15  , 
white arrow). Cytosolic  � -catenin was observed (Hyper+D15, white arrowhead). 3D reconstructions were 
performed from the optical sections (3D/Magnifi cation). Under isotonicity, cells presented an elongated 
phenotype while under hypertonicity presented a cobblestone-like morphology (Hypertonic, 3D/Magnifi ca-
tion). D609 treatment impaired the acquisition of the differentiated phenotype (Hyper + D15, 3D/Magnifi ca-
tion), showing  � -catenin intracellular accumulation. B: Effect of SMS1 knockdown on AJ formation and cell 
morphology,  � - and  � -catenin (red fl uorescence in both cases). The green fl uorescence corresponded to trans-
fection control. Analysis of z-planes (Z Plane,  � -cat and  � -cat) showed that images from transfected cells (ar-
rowhead) present a mislocalization of both catenins, with a clear cytoplasmic  � -catenin distribution (Z Plane, 
 � -cat, arrowhead). No alteration is observed in nontransfected cells, which present a cobblestone-like pheno-
type, with  � -catenin peripherally distributed (white arrow). In  � -catenin 3D/Magnifi cation nontransfected 
cells (white arrow) present a peripheral distribution of  � -catenin, whereas peripheral distribution is disrupted 
in transfected cells. In  � -catenin 3D/Magnifi cation nontransfected cells showed a peripheral distribution 
(white arrow), whereas transfected cells (white arrowhead) present intracellular distribution with accumula-
tion in a structure that should be the nucleus. The small arrowhead indicates the transfection control.   

 at S
U

N
Y

 H
LT

H
 S

C
I C

T
R

 A
T

 B
R

O
O

K
LY

N
, on A

pril 6, 2015
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Sphingomyelin in differentiation 797

dehydrated sphingosine ( m/z  264.3), GlcCer-(Glc + 
2H 2 O), and GlcCer-(Glc + H 2 O), confi rming GlcCer iden-
tity ( Fig. 7C , Fragmentation). In this solvent system, the 
SM spot was contaminated by lysophosphatidylcholine 
(confi rmed by mass spectrometry, data not shown). For 
this reason, SM was not considered for this analysis. 

 To determine whether SMS inhibition induced Cer ac-
cumulation that could be involved in the D609-induced 
morphological changes in the MDCK cell phenotype, cells 
were treated with D609, and Cer and GlcCer levels were 
analyzed by [ 14 C]serine incorporation. SMS inhibition 
showed an increase in [ 14 C]Cer-serine incorporation and 
a more important increase in GlcCer synthesis (40%) ( Fig. 
7D , Hyper and H+D15). To evaluate whether such in-
crease in Cer and/or GlcCer synthesis were involved in 
phenotype alteration, we used Myr, an SPT inhibitor, to 
avoid the de novo Cer and GlcCer synthesis. Myr treat-
ment inhibited the increase in Cer and GlcCer synthesis 
( Fig. 7D , H+D15+Myr) induced by SMS inhibition. A 
change in the endogenous content of Cer was further eval-
uated by using cupric acetate reagent. Increase in Cer con-
tent was observed when cells were treated with D609, 
which was abolished by addition of Myr. To determine 
whether Cer and GlcCer accumulation was the cause of 
phenotype alteration, we performed an indirect immuno-
fl uorescence experiment. The alteration in the actin cor-
tex and stress fi ber formation induced by SMS inhibition 
( Fig. 7F , H+D15) was not reversed by Myr treatment ( Fig. 
7F , H+D15+Myr). Moreover, when we evaluated  � - and 
 � -catenin distribution, we observed that the AJ impairment 
evoked by SMS inhibition was not reversed by Myr treat-
ment ( Fig. 7F , H+D15+Myr  ). We performed the experi-
ment with  D -PDMP, a GlcCer synthase-specifi c inhibitor. 
 D -PDMP inhibited GlcCer synthesis but was not able to re-
verse the effect of SMS inhibition ( Fig. 7F , H+D15+PDMP). 
We also evaluated the effect of  D -PDMP and Myr without 
the addition of D609. Neither  D -PDMP nor Myr caused im-
pairment of AJ stabilization by themselves. 

 These results show that, in these experimental condi-
tions, SMS inhibition induced a small Cer accumulation 
and a greater GlcCer accumulation, probably due to the 
ability of MDCK cells to synthesize GlcCer. In fact, we have 
previously described that GlcCer synthase activity is in-
creased in MDCK cells subjected to hypertonic stress. The 
increase in GlcCer synthesis was necessary to acquire api-
cal membrane maturation ( 25 ). For this reason, we sug-
gest that the loss of AJ formation by SMS inhibition was 
due to a decrease in SM level and not to an increase in Cer 
and/or GlcCer levels. 

 DISCUSSION 

 The AJ is the prominent cell-cell adhesion structure in 
epithelial tissue. Several lines of evidence have demon-
strated the involvement of different proteins in the forma-
tion and stabilization of AJ ( 39 ). However, the importance 
of membrane lipids in such process has been less studied. 
In the present study, we demonstrated that the acquisition 

sections ( Fig. 6A , 3D/Magnifi cation). This approach al-
lowed observing that under isotonic conditions, cells pre-
sented an elongated phenotype with a lower height than 
under hypertonic conditions. Moreover, cells under hy-
pertonic conditions presented a perfect cobblestone-like 
morphology, typical of the differentiated epithelial cell 
phenotype ( Fig. 6A , Hypertonic, 3D/Magnifi cation). The 
treatment with D609 impaired the acquisition of such 
differentiated phenotype ( Fig. 6A , Hyper + D15, 3D/
Magnifi cation), showing intracellular accumulation of 
 � -catenin. 

 To confi rm the effect of SMS1 knockdown on AJ forma-
tion and cell morphology,  � - and  � -catenin (red fl uores-
cence in both cases) distribution was analyzed. The green 
fl uorescence corresponded to negative-siRNA-Alexafl uor488 
cotransfection control. Analysis of z-planes ( Fig. 6B , 
Z Plane,  � - and  � -cat) showed that  � - and  � -catenin in 
the periphery of the cells. However, images showed that 
transfected cells (arrowheads) presented a mislocalization 
of both catenins, with a clear cytoplasmic  � -catenin distri-
bution ( Fig. 6B , Z Plane,  � -cat, arrowhead). These effects 
were better observed in 3D reconstruction. As seen in  Fig. 
6B  ( � -cat, 3D/Magnifi cation), cells presented an elon-
gated morphology with alteration in the peripheral distri-
bution of  � -catenin (white arrowhead) when compared 
with nontransfected cells (white arrow). In  Fig. 6B  ( � -cat, 
3D/Magnifi cation), the transfected cells (small arrow) 
present dissipation of  � -catenin from cellular borders, 
with intracellular accumulations (white arrowhead). No 
alteration was observed in nontransfected cells, which pre-
sented a cobblestone-like phenotype, with  � -catenin pe-
ripherally distributed (white arrow). 

 The alteration in the acquisition of the differentiated 
phenotype by SMS inhibition is not due to Cer 
accumulation 

 To study Cer, GlcCer, and LacCer, we developed a two-
solvent TLC to resolve them. We fi rst used a butanol-acetic 
acid-water (60:20:20, v/v/v) system. This TLC was able to 
resolve LacCer but not Cer or GlcCer, which comigrated 
with the solvent front (  Fig. 7A  -1).  To separate Cer from 
GlcCer, we cut the TLC plate over the sphingosine stan-
dard (corresponding to Rf = 0.8), and a second solvent 
system was used (chloroform-methanol, 98:2, v/v). This 
allowed us to resolve Cer and GlcCer ( Fig. 7A -2). To con-
fi rm the identity of Cer and GlcCer, the chromatographic 
spots that comigrated with Cer and GlcCer standards were 
analyzed by mass spectrometry (MALDI TOF/TOF). The 
intensity versus mass ( m/z ) graph shows most of the signal 
in the  m/z  520–690 range. These  m/z  peaks were consistent 
with the possible Cer subspecies (different fatty acid car-
bon number) ( Fig. 7B ). The molecular structures of these 
Cer subspecies were confi rmed by fragmentation, with the 
detection of two peaks at  m/z  282.3 and 264.3, correspond-
ing to simple and double dehydrated sphingosine, respec-
tively ( Fig. 7B , Fragmentation), confi rming Cer identity. 
The same procedure was performed with GlcCer, confi rm-
ing the different subspecies ( Fig. 7C ,  m/z  682–808). Frag-
mentation rendered three peaks corresponding to double 
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AJ, but cells are in the stage of passive contacting cell 
membranes. In our system, mature AJs are obtained after 
48 h of hypertonicity, when cells acquire typical epithelial 
cell morphology. 

 It has been proposed that the formation of mature AJ is 
a stepwise process. In the starting step, cells connect to 
each other by establishing contacting fi lopodia. This is fol-
lowed by an intermediate stage where AJ proteins show a 
double row of puncta, to form a zipper-like structure with 
undulated intercellular borders. Thereafter, a well-de-
fi ned simple row of puncta with parallel actin fi laments 
appears ( 40 ). Based on this stepwise model of AJ matura-
tion, our results seem to show that as the inhibition of SM 
synthesis increases, the capacity of MDCK cells to obtain 
established AJ decreases. In fact, at 20 µM D609, MDCK 
cells only reach the starting stage of adhesion because only 
contacting fi lopodia are present. At lower concentrations 
of the inhibitor (10 µM), cell-cell contacts stop at the stage 
of separated double row of puncta and become closer at 
the lowest concentration of the inhibitor. These results 

of mature AJ structures require active intracellular synthe-
sis of SM, and that when this is affected, AJ cannot be as-
sembled and cells progress to the acquisition of a less 
mature phenotype. 

 It is accepted that, to become organized as epithelial 
tissue, cells have to develop mature cell-cell junctions and 
acquire a differentiated phenotype. We have previously 
demonstrated that even after 72 h at confl uence, MDCK 
cells are only partially polarized and that they reach the 
fully differentiated phenotype after 48 h of external hyper-
tonicity ( 25 ). Consistently, in the present study, we showed 
that after 48 h of confl uence, MDCK cells keep an imma-
ture fi broblast-like phenotype, but when subjected to 48 h 
of hypertonicity, they develop a cobblestone-like pheno-
type typical of mature epithelial cells. In parallel to the 
acquisition of a mature morphology, cell-cell contact be-
comes tighter and more stable, refl ected by the better 
colocalization of AJ proteins. In agreement with this, 
Vasioukhin et al. ( 39 ) reported that even at confl uence, 
intercellular adhesion does not reach the stage of mature 

  Fig.   7.  The alteration in differentiated phenotype acquisition by SMS inhibition is not due to Cer accumulation. A: Representative TLC 
performed as described in Materials and Methods, using butanol-acetic acid-water (60:20:20, v/v/v) as fi rst solvent system and chloroform-
methanol (98:2, v/v) as second solvent system. B, C: MALDI TOF/TOF mass spectrometry of chromatographic spots that comigrated with 
Cer and GlcCer standards. The intensity versus mass ( m/z ) graph shows most of the signals in the  m/z  520–690 range in the Cer spot and 
signals in the  m/z  682–808 range in the GlcCer spot. These  m/z  peaks are consistent with the possible Cer and GlcCer subspecies (different 
fatty acid carbon number). The molecular structures of Cer and GlcCer subspecies were confi rmed by fragmentation, with the detection 
of two peaks at  m/z  for Cer and three peaks for GlcCer confi rming their identities. D: Effect of SPT and GlcCer synthase inhibition on [ 14 C]
serine incorporation, in D609-treated cells. E: Endogenous content of Cer evaluated by cupric acetate reagent. F: Effect of SPT and GlcCer 
synthase inhibition on the D609-induced alteration of F-actin and  � - and  � -catenin ( � -cat/ � -cat) distributions.   
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 Inherently, we observed that SMS inhibition induced an 
increase in GlcCer synthesis. The possible explanation for 
this was that, in our experimental conditions, MDCK cells 
were able to use the excess of Cer to form GlcCer. In fact, 
we have previously described that GlcCer synthase activity 
increased in MDCK cells and was necessary for apical 
membrane establishment during differentiation ( 25 ). It is 
important to note that despite the importance of GlcCer 
in the differentiation process, the SM levels have to be 
maintained for correct AJ formation. 

 At this point, we can assume that SMS1 activity is a re-
quirement for the maintenance and maturation of cell-
cell adhesion. It is known that AJ is in continuous recycling 
of E-cadherin. Thus, the effi cient delivery of E-cadherin to 
the lateral cell membrane is critical for AJ preservation in 
polarized cells ( 45, 46 ). Different lines of evidence sup-
port our results. The downregulation of SMSs in the Golgi 
apparatus retards the protein from the trans-Golgi net-
work to the PM ( 8 ). Additionally, it has been shown in 
HeLa cells that E-cadherin exits the Golgi apparatus and 
reaches the PM by a recycling endosomal pathway ( 47 ). 
On the other hand, Gagescu et al. ( 48 ) reported that recy-
cling endosomes are rich in SM and cholesterol and that 
this lipid-based sorting mechanism contributes to the 
maintenance of cell polarity. More recently, Yachi et al. 
( 49 ) demonstrated that SMS1 is the main enzyme respon-
sible for the generation of recycling endosomes of SM. All 
these observations and our present results allow us to sug-
gest that active SMS1-dependent synthesis of SM is neces-
sary to establish mature AJs due to the fact that SM could 
be essential to form the intracellular vesicles involved in 
the correct delivery of AJ proteins. 

 In conclusion, the present results suggest a new role for 
the intracellular synthesis of SM as a requirement for the 
establishment of mature AJs, thus emerging as a relevant 
player in the acquisition of the differentiated epithelial 
cell phenotype.  

 The authors thank Roberto Fern á�ndez for confocal microscope 
technical assistance. 
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