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Abstract Oxygen-requiring enzymes, such as A4-desaturase
(dihydroceramide desaturase), sphingolipid A4-desaturase/C-4-
hydroxylase, and fatty acid 2-hydroxylase are involved in cer-
amide synthesis. We prepared free ceramides, sphingomyelins
and glycosphingolipids (GSLs) from cancer cells cultivated un-
der conditions of normoxia and hypoxia, and analyzed these
compounds using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. Human colon cancer LS174T
cells were employed because these cells highly express hydroxyl
fatty acids and phytosphingosine (t18:0) which are expected to
be greatly influenced by changes in oxygen levels. As expected,
the populations of dihydro-species of free ceramide and
sphingomyelin with C16:0 non-hydroxy fatty acid were elevated,
and the populations of HexCers and Hex2Cers, composed of
C16:0 or C16:0 hydroxy fatty acid (C16:0h), and sphingosine
(d18:1) or t18:0, were decreased under hypoxia. However, ap-
preciable populations of HexCer and Hex2Cer species of C24:0
or C24:0h and t18:0 remained. These results suggest that the
individual species of GSLs with fatty acids possessing different
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alkyl chain lengths, either non-hydroxy fatty acids or hydroxyl
fatty acids, may be metabolized individually.
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Introduction

‘We have previously investigated the influence of oxygen content
on free ceramide (hereinafter, free ceramide is abbreviated as Cer
and constitutional ceramide is described as ceramide) and the
constituent ceramide species of sphingomyelin and neutral
glycosphingolipids (GSLs) from human colon cancer Caco-2
cells using matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. Unexpectedly, even under normoxia,
the species of Cers and sphingomyelins largely consisted of
dihydrosphingosine (d18:0) with non-hydroxy fatty acids
(NFAs), that is dihydroceramide species (d18:0-NFAs), and all
of them were completely converted to d18:0-NFAs under hyp-
oxia. On the contrary, under normoxia, the major species of
GSLs were composed of sphingosine (d18:1) with hydroxy fatty
acids (HFAs), that is d18:1-HFAs. When the cells were cultured
under hypoxia, the major species of GSLs altered to be d18:0-
NFAs, though appreciable amount of d18:1-HFAs were con-
served. Thus, the constituent ceramide species of the GSLs were
distinctly different from those of the Cers and sphingomyelins in
Caco2 cells, and they changed individually according to changes
in oxygen levels. Usually intestinal cells abundantly express
HFAs and/or phytosphingosine (t18:0) [1, 2]. However, Caco2-
cells do not express t18:0 in their constitutional ceramide of
GSLs; therefore, we employed another human colon cancer cell
line LS174T, which expresses large amounts of t18:0 and HFAs,
to investigate the influence of hypoxia on the constituent cer-
amide composition of the GSLs with t18:0.
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Materials and methods
Cells and hypoxic culture

LS174T cells were from Tohoku University. Cells were cul-
tured in DMEM (Invitrogen, Carlsbad, CA) supplemented
with 10 % fetal calf serum at 37 °C with CO, (5 %) and O,
(20 %) for 3 days (normoxia conditions). For hypoxia exper-
iment, 1 day after being cultured under normoxia conditions,
the cells were transferred to conditions of 37 °C with CO,
(5 %) and O, (0.5 %) in a multi-gas incubator (Juji Field,
Inc., Tokyo, Japan) for 3 days.

Preparations of Cers, sphingomyelins and GSLs

Sphingolipids were purified from 5x 10 cells as previously de-
scribed [3, 4]. Briefly, lipids were extracted with a chloroform—
methanol mixture. Using Florisil (Wako, Osaka, Japan) column
chromatography, GSLs in Folch lower phase were completely
separated by acetylation/deacetylation method from phospho-
lipids such as alkali resistant ether glycerophospholipids and
sphingomyelin [5]. Cers and sphingomyelins were prepared by
preparative thin-layer chromatography (TLC).

MALDI-TOF MS, MS/MS

Mass spectrometry was performed as previously described [3,
4]. Lipids were prepared as 10-350 pmol/ul solutions in
chloroform:methanol (2:1). One microliter each of matrix
(10 mg/ml 2,5-dihydroxybenzoic acid in chloroform:methanol
(2:1) with or without 0.5 % trifluoroacetic acid and lipid solu-
tion were mixed vigorously and 1 pl of the resultant solution
was applied onto the surface of a stainless steel MALDI-TOF
plate. Analyses were performed in positive ion mode using an
AXIMA-Performance mass spectrometer (Shimadzu/Kratos,
UK) equipped with a nitrogen UV laser (337 nm). The instru-
ment was operated at an acceleration voltage of 20 keV and a
pulsed extraction function to improve mass resolution was care-
fully applied to the m/z range 400—1600, based on the sizes of
the target molecules. The TOF analyzer was calibrated using
the following external calibrants: a dimer of a-cyano-4-
hydroxycinnamic acid ([2 M + H]"; 379.09), human angioten-
sin II (M + H]"; 1046.54), and ACTH 8-39 ([M + H]";

2465.20). Helium gas was used for high-energy CID
(20 keV) fragmentation for MS/MS analysis. All mass spectro-
metric data were acquired and analyzed using MALDI-MS
software (Shimadzu/Kratos, UK). The compositions of molec-
ular species from each class of lipid were calculated from the
peak areas obtained from spectra as previously described [3, 4].

TLC solvents

The solvent mixture used for sphingomyelins or GSLs was
chloroform:methanol:H,O (65:25:4 by volume) and the solvent
mixture for Cers was chloroform:methanol:acetic acid (95:1:4).
Cers including d18:1-NFAs, t18:0-NFAs, d18:1-HFAs, and
t18:0-HFAs were separated completely by the solvent [6].

Reverse transcription polymerase chain reaction
(RT-PCR)

RNA was isolated using an RNeasy Mini kit (QIAGEN,
Hilden, Germany), and first strand cDNA was prepared with
5 pg of RNA using a Super Script Il First-Strand system
(Invitrogen). Semi-quantitative RT-PCR (sqRT-PCR) was per-
formed with Ampli Taq Gold 360 Master Mix (Applied
Biosystems, Foster City, CA). The primers used are shown
in Table 1.

Results and discussion

Linear mode and MS/MS analyses of Cers
and sphingomyelins

Figure 1 shows the linear mode mass spectra of Cers (left col-
umn) and sphingomyelins (right column) from LS174T cells
cultured under normoxia (upper row), and hypoxia (lower row).
We have previously reported that in MALDI-TOF MS analysis,
the major molecular ions of typical Cers of d18:1-FAs were
detected as [M + H — H,O]" and [M + Na]', and ions of
dihydro-Cers of d18:0-FAs were detected as [M + H]" and
[M + Na]*, because of the high-sensitivity to dehydration of
the trans-double bond in the long-chain base (LCB) [4]. Under
normoxia, [M + H — H,0] " ions at m/z 520.7, 630.8 and 632.8
and [M + Na]" ions at m/z 560.7, 648.8 and 650.8,

Table 1 Primer sequence for

semi-quantitative RT-PCR Gene Forward Reverse
G3PDH AAGGTCATCCATGACAAC CACCCTGTTGCTGTAGCCA
GLUTI TCATCGTGGCTGAACTCTTCAG TCACACTTGGGAATCAGCCCC
DES1 CCATGGGGAGCCGCGTCTCGCG TGAAAGCGGTACAGAAGAACCAGC
DES?2 ACACCCGCCCGCAAGCTGCTCTG TGCCAGCCTGTACACCCGCTTC
FA2H TGGAGAACGAGCCTGTAGC AACAGGAAGCGGTGGATG
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Fig. 1 Linear mode mass spectra of Cers (a) and (¢), and sphingomyelins (b) and (d), under normoxia (a) and (b), and hypoxia (¢) and (d). Black and
blue letters indicate ions from the species with d18:1-NFA and d18:0-NFA, respectively

corresponding to Cers of d18:1-C16:0, d18:1-C24:1 and
d18:1-C24:0 were detected as major ions (Fig. la).
Accordingly major [M + H] " ion at m/z 703.8, and small ions
at m/z 813.9 and 815.9 corresponding to sphingomyelins of
d18:1-C16:0, d18:1-C24:1 and d18:1-C24:0 were detected
(Fig. 1b). In addition, [M + H] * ion corresponding to
dihydroceramides of d18:0-C16:0 was detected at m/z 540.7
(Fig. 1a) and ions corresponding to dihydro-sphingomyelins,
d18:0-C16:0, d18:0-C22:0 and d18:0-C24:0 were detected at
m/z 705.9, 789.9 and 817.9 (Fig. 1b). Under hypoxia, ions at
m/z 540.7 (d18:0-C16:0) (Fig. 1c), and at m/z 705.9 (dihydro-
sphingomyelin d18:0-C16:0) were more prominently detected
(Fig. 1d). These findings agreed with the previous reports of
tumor cells containing appreciable populations of dihydro-
species of Cers and sphingomyelins [7-9] and their composi-
tion were elevated under hypoxia [3, 10].

Linear mode and MS/MS analyses of HexCers
and Hex2Cers

Figure 2a shows the linear mode mass spectra of HexCers and
Hex2Cers from the LS174T cells cultured under normoxia.
The ions detected were all sodiated. Major detected ions cor-
responding to HexCers were at m/z 722.8, (d18:1-C16:0),
724.9 (d18:0-C16:0), 738.9 (d18:1-C16:0h), 740.9 (t18:0-
C16:0h), 754.8 (t18:0-C16:1h), 756.9 (t18:0-C16:0h), 824.9
(t18:0-C22:0), 840.9 (t18:0-C22:0h), 850.9 (d18:1-C24:0h),
852.9 (t18:0-C24:0), 866.9 (t18:0-C24:1h), 868.9 (t18:0-
C24:0h) and 882.9 (t18:0-C25:0h), whereas those

corresponding to Hex2Cers were at m/z 884.9, (d18:1-
C16:0), 898.9 (d18:1-C16:1h), 918.9 (t18:0-C16:0h), 1002.9
(t18:0-C22:0h), and 1030.9 (t18:0-C24:0h). The profile of
HexCer from LS174T is more complicated than that from
Caco2 cells, which consisted mainly of d18:1-C16:0h,
d18:1-C24:1h and d18:0-C24:0h. Figure 2b shows the linear
mode mass spectra of HexCers and Hex2Cers from the
LS174T cells cultured under hypoxia. Compared with
normoxia, the ions at m/z 724.8 (d18:0-C16:0) almost disap-
peared, although the corresponding ions found in the species
of Cer and sphingomyelin were increased (Fig. 1c, d). In ad-
dition, the ions at m/z 740.9 (t18:0-C16:0), 754.8 (t18:1-
C16:1h) and 756.9 (t18:1-C16:0h) were markedly decreased.
Conversely the ions at m/z 866.9 (t18:0-C24:1h) and 868.9
(t18:0-C24:0h) were less prominent compared with those ob-
served under normoxia, but appreciable levels of the ions were
still detected. Furthermore, the ions observed at m/z 850.9
(d18:1-C24:0h) and 852.9 (t18:0-C24:0) under normoxia
remained under hypoxia. Similarly, the ions at m/z 884.9
(d18:1-C16:0) and 918.9 (t18:0-C16:0h) were decreased, but
those at 1002.9 (t18:0-C22:0h) and 1030.9 (t18:0-C24:0h)
remained relatively unchanged in Hex2Cers.

To confirm the molecular species, MS/MS analyses were
performed. MS/MS analysis of the ion at m/z 738.9 from
HexCer under normoxia shows characteristic ions at m/z
484.0, b2(d18:1) + H + Na derived from the constituent cer-
amide of d18:1 with HFA, and at m/z 319.8 from the ceramide
of C16:0h [4] (Fig. 3a). Another LCB derived ion at m/z 556.6
from t18:0-C16:0 was also detected from the ion at m/z 740.9,
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which was leaked from the MS/MS gate of 738.9. Thus, the
ions at m/z 738.9 and 740.9 from HexCers under normoxia
were identified as HexCer (d18:1-C16:0h) and HexCer (t18:0-
C16:0), respectively. Likewise ions at m/z 754.8 and 756.9
from the HexCers under normoxia, and ions at m/z 850.9,
852.9 and 854.9 from HexCers under hypoxia were identified
as HexCer (t18:0-C16:1h) and HexCer (t18:0-C16:0h) and
HexCer (d18:1-C24:0h), HexCer (t18:0-C24:0) and HexCer
(t18:0-C23:0h), respectively, because the LCB-derived ions at
m/z 502.5, and 484.2 and 556.6 were observed (see Fig. 3b, ¢
and legends).

Compositional comparison of ceramides species of Cers,
sphingomyelins and HexCers and Hex2Cers
between normoxia and hypoxia

For a comprehensive understanding of the metabolism of
sphingolipids, we believe the importance of overviewing con-
stituent ceramide species of GSLs together with those of Cers
and sphingomyelins, though this task is laborious and some
technical limitation remain. One of the hurdle is that no

@ Springer

chemically defined molecular standards, exist to quantify in-
dividual GSL species even though they belong to the same
class of GSLs, such as HexCer and Hex2Cer. It is well known
the huge diversity of GSLs in terms of not only sugar portions

Fig. 3 Fragmentation scheme (upper) and MS/MS profile of the ion at P>
m/z 738.9 (a), 756.8 (b), and 852.9 from HexCer species. The ion
designations for ceramide and carbohydrate were asigned as previously
described [4, 11]. In (a), the LCB derived ion at m/z 484.0 and FA derived
ion at m/z 319.8 indicate molecular ion at m/z 738.9 is HexCer (d18:1-
C16:0 h). The LCB ion at m/z 556.6 and FA ion at m/z 303.8 derived from
an ion leaked from the selected ion gate of 738.9 indicate the molecular
ion 736.9 is from HexCer (d18:1-C16:0h) illustrated in brackets. In (b),
the LCB ion at m/z 602.5 and FA ion at m/z 320.3 indicate the molecular
ion at m/z 756.8 is HexCer (t18:0-C16:0h). The FA ion at m/z 318.3 from
an ion leaked from the selected ion gate of 756.8 indicate the molecular
ion at m/z 754.8 is from HexCer (t18:0-C16:1h) illustrated in brackets. In
(¢), LCB ion at m/z 556.6 indicates molecular ion at m/z 852.9 is from
HexCer (t18:0-C24:0). The LCB ions at m/z 484.2 and 502.7 from ions
leaked from the selected ion gate of 852.9 indicate that both ions at m/z
850.9 and 854.9 are from HexCer (d18:1-C24:0h) and HexCer (t18:0-
C23:0 h), respectively, illustrated in brackets. It is difficult to detect
longer fatty acid-derived ions [4]
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Compositions were calculated based on the peak areas of the linear mass spectra

the relative ceramide compositions of Cers, sphingomyelins,
HexCers, and Hex2Cers, calculated based on the peak areas of
the linear mass profiles (Fig. 4) for a quick overview of the

sphingolipid metabolism [3, 4].

but also of the constituent ceramide species, composed of
different lengths of FAs and LCBs; either or both of which
are occasionally hydroxylated and with the presence or ab-

sence of unsaturation. Therefore, we provisionally compared

pringer
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G3PDH

GLUT1

DES1

DES?2

FA2H

Fig. 5 mRNA levels of Glyceraldehyde-3-phosphate dehydrogenase
(G3PDH), GLUTI, DESI, DES2, FA2H examined using semi-
quantitative RT-PCR in normoxia (/eff) and hypoxia (right)

As expected, both the major Cers and constituent ceramide
of sphingomyelins were the usual species of d18:1-C16:0,
d18:1-C24:1 and d18:1-C24:0 with substantial populations
of dihydroceramide species which increase under hypoxia.
Elevated populations of dihydro-species were previously re-
ported in many cancer cells [7-9]. On the contrary, major
components of the constituent ceramide of HexCers were
d18:1-HFAs and t18:0-NFAs/HFAs, with a small population
of the species d18:1-C16:0, under normoxia. In addition,

Fig. 6 Compositional

comparison of the species with

C16 fatty acids (blue series) and

C24 fatty acids (brown series)

between normoxia and hypoxia Cer

Sphingomyelin

HexCer

Hex2Cer

species possessing odd number FAs such as C23:0, C23:0h
and C25:0h were detected though these populations were
small. These results are probably obtained because LS174T
cells are derived from the intestine, not because they are can-
cer cell as mammalian intestinal epithelial cells abundantly
express GSLs possessing t18:0-HFAs [1, 2]. However, under
hypoxia, we observed unexpected outcomes. The populations
of HexCers with d18:1-C16:0h, t18:0-C16:1h and t18:0-
C16:0h were markedly decreased, which was expected, how-
ever, appreciable populations of HexCers with d18:1-C24:0h,
t18:0-C24:0, t18:0-C24:1h and t18:0-C24:0h remained. The
species of dihydro-GSLs (d18:0-NFAs), which is a major mo-
lecular species of GSLs observed from the Caco2 cells under
hypoxia [3], were hardly detected in LS174T cells under hyp-
oxia. Confirming that the LS174T cells were cultured under
the intended hypoxic condition, we observed a marked eleva-
tion of mMRNA GLUT1 levels whose product is the glucose
transporter well known to be induced by hypoxia [12] (Fig. 5).
The mRNAs DESI, DES2 and FA2H, that encode A4-
desaturase [13, 14], sphingolipid A4-desaturase/C-4-hydrox-
ylase [15, 16], and fatty acid 2-hydroxylase [17, 18] respec-
tively, were slightly elevated, but the translated proteins were
probably not active enough because they require oxygen.
Furthermore, under a hypoxic condition, the species contain-
ing C24:1 or C24:1h were relatively sustained in Cer,
sphingomyelin, HexCer and Hex2Cer, whereas the species
containing C16:1h rapidly decreased in HexCer and
Hex2Cer. These results suggest that C16 species including
C16:0, C16:1, C16:0h and C16:1h in GSLs may be more
rapidly metabolized than C24 species GSLs. This trend

Normoxia Hypoxia

d18:1-C16:0
d18:0-C16:0
d18:1-C16:1h
m d18:1-C16:0h
m t18:0-C16:0
W t18:0-C16:1h
m t18:0-C16:0h
d18:1-C24:1
d18:1-C24:0
d18:0-C24:0
md18:1-C24:1h
m d18:1-C24:0h
m t18:0-C24:0
t18:0-C24:1h
W t18:0-C24:0h

W 9
¢« &
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is more obvious in HexCers than in Hex2Cers. HexCers may
consist of both glucosylceramide (GlcCer) and
galactosylceramide (GalCer) that contain different constitu-
tional Cers [4, 9, 19], reflecting this result. Such a composi-
tional decrease was not seen in the C16 species of Cers and
sphingomyelins. Before MS analysis, we screened for the oc-
currence of Cers, with t18:0 and/or HFAs using TLC.
However, no substantial amount of d18:1-HFAs and t18:0-
NFAs/HFAs were detected in any condition investigated, sug-
gesting that Cers of d18:1-HFAs and t18:0-NFAs/HFAs were
immediately converted into GSLs. This is consistent with pre-
vious result for Caco2 cells, though they lack t18:0 as a LCB
[3]. A comparison of Cer, sphingomyelin, HexCer, and
Hex2Cer which is probably lactosylceramide, species under
normoxia and hypoxia is summarized in Fig. 6.

Ceramide synthase (CerS) 5 and CerS6 synthesize species
with C16, and CerS2 synthesizes species with C24 [20, 21].
However, these enzymes may not be consequence in this ex-
periment because they are not oxygen-requiring enzymes.
Ceramide transfer protein (CERT) transport Cer from the en-
doplasmic reticulum (ER) to the Golgi apparatus in a non-
vesicular manner [22], and sphingomyelin is synthesized by
sphingomyelin synthase (SMS) 1, which transfers
phosphocholine from phosphatidylcholine to Cers in the lu-
minal side of the Golgi. Sphingomyelin is also synthesized by
SMS2 localized in the plasma membrane and Golgi [23]. On
the other hand, Cers for GlcCer synthesis are suggested to be
transported from the ER to the Golgi in a vesicular-dependent
manner [24], and GlcCer is synthesized on the cytosolic phase
of the Golgi by UDP-glucose:ceramide glucosyltransferase
[25], whereas GalCer is synthesized at the lumen of the ER
by UDP-galactose:ceramide galactosyltransferase [26].
GlcCer is further transported to the Golgi either in a vesicular
or non-vesicular manner [27]. These traffic and/or synthesis
characteristics probably contribute to the distinct constitution
of the ceramide-species of individual classes of sphingolipids
and GSLs [28]. In addition, the individual species of GSLs
with different length of FAs, regardless of either NFAs or
HFAs, and/or saturated FAs or unsaturated FAs, may be dif-
ferently metabolized in a manner dependent on the particular
lengths of the FAs, when the cells are moved from normoxic
to hypoxic conditions. Together with our previous report [3],
we have demonstrated complicated remodeling of Cers and
the ceramide of sphingomyelins and GSLs in human colon
cancer cells, according to oxygen levels. The altered Cers
and sphingomyelins composed of dihydro-species, compris-
ing a lipid microdomain with GSLs, may modulate
sphingolipid signaling [29]. The glycan sequence of GSLs
expressed on the cell surface serve as cancer antigens [30]
and for microbe recognitions [31]. It is evident that glycan
expression efficiencies of GSLs are crucially influenced by
their constituent ceramides [32—34]. Therefore, remodeling
of the constituent ceramides of sphingolipids by hypoxia

@ Springer

may alter cell behavior, and also may present the possibility
for new therapeutic approaches based on sphingolipid
biology.
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