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Epithelial organs are made of a well-polarized mono-
layer of epithelial cells, and their morphology is main-
tained strictly for their proper functioning. The roles of
lipids are not only to generate the membrane, but also
to provide the specific domains for signal transduction,
or to transmit signals as second messengers. By using a
liquid chromatography-electrospray ionization mass
spectrometry (LC-MS)/MS method, we here analyzed
sphingolipids in MDCK cysts under various conditions.
Our result showed that, compared to the three-
dimensional cyst, the two-dimensional MDCK sheet is
relatively enriched in sphingolipids. During cystogen-
esis, the contents of sphingomyelin (SM) and lactocyl-
ceramide (LacCer)—but, none those of ceramide,
hexocylceramide, or GIM3—are altered depending on
their acyl chains. While the total SM is decreased
more efficiently by SMS-1 knockdown than by SMS-
2 knockdown, depletion of SMS-2, but not SMS-1,
inhibits cyst growth. Finally upon the switching on of
activated K-Ras expression which induces luminal cell
filling, ceramide and LacCer are increased. Our paral-
lel examinations of the microarray data for mRNA of
sphingolipid metabolic enzymes failed to fully explain
the remodelling of the sphingolipids of MDCK cysts.
However, these results should be useful to investigate
the cell-type- and structure-specific lipid metabolism.

Keywords: K-Ras/MDCK /mass spectrometry/orga-
noid/sphingolipids.

Abbreviations: AID, auxin inducible degron; Cer,
ceramide; Chol, cholesterol; DAG, diacylglycerol;
Fucci, fluorescent ubiquitination-based cell cycle
indicator; GFP, green fluorescent protein; GMI,
Galp1,3GalNAcP1,4(NeuSAca2,3)Galp1,4GlcBl1,1’-c-
eramide; GM3, NeuAca2-3Galpl-4Glcpl-1 ceramide;
GPI, glycosylphosphatidylinositol; HexCer, hexocyl-
ceramide; HIV, human immunodeficiency virus;
LacCer, lactocylceramide (LacCer, GalB1-4GlcpI-1
ceramide); LC-MS, liquid chromatography-electro-
spray ionization mass spectrometry; Luc, luciferase;
MDCK, Madin—Darby Canine Kidney; NAA, 1-
naphthaleneacetic acid; PA, phosphatidic acid; PBS,
phosphate-buffered saline; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PE_p, ethanolamine

plasmalogen PG, phosphatidylglycerol; PI, phospha-
tidylinositol; PS, phosphatidylserine; SM, sphingo-
myelin; SMS, sphingomyelin synthase; VSV, vesicular
stomatitis virus.

The plasma membrane is made up of a variety of
lipids, primarily phospholipids and cholesterol
(Chol). The phospholipids include of phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), phosphati-
dylserine (PS), and phosphatidylinositol (PI) and
phosphatidic acid (PA), all of which have glycerol as
a backbone. In contrast, sphingomyelin (SM) is a
unique phospholipid with a sphingosine backbone,
which induces tight intermolecular associations be-
tween the amide linkage and the OH group. Based
on the difference in biophysical and biochemical prop-
erties between SM and the other phospholipids, the
concept of lipid rafts has been proposed: SM together
with Chol forms a well-packed liquid-ordered domain,
or lipid raft, in the plasma membrane, where signalling
molecules are accumulated for efficient signal trans-
duction from the extracellular stimuli (/). Therefore,
it has been proposed that the SM contents of various
cells may explain their cellular functions.

To measure the lipid molar ratio in various biolo-
gical samples such as tissues and cells, isotopic label-
ling followed by lipid extraction and separation by
chromatography have been utilized. However, great
care is required to obtain lipids of all species due to
their different biochemical properties. Recent progress
in liquid chromatography-electrospray ionization mass
spectrometry (LC-MS) has enabled the determination
of sphingolipid molecular species (2). We also de-
veloped an approach for the comprehensive analysis
of sphingolipids, glycerophospholipids and diacylgly-
cerol (DAG) molecular species in a biological sample,
without alkaline hydrolysis (3).

There are several enzymes involved in the synthesis
and degradation of SM (4). Thus metabolic pathway
of SM is complex. One of these enzymes, sphingomye-
lin synthase (SMS), is a critical regulator for the main-
tenance of SM content in mammals (5). Two SMS
genes, SMS-1 and SMS-2, have been cloned and their
cellular localizations have been characterized. SMS-1
is found in the trans-Golgi apparatus, whereas SMS-2
is predominantly found at the plasma membrane.
Knockout mice of SMS-1 (SMS1-KO mice) exhibited
moderate neonatal lethality, reduced body weight and
loss of fat tissues mass, suggesting that they might have
metabolic abnormalities (6). In support this idea, it has
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been reported that SMS1-KO mice exhibited loss of
epididymal white adipose tissue (WAT) mass (7). In
addition, SMSI1-KO mice showed severe deficiencies
in insulin secretion (6). In contrast, SMS2 KO mice
display no obvious abnormalities, grow into adult
hood and breed normally under a conventional diet
and environment (8). However, it has also been
reported that SMS-2 null mice exhibit an attenuated
inflammatory response in macrophages (&) and
reduced SM levels in plasma and liver (9). These results
indicate that SMS-1 and SMS-2, the SMs at the Golgi-
apparatus and the plasma membrane, respectively,
make different contributions to the functioning of
cells and organs.

MDCK (Madin-Darby Canine Kidney) cells, a cell
line derived from renal tubes (0, /1), has been utilized
as a model system of epithelial cells. MDCK cells show
different morphology depending on their confluence:
When cultured as an individual cell, MDCK cells
show a fibroblastic shape with spontaneous migration
(12). However, after culturing for several days to
weeks, the confluent MDCK cells become cuboidal in
shape with cell—cell adherence and apico-basal polar-
ity. It has been reported that, in a 2-dimensional cul-
ture, epithelial morphogenesis was accompanied by a
major shift from SM to glycosphingolipid, together
with an increase in plasmalogen, PE and Chol content
(13).

In cancer biology, a caveat has been raised that the
environment in a culture dish is different from the in-
ternal environment, in which cells are surrounded by
soft matrices and form steric structures (/4).
Therefore, three-dimensional cell culture in a gel has
been developed to reconstitute the in vivo microenvir-
onment, allowing investigation of the morphogenesis
of multicellular tissue architecture (/7). A single
MDCK cell seeded in an extracellular matrix-rich gel
grows to form a cyst that comprises a monolayer of
polarized cells surrounding a fluid-filled lumen, which
is similar to the epithelial structure in our body. The
MDCK-cyst system has been used not only for study-
ing epithelial cell biology, but also as an in vitro model
system to reconstitute cancers. For example, K-Ras
proteins operate as molecular switches in signal trans-
duction pathways downstream of tyrosine kinases, and
active mutations of these proteins have frequently been
observed in cancer patients. Using a conditional ex-
pression system to rapidly switch on activated K-Ras
in MDCK cysts, we previously found that activated K-
Ras induced aberrant cyst morphology by filling the
lumen with cells (15), resulting in a full lumen like that
in hyperplasia or adenoma in vivo.

In this study, we examined the lipid contents of
MDCK cells in various situations, including the two-
and three-dimensional structures, and non-trans-
formed and transformed in the three-dimensional
structure. In addition to the lipid contents and their
molecular species, we examined the expression patterns
of metabolic enzymes for sphingolipids by microarray
to provide a global understanding of enzymes and their
products.
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Experimental Procedures

Plasmids and establishment of cell lines

pSuper.retro.puro vector (Oligoengine, Seattle, WA) was used for short
hairpin RNA (shRNA) as described previously (/6). The shRNA se-
quences targeting SMS-1, SMS-2 and firefly luciferase were 5'- GAAT
GTGCAAGGAATCGTA -3, 5- GAATATTCACCTCGTCACT-3
and 5- GATTATGTCCGGTTATGTA-3, respectively. The retroviral
expression vectors pCX4puro-TIR1-9myc or pCX4neoDX-TIR 1-9myc
and pCX4bsr-3HA-AID-KRasV12 were generated in the previous
study (/5). Plasmids for Fucci, the lentiviral expression vector
p2AFucci2_pCSII-CMV were provided by Dr. Atsushi Miyawaki,
RIKEN. The apical and basolateral markers mCherry-GPI and
GFP-Syntaxind, respectively, were described previously (17).

Viruses were produced in BOSC23 cells that were transfected with
the expression vectors, the envelope plasmid pCMV-VSV-G-Rsv-Rev
(provided by Hiroyuki Miyoshi and Atsushi Miyawaki, RIKEN), and
the packaging plasmid pGP (/8) for retrovirus production, and
HIVgp (provided by Hiroyuki Miyoshi and Atsushi Miyawaki,
RIKEN) for lentivirus production. Virus-containing media was con-
centrated by RetroX or LentiX (Clontech, Mountain View, CA).
After infection, cells were treated with corresponding antibiotics.

Cell culture and cystogenesis

MDCK cells were purchased from RIKEN BioResource Center (No.
RCB0995), and maintained in minimal essential medium (MEM) con-
taining Earle’s balanced salt solution (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS; Equitech-Bio, Woburn,
MA), 3% L-Gln, 0.1% non-essential amino acids, | mM sodium pyru-
vate, 100 units/ml penicillin and 100 pg/ml streptomycin, in a 5% CO,
humidified incubator at 37°C. For conditional degradation of AID-
tagged proteins, the cells were treated with 50 uM synthetic auxin 1-
naphthaleneacetic acid (NAA) in culture medium.

Cysts were generated as previously described (17, 19, 20) with
modification. Briefly, 1.0x 10* MDCK cells were mixed with 80 pl
of Matrigel (BD Biosciences, Bedford, MA), and placed on a glass
coverslip (13 mm in diameter). After polymerization of Matrigel for
20 min at 37°C, cells were supplied with culture medium containing
2% Matrigel for the indicated periods. To collect cysts for lipid and
microarray analysis, cysts cultured for indicated periods were incu-
bated with 1.25mM EDTA/PBS on ice for 1 hour to depolymerize
the Matrigel, followed by washing three times with PBS.

Live cellimaging

Cells plated on 35 mm glass-bottom dishes (Asahi Techno Glass, Tokyo,
Japan) were imaged on an LCV110 VivaView-Incubator-Fluorescence-
Microscope (Olympus, Tokyo, Japan). Cells were maintained at 37°C
with 5% CO, for the duration of imaging (5—7 days). Each stage pos-
ition was imaged every 20—60 min using a 40x DIC objective lens. GFP
fluorescence was imaged using the NIBA filter, mCherry fluorescence
was imaged using the WIG filter and the exposure time was 500 ms
when the binning of the CCD camera was set to 2 2. Images were
processed using the MetaMorph software (Molecular Devices,
Sunnyvale, CA).

Lipid analysis

To quantify the protein concentration, cells or cysts were lysed in 1x
SDS sample buffer [62.5mM Tris-HCI (pH6.8), 12% glycerol, 2% SDS,
0.004% BPB and 10% 2-mercaptoethanol]. After sonication, proteins
were separated by SDS-PAGE on 5-20% Nagaiki precast gels (Oriental
Instruments, Ltd., Tokyo, Japan), and transferred to PVDF membranes
(Immobilon, Millipore). After blocking with Odyssey blocking buffer
(LI-COR, Lincoln, NE) for 1h, the membranes were blotted with anti-
actin antibody (Cell Signaling Technology Japan, K.K, Tokyo, Japan)
diluted 1:2,000 in a solution of Odyssey blocking buffer and Tris-buf-
fered saline, followed by incubation with the secondary antibodies
IRDye 800CW or IRDye 680 (LI-COR). The membranes were then
scanned with an Odyssey IR scanner and analyzed with MetaMorph
software.

Internal standard solutions were prepared as described previously (3),
except that 50 pmol of LacCer (d18:1/12:0) and 5,000 pmol of choles-
terol-d7 [Chol(D7)] were added to the original internal standard solu-
tion. For measurements of plasmalogen PE, an external standard
solution containing 50 pmol each of PE (28:0) and PE (p18:0/18:1)
was prepared. Pretreatment and measurement of the external standard
solution was performed simultaneously with the samples, and the
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Fig. 1 Lipidome of MDCK cells in the two- and three-dimensional
culture. (A) Lipid class compositions of MDCK cells that were cul-
tured in two-dimensional sheet and three-dimensional cyst. The
content of individual lipid classes was determined by summing up
absolute abundances of all identified species and is expressed as the
mol%. Lipid classes: phosphatidylcholine (PC), cholesterol (Chol),

Lipid analysis in MDCK organoids

derived [peak area of PE (p18:0/18:1)/peak area of PE (28:0)] value was
used as the corrective coefficient for the quantitation of plasmalogen PE.
Lipid extractions were performed as described previously (3), with sev-
eral modifications.

Cell pellets were sonicated for 10s with 0.1 ml methanol/butanol (1:1)
to inactivate the associated enzymes using an ultrasonic bath. After the
addition of 0.05ml standard lipid mixture, 0.05ml of 0.5M phosphate
buffer (pH 6.0) and 0.2 ml of water, the samples were shaken with 0.7 ml
of butanol and sonicated for 3 min in an ultrasonic bath. After centri-
fugation, the upper layer was collected. The original suspension was re-
extracted by the addition of 0.35ml each of ethyl acetate and hexane,
followed by centrifugation. The resulting extract was combined with the
first butanol extract. After the addition of 0.7ml methanol, 10%
(0.21ml) of this solution was dried under reduced pressure at 40°C,
and dissolved in 20 pl of liquid chromatography mobile phase B and
30 ul of mobile phase A. This sample was used to analyze Cer, SM,
HexCer, LacCer, PE, PC and Chol levels. The remaining 90% (1.8 ml)
of the extract was fractionated on a DEAE-cellulose column (500-pl bed
volume packed in a 1 ml polypropylene pipet tip). After washing with
2ml of methanol, the column-bound lipids were eluted with 1 ml metha-
nol/28% aqueous ammonia/formic acid (1,000:33:22). The organic solv-
ent was evaporated from the eluate under reduced pressure at 50°C,
after which the dried materials were dissolved with 50 pl of mobile phase
A. The resulting sample was used for the analyses of acidic lipids (i.e.
S1P, CerlP, GM3, PS, PG, PI and PA).

The Ultimate 3000 LC system (Thermo-Fisher Scientific, Waltham,
MA) used in the study was controlled with Chromeleon software. The
LC system was coupled on-line to a TSQ Vantage mass spectrometer
(Thermo-Fisher Scientific) equipped with an electrospray ionization
source. The MS system was controlled using the Xcalibur software.
Lipids were measured using LC-MS/MS as described previously (3),
except that the collision energy was set to 30V for Cer, SM, HexCer,
LacCer, PE and PC. The mass transitions were additionally set to
702.5/364.2, 724.5/364.2, 728.6/390.2, 730.6/392.2, 748.5/364.2,
750.5/390.2, 752.6/392.2, 774.5/390.2 and 776.6/392.2 for plasmalogen
PE in the positive ion mode. Chol was measured using another set of
LC-atmospheric pressure chemical ionization-MS/MS conditions.
Briefly, the collision energy was set to 20 V, and the mass transitions
were set to 369.3/147.1 for Chol and 376.3/147.1 for Chol (D7) in the
positive ion mode. Each molecular species was identified based on the
MS/MS spectrum and the LC retention times, and the quantities pre-
sent were calculated from the peak areas of the measured lipids, com-
pared with those of the internal standards. The protein concentrations
in the residue after lipid extraction were determined using a BCA
Protein Assay Kit (Thermo-Fisher Scientific). Each level of measured
lipids was normalized to the protein content.

RNA extraction and quantitative real-time Polymerase Chain
Reaction (RT-PCR)

Total RNA was purified with an RNeasy Micro Kit (QIAGEN,
Hilden, Germany) and was reverse-transcribed using a ReverTra
Ace qPCR RT Master Mix (Toyobo, Japan) according to the manu-
facturer’s protocol. The mRNA expressions of SMS1, SMS2 and
GAPDH mRNAs were analyzed by using SYBR Green Realtime
PCR Master Mix (Toyobo, Japan) with a DNA Engine Opticon 2
system (MJ Research, Waltham, MA). The primers used for quan-
titative RT-PCR were summarized in Supplementary dataset S1.

Microarray analysis
For Affymetrix microarray, labelled cRNA were synthesized from
sample RNA using a MessageAmp II-Biotin Enhanced Kit

ethanolamine plasmalogen (PE_p), phosphatidylethanolamine (PE),
phosphatidylserine (PS), sphingomyelin (SM), phosphatidylinositol
(PI), phosphatidic acid (PA), ceramide (Cer), phosphatidylglycerol
(PG), hexocylceramide (HexCer), lactocylceramide (LacCer) and
diacylglycerol (DAG). (B) The contents of sphingolipids species in
two- and three-dimensional cultured MDCK cells. LC-MS/MS was
utilized to quantify sphingolipids levels from MDCK cysts.
Sphingolipids with a d18:1 backbone with fatty acids from 16 to 26
carbons were assessed. Molecular species of sphingolipids were
quantified from the lysate of MDCK cysts. The values represent the
mean of five experiments, and error bars indicate the standard de-
viation. *P<0.05 and **P<0.01. ND, not detected. The raw data
are shown as Supplementary dataset S2.
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Fig. 2 Sphingolipid metabolic pathway of MDCK cells in the early and late stages of cystogenesis. (A) DIC images of the MDCK cells 3D-cultured
in Matrigel for 2 and 10 days. The scale bar represents 20 um. (B) Results of the microarray analysis of sphingolipid metabolic pathway-related
genes. The KEGG metabolic pathway ‘Sphingolipid metabolism’ (map00600) was labelled for the relative expression level (late stage cyst/early
stage cyst). The genes listed in black and white characters indicate up- and down-regulated genes in the late stage cyst, with a 1.3-fold threshold.
The numbers in the metabolic map were obtained from the average of three experiments. The raw data are shown as Supplementary dataset S3.
(C) The relative expression of genes indicated below was quantified by RT-PCR. The values represent the mean of triplicate determinations, and
error bars indicate the standard deviation. (D) The values of relative expression of 12 genes detected in RT-PCR (denoted as qPCR, X-axis) and
those in the microarray (Affymetrix, Y-axis) were plotted. The approximate line is shown with correlation coefficient (R = 0.92).

(Ambion). Target hybridizations were performed on a CanGene-1_0-
st GeneChip (Affymetrix, High Wycombe, UK) according to the
manufacturer’s protocol. The hybridized cRNA were washed and
stained in a GeneChip Fluidics Station 450, and signals were detected
using a GeneChip Scanner 3000 (Affymetrix). Digitalized image data
were processed using the GeneChip Operating Software (GCOS). For
Agilent microarray, Cy3-labeled cRNA was synthesized using a Low
Input Quick Amp Labeling Kit (Agilent Technologies, Santa Clara,
CA). Labeled cRNA were hybridized to a Canine (V2) Gene
Expression Microarray (Agilent Technologies) according to the manu-
facturer’s protocol. Arrays were scanned with a G2565BA Microarray
Scanner (Agilent Technologies). Fold increases in the signal intensities
of selected genes were calculated by using GeneSpring GX software
(Agilent Technologies).

Results

Sphingolipid metabolic pathway of MDCK cells in two
and three dimensions

Although there has been a series of papers on the lipid
contents in those in two-dimensional MDCK cell
sheet, there have been no analyses of lipids in
MDCK cysts. Therefore, this study was the first to
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compare the lipid molar ratio of MDCK cells grown
on a plastic dish and those grown in Matrigel. MDCK
cells grown under both conditions were cultured for 10
days to induce polarization, and lipids were extracted
and analyzed as described in the Experimental
Procedures. As shown in Fig. 1A, the percentages of
some lipids were different between MDCK cells grown
under the two- and three-dimensional conditions.
Ceramide (Cer) and phosphatidic acid (PA) were
slightly, but significantly, decreased in the three-dimen-
sional cyst. The amounts of the major glycolipids, that
is monohexosylceramide (HexCer) and GM3, were ap-
proximately two-fold fewer in the three-dimensional
cyst, compared to the two-dimensional sheet (the
right graph). When molecular species of lipids were
examined, SM and Cer with 18:1/22:1, 18:1/22:0,
18:1/24:1, 18:1/24:0 were significantly decreased in
the three-dimensional cyst. Similar changes were
observed in glycolipids such as HexCer, LacCer and
GM3. These results suggest that the stiffness of the
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Fig. 3 Lipidome of the early and late stages of MDCK cystogenesis.
(A) MDCK cells were cultured in Matrigel for 2 days as early stage or
10 days as late stage. The cysts were subjected to LC-MS/MS for
quantitative comparison of individual lipid classes. The MDCK cysts
in the early and late stage were subjected to LC-MS/MS for quanti-
tative comparison of individual lipid classes. The contents of individ-
ual lipid classes were determined by summing up the absolute
abundances of all identified species and are expressed as the mol%.
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matrix regulates different pathways for species-specific
lipid metabolism, and that such change in species may
contribute to the morphology of the cell grown in the
two- and three-dimensional environment.

Sphingolipid metabolic pathway of MDCK cells in the
early and late stages of cystogenesis

We next examined the sphingolipid metabolic pathways
during cystogenesis by microarray analysis. As shown in
Fig. 2A, at 2 days (upper panel) and 10 days (lower
panel) after embedding in Matrigel, mRNAs were ex-
tracted from MDCK cells and their expression levels
were examined by microarray. Figure 2B shows the
metabolic pathways of sphingolipids. In this map, the
lipids are expressed in italics and genes regulating lipid
conversion were shown in block (the raw data are sum-
marized as Supplementary dataset S3). Among them, the
genes up- and downregulated more than 1.3-fold in the
late stages compared to the early stages are shown in
white and black, respectively. It is noteworthy that we
found upregulation of several genes involved in the pro-
ducing Cer, such as CERS4, DEGS and GALC. We also
observed upregulation of SMS-1 and -2, and CERK,
UGCG and UTGS, which convert Cer to produce SM,
phosphorylated ceramide, GluCer and GalCer, respect-
ively. To certify the accuracy of the microarray data, we
performed quantitative RT-PCR analysis of 12 genes,
including PPAP2B, SMS2, GLBIL, SMS1, SPTLCI,
GBA, CERS2, GAL3STI1, GLB1, GLA and PPAP2A.
As shown in Fig. 2C, the amount of mRNA detected by
RT-PCR showed similar increase/decrease patterns those
detected by the microarray. The relative expression of
these 12 genes measured by RT-PCR and microarray
were showed parallel correlation (Fig. 2D). These data
suggest that during the cystogenesis, the levels of Cer,
SM and glycolipids are increased. To confirm this, the
lipid contents were analyzed by LC-MS/MS. As shown
in Fig. 3A, SM and Cer were increased in the cysts at the
late stages. Since both Cer and SM generate liquid-
ordered domain with Chol (2/), the results of the Cer
and SM enrichment in the mature cysts suggested that
lipid rafts were increased during the cystogenesis. In add-
ition, we examined the molecular species of the sphingo-
lipids (Fig. 3B). Focusing on the major sphingolipids
with d18:1/16:0, SM, HexCer and GM3 were decreased
in the late stages, while LacCer was increased. This in-
crease of LacCer with d18:1/16:0 may have been due to
an increase of B4GALT6, which converts GlcCer to
LacCer (Fig. 2B). When the sphingolipids with 18:1/
22:0 and 18:1/24:1 were compared, SM, Cer and
LacCer were increased, while HexCer and GM3 were
decreased. Since the gene expression data indicate the
up-regulation both of SMS-1 and SMS-2 (Fig. 2B),

Cysts in the early stage are indicated with filled bars and cysts in the
late stage with open bars. Abbreviations are the same as in Fig. 1. (B)
The contents of sphingolipid species in MDCK cells cultured for 2 and
10 days. LC-MS/MS was utilized to quantify sphingolipids levels from
MDCK cysts. Sphingolipids with a d18:1 backbone with fatty acids
from 16 to 26 carbons were assessed. Molecular species of sphingo-
lipids were quantified from the lysate of MDCK cysts. The values
represent the mean of triplicate determinations, and error bars indicate
the standard deviation. *P <0.05 and **P<0.01. ND, not detected.
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represent the mean of triplicate determinations, and error bars indicate the standard deviation. (B) Time-lapse imaging of SMS-deficient MDCK
cells in Matrigel was performed as described above. The scale bars represent 20 um. (C) The analysis of cyst growth for SMS knockdown MDCK
cells. The diameter of each cyst in (B) was measured by Metamorph software. The averaged time courses are shown. Results are shown for
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n = 39). (D) The results of the measurement of cysts on day 5 (from C) are shown. Error bars indicate the standard deviation and P-values were
calculated using the t-test. (E) The analysis of cell growth in the two-dimensional sheet for SMS knockdown MDCK cells. Various cells were

seeded onto plastic dish and the cell numbers were counted at the indicated periods.

these enzymes might convert Cer with 18:1/22:0 and
d18:1/24:0, but not Cer with 18:1/16:0, to SM during
cyst maturation. Interestingly, glycolipids, such as GM3
and HexCer were all decreased in the cysts in the late
stages, while LacCer, with 18:1/24:0 was increased. As
mentioned above, B4AGALT6 might be responsible for
LacCer upregulation during cyst maturation.

SMS2, but not SMS1 knockdown reduced cyst
growth

The data above indicate that SM produced by SMS-1
and -2 contributes to cystogenesis. To know the function
of SMS-1 and SMS-2, which is upregulated during cysto-
genesis, we generated shRNA constructs to knockdown
the SMS-1 and -2. The MDCK cells expressing the
shRNAs against SMS-1 and SMS-2 showed reductions
in gene expression of 6% and 25%, respectively, com-
pared to the control shRNA against firefly luciferase
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(Fig. 4A). These shRNA-expressing MDCK cells were
embedded in Matrigel and observed with a microscope
equipped with a CO, incubator. As shown in Fig. 4B,
MDCK cells with shSMS-2 showed retarded growth.
Quantification of the diameter of these cysts supported
the conclusion the knockdown of SMS-2 reduced the size
of the cysts, compared to those formed by the parental
MDCK cells, or MDCK-shLuc cells. In contrast,
MDCK-shSMSI cysts grew in a manner similar to par-
ental MDCK and MDCK-shLuc cysts. At the 5th day,
the diameters of the cysts of MDCK-shSMS-2 cysts were
significantly smaller than the diameters of cysts of the
parental MDCK and MDCK-shLuc cells (Fig. 4D).
Interestingly, in the two-dimensional sheet, SMS-2
knock down had no effect to cell growth (Fig. 4E).
MDCK cysts expressing the cell-cycle marker Fucci
showed relative cell cycle progression at the 6th day
upon SMS-2 knockdown (Supplementary Fig. S4),
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Fig. 5 Lipidome of sphingomyelin synthase-knockdown MDCK cysts.
(A) MDCK cells were infected with virus containing shRNA against
c¢SMSI, cSMS?2 or luciferase (Luc) and selected by puromycin. These
cells were cultured on Matrigel for 7 days and were subjected to

LC-MS/MS for quantitative comparison of individual lipid classes.
The contents of individual lipid classes were determined by summing
up the absolute abundances of all identified species and are expressed
as the mol%. sh-Luc MDCK cells are indicated with open bars,

Lipid analysis in MDCK organoids

suggesting that effect of SMS-2-knockdown may be over-
come by other growth signalling pathways. The expres-
sion of polarity markers in the MDCK cysts revealed
that the apico-basal polarity was maintained in SMS-2-
knockdown cysts (Supplementary Fig. S5).

To confirm the SM decrease in these SMSs knock-
down MDCK cells, lipids in various MDCK cysts at
dayl0 were analyzed by LC/MS-MS. As shown in Fig.
5A, the relative amount of SM was decreased in MDCK-
shSMS-1, but not in MDCK-shSMS-2 cysts. The ana-
lysis of molecular species of SM indicated that SM with
d18:1/16:0 was decreased significantly in the MDCK-
shSMS-1 cyst, and slightly in the MDCK-shSMS-2
cyst. A similar trend was observed in other molecular
species such as SM with d18:1/20:0, d18:1/24:0 and
d18:1/26:1, suggesting that there were no differences in
substrate specificities between SMS-1 and -2, and that
SM produced by SMS-2 is necessary for cyst growth.

Sphingolipid metabolic pathway of MDCK cells upon
the active K-Ras expression

Finally, the lipid metabolism upon transformation was
analyzed. K-Ras is one of the major oncogenes, of
which mutations were observed in various cancers,
such as pancreas, colon and lung cancers. To reconsti-
tute the cancer in vitro, we previously established an
auxin inducible degron (AID) system to express a con-
stitutively active form of K-Ras protein in the mature
MDCK cysts (22). In the presence of 1-naphthalenea-
cetic acid (NAA), a synthetic auxin, TIRI plant F-box
protein binds to the AID protein, leading to poly-
ubiquitination of AID proteins and thereby degrad-
ation of the AID protein by the proteasome (15).
MDCK cells expressing TIR1 and AID-KRasVI12
were cultured in Matrigel to form cysts, and AID-
KRasV12 was expressed by 1-NAA deprivation. To
understand the initial effect of K-Ras V12, MDCK-
KRasV12 cells were first cultured in the Matrigel with
NAA for five days to form cysts, then further cultured
with or without NAA in the Matrigel for an additional
one day. As shown in Fig. 6A, we confirmed that cells
filled the lumen of the K-RasV12-expressing MDCK
cysts, but not the lumen of the MDCK cysts with
NAA. mRNAs were extracted from the MDCK cysts
with or without KRasV12, and subjected to RT-PCR
and microarray analysis. Figure 6B indicates the
changes in the expression of various enzymes.
SPTLCI1, CERS2 and SMS-2 were upregulated by the
active K-Ras expression. Quantitative RT-PCR ana-
lysis of the SPTLCI1, CERS2 and SMS-2 genes repro-
duced the microarray data (Fig. 6C). We also compared
the relative expression of 7 genes in RT-PCR to
find that gene expression detected in RT-PCR and

sh-SMS1 MDCK cells with black bars, and sh-SMS2 cells with gray
bars. Abbreviations are the same as in Fig. 1. (B) The contents of
sphingolipids species in sphingomyelin synthase-knockdown MDCK
cysts. LC-MS/MS was utilized to quantify the sphingolipids levels
from MDCK cysts. Sphingolipids with a d18:1 backbone with fatty
acids from 16 to 26 carbons were assessed. Molecular species of
sphingolipids were quantified from the lysate of MDCK cysts. The
values represent the mean of triplicate determinations, and error
bars indicate the standard deviation. *P <0.05 and **P<0.01.
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microarray showed parallel correlation (Fig. 6D).
Lipids were extracted and examined to find Chol and
PE_p was slightly increased upon the active K-Ras ex-
pression (Fig. 7A). Analysis of the molecular species of
sphingolipids suggested that Cer with d18:1/24:0 as the
major Cer was increased by the active K-Ras expres-
sion in the mature cysts (Fig. 7B). GM3 and LacCer
with d18:1/24:0 were also increased. Although the
mRNA of SMS-2 was upregulated (Fig. 6C), we
observed a slight, but not significant, increase of SM
with d18:1/16:0 and d18:1/22:0.

Discussion

In this study, we analyzed the contents of various lipids
and the mRNA expressions of various genes regulating
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sphingolipid metabolism in order to understand how
sphingolipid metabolism is remodelled in response to
different biological and pathological conditions in
cysts (Fig. 8).

In the comparison between two- and three-
dimensional epithelial structures, we found that
sphingolipids were relatively enriched in the two-
dimensional sheet (Fig. 1). This augmentation was
global; that is, most of the molecular species of SM,
Cer and glycolipids showed the same trend of higher
concentration in the 2-dimensional sheet. In striking
contrast, during cystogenesis the SM and LacCer con-
tents showed molecular species-specific changes, while
Cer, HexCer and GM3 did not (Fig. 3B). It has been
reported that the elastic modules of polystyrene sub-
strates used for monolayer culture are 2.78 x 10°Pa,
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Fig. 7 Lipidome of MDCK cells upon the active K-Ras expression.
(A) MDCK-KrasV12 cells were cultured on Matrigel with 50 uM
NAA for 5 days and further cultured with or without NAA for 1
days. MDCK-KrasV12 cysts were subjected to LC-MS/MS for
quantitative comparison of individual lipid classes. The content of
individual lipid classes was determined by summing up the absolute
abundances of all identified species and is expressed as the mol%.
MDCK-KrasV12 cells suppressed K-RasV12 expression by NAA as

Lipid analysis in MDCK organoids

while those of the reconstituted basement membrane
are 175Pa in average (/4). Considering that MDCK
cells secrete laminin to their basal side in three-dimen-
sional culture (23), it is plausible that the secretion of
such a matrix, or cytokines and growth factors, may
contribute to the expression of metabolic genes for
these lipids during the cystogenesis. Such changes in
the microenvironment may induce genes with specific
substrate specificity. In fact we found that some genes
were increased during cystogenesis (Fig. 2B), but this
result did not fully explain the lipid metabolism. For
example, although we found that it was increased in
the late stages, the substrate specificity of ceramide syn-
thase (CerS) 4 remained unknown. Since CerS2 and
CerS5 use long acyl chain CoAs, whereas CerS2 and
CerS3 are involved in the synthesis of very long acyl
chain sphingolipids (24), a biochemical analysis will be
needed to identify the genes responsible for lipid
metabolism. Other possibilities are that the substrate
specificities of enzymes are altered upon matrix or
growth factor stimulation, or that the localization and
structural changes of lipids are altered during
cystogenesis.

The result that SMS-2, but not SMS-1, knockdown,
inhibited organoid growth suggests that SM in the
plasma membrane has specific roles (Fig. 4). The draw-
back of mass spectrometry, including when using the
present method, is that it cannot detect the localization
of the lipids. Lipid-specific probes are useful to detect
lipids in the cells, but at this time, we only have a limited
number of probes. Cholera toxin subunit B has been
widely utilized to detect the GM1 on the plasma mem-
brane. In a similar manner, Lysenin, a pore-forming
toxin derived from coelomic fluid of the earthworm
Eisenia foetida, has been utilized as a probe for a cluster
of SM (25). Using this toxin, it has been shown that
clustered SM is enriched in the basolateral membrane of
MDCK 1I cells (26), and in the apical membranes of
mouse mammary gland cells (27). Although the toxin
was modified for live imaging of the lipid distribution in
living cells (28), a method for applying Lysenin to cysts
has not been established. We tried to express non-
toxic Lysenin in the cells with or without membrane-
localization signals and found that sequestering of SM
to the probe at the Golgi apparatus leads to cell death
(unpublished data). Further development of the lipid-
specific probes or advances in tools such as imaging
mass spectrometry will lead to fuller clarification of
the localization of specific lipids in the three-dimen-
sional structure.

Since SMS-2 is required for cyst growth (Fig. 6), and
SMS-2 mRNA was upregulated upon active K-Ras
expression, we expected that the SM produced by

control (filled bars) and K-RasV12 induced MDCK-KrasV12 cells
(open bars). Abbreviations are the same as in Fig. 1. (B) The con-
tents of sphingolipids speciess in MDCK-KrasV12 cysts. LC-MS/
MS was utilized to quantify sphingolipid levels from MDCK cysts.
Sphingolipids with a d18:1 backbone with fatty acids from 16 to 26
carbons were assessed. The molecular species of sphingolipids were
quantified from the lysate of MDCK-KrasV12 cysts. The values
represent the mean of triplicate determinations, and error bars in-
dicate the standard deviation. *P<0.05 and **P<0.01.
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Fig. 8 Schematic summary of sphingolipid metabolism in this study.

SMS-2 would play an important role for the luminal
cell filling induced by the active K-Ras expression.
However, SM was not increased upon the active K-
Ras expression (Fig. 7), and knockdown of SMS-2 in
the active K-RasV12-expressing cysts did not inhibit
the luminal cell filling (Supplementary Fig. S6), deny-
ing this possibility. Instead, slight increases in Cer and
LacCer were observed (Fig. 7). How these lipids par-
ticipate in the luminal cell filling remains to be solved.
A series of reports has suggested that Cer and LacCer
play divergent roles in cell growth, depending on the
cell- or tissue-context. For example, Cer produced by
sphingosine kinase-1 is required for MDCK cell
growth (29). LacCer induced ROS generation and ac-
tivation of ERK1/2 in cardiomyocytes (30), Ras acti-
vation in human aortic smooth muscle cells (3/), and
PLA2a activation via direct binding (32). We speculate
that various lipids and several signaling pathways are
involved in the active K-Ras-induced phenotypes.
Although Raf is located downstream of Ras, the
Raf-mutated cancers show a more aggressive pheno-
type than those with Ras mutation (33). In previous
study, Chol was decreased upon the activation of Raf
in MDCK cells cultured in a two-dimensional sheet,
while PC, PE, DAG and SM were increased (/3). Even
though the methods of culturing and lipid analysis dif-
fered between this previous system and our present
one, such a difference in lipid contents could play a
role in the aggressiveness of cancers both in vitro and
in vivo.
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In summary, we here tried to elucidate the mechan-
isms underlying sphingolipid metabolism using both
mass spectrometry and microarray analysis, since
both data on the lipid concentrations and protein ex-
pression/activity are required to generate a metabolic
map in silico (12). Although changes in mRNA expres-
sion cannot fully account for the changes in lipid con-
tents observed in response to various biological events,
we believe that these data will provide a platform for
further studies to predict epithelial cell fate under vari-
ous conditions.

Supplementary Data

Supplementary Data are available at JB Online.
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