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anine and L-serine.
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(Background: L-Serine deficiency affects sphingolipid homeostasis.
Results: Reduced L-serine promotes the accumulation of 1-deoxysphingolipids and the formation of lipid bodies.
Conclusion: Diminished capacity for L-serine synthesis leads to a higher L-alanine to L-serine ratio and elicits the synthesis of

Significance: 1-Deoxysphingolipids occur in certain disease conditions characterized by a metabolic imbalance between L-al-
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L-Serine is required to synthesize membrane lipids such as
phosphatidylserine and sphingolipids. Nevertheless, it remains
largely unknown how a diminished capacity to synthesize L-serine
affects lipid homeostasis in cells and tissues. Here, we show that
deprivation of external L-serine leads to the generation of 1-deox-
ysphingolipids (doxSLs), including 1-deoxysphinganine, in mouse
embryonicfibroblasts(KO-MEFs)lackingp-3-phosphoglyceratede-
hydrogenase (Phgdh), which catalyzes the first step in the de novo
synthesis of L-serine. A novel mass spectrometry-based lipidomic
approach demonstrated that 1-deoxydihydroceramide was the
most abundant species of doxSLs accumulated in L-serine-
deprived KO-MEFs. Among normal sphingolipid species in KO-
MEFs, levels of sphinganine, dihydroceramide, ceramide, and
hexosylceramide were significantly reduced after deprivation of
external L-serine, whereas those of sphingomyelin, sphingosine,
and sphingosine 1-phosphate were retained. The synthesis of
doxSLs was suppressed by supplementing the culture medium
with L-serine but was potentiated by increasing the ratio of L-al-
anine to L-serine in the medium. Unlike with L-serine, depriving
cells of external rL-leucine did not promote the occurrence of
doxSLs. Consistent with results obtained from KO-MEFs, brain-
specific deletion of Phgdh in mice also resulted in accumulation
of doxSLs in the brain. Furthermore, L-serine-deprived
KO-MEFs exhibited increased formation of cytosolic lipid bod-
ies containing doxSLs and other sphingolipids. These in vitro
and in vivo studies indicate that doxSLs are generated in the
presence of a high ratio of L-alanine to L-serine in cells and tis-

* This work was supported in part by a grant from The Tojuro lijima Founda-
tion for Food and Technology (to S. F.) and Japan Society for the Promotion
of Science KAKENHI Grant 14J05809 (to K. E.).

' Supported by the fellowship of Junior Research Associate of RIKEN.

2 To whom correspondence should be addressed: Division of Systems Bioen-
gineering, Graduate School of Bioresource and Bioenvironmental Sci-
ences, Kyushu University, Fukuoka 812-8581, Japan. Tel./Fax: 81-92-642-
7604; E-mail: shigekifur@brs.kyushu-u.ac.jp.

SASBMB

JUNE 5,2015+VOLUME 290-NUMBER 23

sues lacking Phgdh, and de novo synthesis of L-serine is necessary
to maintain normal sphingolipid homeostasis when the external
supply of this amino acid is limited.

L-Serine, a nonessential (dispensable) amino acid, is synthe-
sized de novo from a glycolytic intermediate, 3-phosphoglycer-
ate, through three catalytic steps known as the phosphorylated
pathway (1). The first step in this pathway is catalyzed by p-3-
phosphoglycerate dehydrogenase (PHGDH,? EC1.1.1.95) (2).
Humans with mutated PHGDH have lower levels of free L-Ser in
the plasma and in cerebrospinal fluid. These L-Ser-deficient
patients exhibit severe neurological symptoms, including congen-
ital microcephaly, psychomotor retardation, and intractable sei-
zures (3—-5). In addition to these data from humans with PHGDH
deficiency, our in vivo study demonstrated that conventional
Phgdh knock-out (KO) mice display severe consequences of
embryonic development, such as brain malformation with overall
growth retardation, and die after embryonic day 13.5 (6 — 8). These
human and mouse studies highlighted the absolute necessity of
L-Ser, synthesized de novo via the phosphorylated pathway, for
embryonic viability and nervous system development. In addition,
recent functional genomic studies showed that de novo biosynthe-
sis of L-Ser plays a crucial role in invasiveness, malignant transfor-
mation, and proliferation of certain types of cancer (9, 10). L-Ser
also acts on pyruvate kinase M2 as an allosteric effector and sup-
ports aerobic glycolysis, which is a metabolic hallmark of cancer
cells (9, 10). These reports provide unexpected evidence that
enhanced L-Ser availability in the body is involved in intrinsic met-
abolic reprogramming of cancer cells.

3 The abbreviations used are: PHGDH, p-3-phosphoglycerate dehydrogenase;
BKO, brain-specific Phgdh knock-out; SL, sphingolipid; MEF, mouse embry-
onic fibroblast; SPT, serine palmitoyltransferase; HSAN1, hereditary sen-
sory and autonomic neuropathy type I; doxSL, 1-deoxysphingolipid; SA,
sphinganine; SO, sphingosine; Cer, ceramide; DHCer, dihydroceramide;
HexCer, hexosylceramide; LacCer, lactosylceramide; SM, sphingomyelin;
ER, endoplasmic reticulum; EMEM, Eagle’s minimum essential medium.
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FIGURE 1. Sphingolipid biosynthetic pathway. A, L-Ser and palmitoyl-CoA are condensed by SPT to form 3-keto-sphinganine, which is reduced to SA. Then,
SA is N-acylated to form DHCer and desaturated to form Cer. In addition, Cer is converted to SO and subsequently phosphorylated to generate sphingosine
1-phosphate (57P) by the degradative pathway. B, sphingoid bases generated by SPT, which uses not only L-Ser but also L-Ala or Gly as a substrate and
synthesizes atypical doxSLs. Because of the lack of the C1 hydroxyl group, doxSLs can neither be converted to complex sphingolipids nor degraded by the

degradative pathway.

We recently demonstrated that brain-specific Phgdh knock-
out (BKO) mice exhibit marked reductions in both L- and D-Ser
levels in the brain, accompanied by diminished N-methyl-p-
aspartate (NMDA) receptor function (11). These results indi-
cate that L-Ser synthesized de novo in the brain determines the
availability of D-Ser and indirectly regulates higher functions via
NMDA receptor-mediated transmission. Nonetheless, it
remains unclear how the diminished L-Ser synthesis elicits
alterations in L-Ser-derived metabolites other than p-Ser.

Unlike other amino acids, L-Ser is used directly for the syn-
thesis of phosphatidylserine and ceramide, the hydrophobic
moiety of sphingolipids (SLs). The latter SLs act as important
mediators of the signaling cascades involved in various cellular
functions, such as apoptosis, proliferation, and the stress
response (12). The first step of SL synthesis is the condensation
of L-Ser and palmitoyl-CoA catalyzed by serine palmitoyltrans-
ferase (SPT), which is a rate-limiting enzyme in the SL synthetic
pathway (Fig. 14) (13, 14). Our previous analysis of membrane
lipids in embryonic tissues of conventional Phgdh KO mice
showed that L-Ser deficiency resulting from Phgdh deletion
leads to drastic reduction of major SLs such as GD3 (7),
prompting us to investigate the consequences of L-Ser defi-
ciency on SL homeostasis in cells and tissues.

In this study, to determine the effect of L-Ser deficiency on SL
metabolism at the molecular level, we developed a novel mass
spectrometry-based lipidomic system and examined whether
diminished synthesis of L-Ser caused by genetic ablation of
Phgdh altered the metabolism of SLs in KO-mouse embryonic
fibroblasts (MEFs) and BKO mice. Here, we report that reduced
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availability of L-Ser led to a decrease in normal SLs and elicited
the synthesis and accumulation of 1-deoxysphinganine
(doxSA) and its derivatives (Fig. 1B).

Experimental Procedures

Materials—The internal standard mixture (ceramide/
sphingoid internal standard mixture II), 1-deoxysphinganine
(doxSA, m18:0), 1-deoxysphingosine (doxSO, m18:1), 1-de-
oxymethylsphinganine (doxmeSA, m17:0), 1-deoxymethyl-
sphingosine (doxmeSO, m17:1), N-lauroyl (C12)-DHCer,
C12-1-deoxydihydroceramide (C12doxDHCer), and C12-1-
deoxyceramide (Cl2doxCer) were purchased from Avanti
Polar Lipids (Alabaster, AL).

Cell Culture—Spontaneously immortalized MEFs were
established from individual E13.5 embryos of wild-type (WT)
and Phgdh KO mice (15). KO-MEFs transduced retrovirally
with the mouse Phgdh cDNA (KO-MEF *#"¢%") were generated
as described below. Retroviral gene transfer was performed
according to published procedures (16). Briefly, mouse Phgdh
c¢DNA obtained by RT-PCR using cDNA prepared from mouse
bone marrow macrophages was cloned into the pTAC-1 vector
(BioDynamics Laboratory). DNA fragment containing N-ter-
minal HA-tagged Phgdh cDNA was subcloned into the retrovi-
ral expression vector pCX4bsr (GenBank™™ accession number
AB086384, a gift from Dr. Tsuyoshi Akagi, KAN Research Insti-
tute, Kobe, Japan). To prepare the retrovirus, the expression
vector plasmid for Phgdh (pCX4-HA-mPhgdh-ires-bsr) was
introduced into the packaging cell line Platinum-E (17) with the
vectors pE-eco and pGP (Takara) by using polyethyleneimine
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“Max” (Polysciences), and the transfected cells were cultured
for 48 h. The supernatant was collected, filtered through a
0.45-um filter, and used as the retrovirus stock. For infec-
tion, KO-MEFs were incubated with the viral stock diluted
1:1 in fresh medium containing a final concentration of 4
pg/ml Polybrene (Sigma) and incubated overnight at 33 °C.
The infection was repeated at 6 and 18 h after the initial
infection. 24 h after the last infection, the cells were washed
four times with PBS, and then infected cells were selected in
medium containing 10 pg/ml blasticidin S (Kaken Pharma-
ceutical) at 37 °C for 2 to 3 days until 100% of the uninfected
MEFs were killed. The drug-resistant KO-MEFs were used
for assay. All cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, high glucose; Wako Pure Chemical
Industries Ltd., Osaka, Japan) with 10% fetal bovine serum
(FBS; ICN Biomedicals, Inc., Aurora, OH) and 10 ug/ml gen-
tamicin (Nacalai Tesque, Kyoto, Japan). To treat MEFs
under L-Ser-supplemented or -deprived conditions, the cul-
ture medium was replaced with Eagle’s minimum essential
medium with Earle’s salts (EMEM; Wako Pure Chemical
Industries Ltd.) containing 1% FBS and gentamicin, with or
without 400 uM L-Ser. EMEM does not contain glycine,
L-Ala, or L-Ser. We previously observed that this L-Ser-de-
prived condition significantly induced Eiffebpl mRNA
encoding eukaryotic initiation factor 4-binding protein 1
after 6 h in KO-MEFs (15). Enhanced phosphorylation of
elF2a (a subunit of eukaryotic translation initiation factor 2)
and increased mRNA expression of Gadd34/PpplriSa
(encoding protein phosphatase 1, regulatory subunit 15A)
and Chop/Ddit3 (encoding CCAAT/enhancer binding pro-
tein homologous protein/DNA-damage inducible transcript
3) also occurred when KO-MEFs were cultured under this
L-Ser-deprived condition. These changes are indicative of
the activation of amino acid starvation responses mediated
by GCN2-elF2a-ATF4, suggesting that the employed L-Ser-
deprived condition resulted in cellular L-Ser deficiency in
KO-MEFs. When examining the effect of L-leucine depriva-
tion, the medium was replaced with DMEM (deficient in
L-leucine, L-arginine, and L-lysine, low glucose; Sigma-Al-
drich Japan; Tokyo, Japan) containing 1% FBS, gentamicin,
800 uM L-Lys, and 400 um L-Arg, with or without 800 um
L-Leu.

The effects of doxSA on growth of KO-MEFs, WT-MEFs,
and HeLa cells were examined by culturing the cells in EMEM
containing 400 uMm L-Ser with either SA (5 um) or doxSA (0.01,
0.1,1, or 5 um). After incubation for 24 or 48 h, cell viability was
examined using the trypan blue exclusion method. HeLa cells
were kindly provided by Prof. Sanetaka Shirahata of Kyushu
University.

Animals—Floxed mice (Phgdh"*/"°*) and BKO mice
(hGEAP™/<™; PhgdW"***) were maintained in a 12-h light/
dark cycle with unlimited access to water and laboratory chow
containing 20% casein. The brains were excised from 10-12-
week-old female mice (floxed, n = 7; BKO, n = 8) as quickly as
possible. The hippocampus was isolated on an ice-cooled glass
plate, flash-frozen in liquid N,, freeze-dried, and stored at
—20 °C until sphingolipid analysis. Protocols for the animal
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experiments were approved by the Animal Ethics Committees
of Kyushu University.

Amino Acid Analysis—The amino acid analysis in MEFs was
performed as described previously (15). Briefly, MEFs were
homogenized in 100 ul of distilled water, and proteins in the
homogenate were removed by adding 10 ul of 5% perchloric
acid. The supernatants were centrifuged at 15,000 rpm for 20
min at 4 °C and adjusted to neutral pH by adding 8 M KOH.
Then, they were centrifuged at 15,000 rpm for 10 min at 4 °C.
The amino acid content of the supernatants was determined on
an amino acid analyzer (L-8500; Hitachi).

Isolation of Lipid Body Fraction—Lipid body isolation from
KO-MEFs was carried out according to published procedures
with modifications (18). In brief, KO-MEFs were washed twice
with Dulbecco’s phosphate-buffered saline (DPBS) and scraped
from the dish. The pellet of ~3-5 X 107 cells was resuspended
in 400 ul of cold DPBS, sonicated, and centrifuged at 13,500
rpm for 5 min at 4 °C. The supernatant was mixed with an equal
volume of 2 M sucrose in 20 mm Tris-HCI, pH 7.5. The mixture
was placed at the bottom of the ultracentrifuge tube (343778,
Beckman) and overlaid with 0.2 M sucrose in 20 mm Tris-HCI,
pH 7.5 (0.15X volume of the mixture). The tube was ultracen-
trifuged at 55,000 rpm (Optima XL-100 K, Beckman) for 2.5 h at
4 °C. After the centrifugation, the white top layer fraction con-
taining lipid bodies (100 ul) was collected. The collected frac-
tion was used for lipid analysis as described below.

Lipid Extraction—SLs were extracted using the method of
Shaner et al. (19). Cells were washed twice with DPBS and
scraped from the dish. The pellet of ~2-10 X 10° cells was
resuspended in 400 ul of cold DPBS and sonicated. After addi-
tion of 1.5 ml of chloroform/methanol (1:2, v/v), 25 pmol of
internal standard was added to the homogenate. The solution
was sonicated for 30 s and incubated at 48 °C overnight. After
addition of 150 ul of 1 M KOH in methanol, the mixture was
sonicated for several seconds, incubated for 2 h at 37 °C, and
neutralized by adding glacial acetic acid. For sphingoid base
analysis, the samples were centrifuged at 2500 rpm for 10 min
to obtain the supernatant. The residue was re-extracted with 1
ml of chloroform/methanol (2:1, v/v) and centrifuged at 2500
rpm for 10 min. The supernatants were combined. For cer-
amide analysis, after 1 ml of chloroform and 2 ml of water had
been added, the samples were vortexed well and centrifuged at
2500 rpm for 10 min to obtain a two-phase system, the aqueous
top and the organic bottom phase, from which lipids were
extracted. The top phase was re-extracted with an additional 1
ml of chloroform. The solution was vortexed well and centri-
fuged at 2500 rpm for 10 min, and the organic phases were
combined. These lipid extracts were dried under an N, stream
and stored at —20 °C until use. The dried residue was dissolved
in the mobile phase solvent immediately before liquid chroma-
tography electrospray ionization tandem mass spectrometry
(LC/ESI-MS/MS) analysis.

Liquid Chromatography and Mass Spectrometry—High per-
formance liquid chromatography (HPLC) was performed on an
Agilent 1100 series instrument (Agilent Technologies, Santa
Clara, CA). A Capcell Pak C18 MGIII column (50 X 2.0 mm
inner diameter, 3 wm, Shiseido Co., Ltd., Tokyo, Japan) was
used for sphingoid base analysis, and a Cosmosil-packed col-
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TABLE 1 TABLE 2
Mass spectrometer settings for sphingoid bases Mass spectrometer settings for ceramides and their metabolites
Q1 Q3 Q1 Q3
Sphingoid base m/z m/z N-Acyl m/z m/z
d17:0 SA 288 60 DHCer C12:0 484 266
d18:0 SA 302 60 C16:0 540 266
d17:1 SO 286 250 C18:0 568 266
d18:1 80 300 264 C20:0 596 266
d17:1 S1P 366 264 C22:0 624 266
d18:1 S1P 380 264 C24:0 652 266
m17:0 doxmeSA 272 254 C24:1 650 266
m18:0 doxSA 286 268 doxDHCer C12:0 468 268
m17:1 doxmeSO 270 252 C16:0 524 268
m18:1 doxSO 284 266 C18:0 552 268
C20:0 580 268
C22:0 608 268
umn 5C4-MS (150 X 2.0 mm inner diameter, 5 um, Nacalai C24:0 636 268
, . . C24:1 634 268
Tesque) for ceramide analysis. The HPLC mobile phases for Cer C12:0 482 264
sphingoid base analysis were as follows: A1, methanol/water C16:0 538 264
. . o L . C18:0 566 264
(60:40, v/v) containing 0.1% formic acid and 5 mM ammonium C20:0 594 264
formate; B1, methanol containing 0.1% formic acid and 5 mm g%iig ggg %gj
ammonium formate. The HPLC mobile phases for ceramide Codel 648 264
analysis were as follows: A2, water containing 0.2% formic acid doxCer C12:0 466 266
. ) o o C16:0 522 266
and 5 mm ammonium formate; B2, methanol containing 0.2% C18:0 550 266
formic acid and 5 mM ammonium formate. A gradient program C20:0 578 266
was used for the HPLC separation at a flow rate of 0.2 ml/min. g%ig 2(3)2 %22
The gradient elution program for sphingoid base analysis con- C24:1 632 266
. . 0 . . : . 0 LacCer C12:0 806 264
sisted of holdlflg at40% B‘l fo%” 6 min, linearly increasing to 100% C16:0 262 Sea
B1 over 10 min, and maintaining it for 5 min, followed by re- C18:0 890 264
equilibration to the initial condition for 16 —20 min. In the case g%gfg gig ggi
of ceramide analysis, the initial mobile phase was 80% B2, then C24:0 974 264
was linearly changed to 90% B2 over 3 min, followed by a second HexCer ggé EZZ %2?1
linear gradient to 95% B2 over 3 min, and then a third linear C16:0 700 264
gradient to 99% B2 over 15 min. The chromatography was ter- C18:0 728 264
. el . . . C20:0 756 264
minated with isocratic elution at 99% B2 for 8.5 min. The col- C22:0 784 264
umn was equilibrated with 80% B2 for 30 —-33 min. gi:(l) gig %gz
The HPLC system was coupled to a 4000 QTRAP hybrid SM C12:0 647 184
triple quadrupole/linear ion trap mass spectrometer (AB ggig ;g? }23
SCIEX; Framingham, MA) equipped with a Turbo Ion Spray C20:0 759 184
source. The mass spectrometer was run in the positive mode with C22:0 787 184
the curtain gas set at 10 and interface heater “on.” Ion spra 20 812 1a
g : pray C24:1 813 184

voltage was used with optimal values for analysis of a sphin-
goid base as follows: DHCer and doxDHCer; Cer and dox-
Cer; lactosylceramide (LacCer), hexosylceramide (HexCer);
and sphingomyelin (SM) set at 5500, 4000, 5000, and 4000.
Similarly, parameters of the temperature, nebulizer gas, and
auxiliary gas were set at 550, 25, and 45 for a sphingoid base;
475, 20, and 70 for DHCer and doxDHCer; 325, 32.5, and 60
for Cer and doxCer; and 375, 40, and 50 for lactosylceramide,
hexosylceramide, and sphingomyelin, respectively. Identifi-
cation of structure-specific fragments was performed in
product ion scan mode. Multiple reaction monitoring of ions
of each sphingolipid is shown in Tables 1 and 2. Data acqui-
sition and analysis were performed using Analyst Software
version 1.4.1 (AB SCIEX). The quantified lipids were nor-
malized to the cell number and the internal standard.
Fluorescence Microscopy and Electron Microscopy—For fluo-
rescence microscope observation, KO-MEFs were grown on a
glass-bottom dish for 48 h and stained with 1:2000-fold
medium volume of Nile Red solution (Sigma; 1 mg/ml in etha-
nol) for 1 h. KO-MEFs were observed under an Olympus
FV1000 confocal microscope. For electron microscopic obser-
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vation, KO-MEFs, grown on a low fluorescence plastic film
(LF1, Sumitomo Bakelite; MS-92132) for 24 h, were washed
with DPBS and fixed with freshly made fixing solution (2% para-
formaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.2) for 2 h at room temperature. After fixation,
KO-MEFs were washed with DPBS and processed for electron
microscopic observation. KO-MEFs were post-fixed with 1%
osmium tetraoxide, dehydrated through a gradient series of
ethanol, and then embedded in EPON 812 epoxy resin. The thin
sections (80 nm) were cut and stained with uranium acetate and
lead citrate and examined under a Tecnai 12 electron micro-
scope (FEI Hillsboro, OR).

Statistics—The data are presented as mean * S.E. from at
least three independent experiments. Differences between two
groups were examined using the Student’s ¢ test. Differences
among more than two groups were analyzed using one-way
analysis of variance with the subsequent Tukey-Kramer test.
The statistical significance of differences was set at p < 0.05. All
calculations were performed using KaleidaGraph 4.0 software
(Synergy Software, Reading, PA).
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FIGURE 2. Selected LC-MS/MS ion chromatograms of free sphingoid bases, ceramides, and their metabolites. A and C, standard mixtures; B and D,
extracts of Phgdh KO-MEFs. D shows an ion chromatogram of doxCer from the lipid extract of KO-MEFs. Abbreviations used are as follows: IS, internal standard;

S1P, sphingosine 1-phosphate.

Results

Establishment of Methods for Quantitative Analysis of
Sphingolipids—W e recently demonstrated that external L-Ser
deprivation results in a significant 70% reduction of intracellu-
lar free L-Ser in KO-MEFs after 6 h (15). To monitor the
detailed composition of SLs in L-Ser-deprived KO-MEFs, we
established methods for quantitative analysis of sphingolipids
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using LC/ESI-MS/MS. Free sphingoid bases were analyzed
using reversed-phase HPLC on a C18 column according to pub-
lished procedures (19-21). Because doxSA and sphingosine
(SO) have almost the same mass, they were distinguished by the
difference in retention time (Fig. 2A). For the analysis of N-acyl-
derivatives of sphingoid bases, including ceramide, we devel-
oped a novel analytical method by means of reversed-phase

JOURNAL OF BIOLOGICAL CHEMISTRY 14599



Deoxysphingolipid Biosynthesis Induced by L-Ser Deficiency

HPLC on a C8 column, which is applicable for most N-acyl-
derivatives (Fig. 2C).

As shown in Fig. 2, B and D, lipid extracts of KO-MEFs were
analyzed using the above-mentioned optimized HPLC condi-
tions; major sphingolipids, including sphingoid bases, Cer, and
their metabolites, were successfully identified. This novel
LC/ESI-MS/MS analysis does not require the chemical hydro-
lysis of sphingolipids and thereby allows us to distinguish
molecular forms of N-acyl-derivatives of normal sphingoid and
1-deoxysphingoid bases.

L-Serine Deficiency Promoted Biosynthesis of doxSLs—We
analyzed SLs of KO-MEFs maintained in the presence or
absence of L-Ser for 6 and 24 h. The L-Ser-deprived medium
contains 4 uMm L-Ser, which is derived from the 1% FBS, and the
L-Ser-supplemented medium contains 400 um L-Ser from the
added L-Ser solution. Compared with the composition of SLs
under the L-Ser-supplemented condition, KO-MEFs main-
tained for 6 h under the 1-Ser-deprived condition exhibited
significantly lower levels of normal SA, DHCer, and Cer. Mean-
while, the occurrence of doxSLs, such as doxSA, doxmeSA,
doxDHCer, and doxCer, was detected in KO-MEFs under the
L-Ser-deprived condition (Fig. 3). Although the levels of
HexCer in KO-MEFs decreased significantly after L-Ser depri-
vation for 24 h, the amounts of SO, sphingosine 1-phosphate,
LacCer, and SM did not differ between the two conditions (Fig.
3). Incubation with L-Ser-deprived culture medium for 6 and
24 h elicited a 7.1- and a 30.6-fold increase in doxSA, respec-
tively, in KO-MEFs compared with those under the L-Ser-sup-
plemented condition (Fig. 3). We detected a higher level of
doxSA than doxmeSA. This is because glycine, a precursor of
doxmeSA, is reduced significantly in MEFs under L-Ser-de-
prived conditions (15). In addition to doxSA, we found that
doxDHCer was the most abundant species of doxSLs that accu-
mulated in KO-MEFs (Fig. 3). It is noteworthy in L-Ser-de-
prived KO-MEFs that long chain fatty acids such as C22:0,
C24:0, and C24:1 dominated in the fatty acid compositions of
doxDHCer and doxCer compared with normal SLs (Fig. 4).
Next, we found that doxSA occurred in KO-MEFs™ &% and
WT-MEFs under the L-Ser-deprived condition, although their
amounts were much lower than those observed in L-Ser-de-
prived KO-MEFs (Fig. 5, A and B), indicating that reduced L-Ser
availability led to the generation of doxSLs at a low level even in
cells able to synthesize L-Ser de novo. In contrast, L-Leu depri-
vation did not promote the synthesis of doxSLs (Fig. 5C). Thus,
doxSLs in the cells serve as sensitive biomarkers for reduced
availability of intracellular r-Ser.

doxSL Accumulation in the Brain of BKO Mice—BKO mice
carrying a brain-specific deletion of Phgdh exhibit a dramatic
reduction in both 1- and p-Ser levels in the brain, and this is
associated with mild microcephaly and atrophy of the fore-
brain, including the cerebral cortex and hippocampus (11). To
confirm that the occurrence of doxSLs is a result of L-Ser defi-
ciency in vivo, we analyzed SLs in the hippocampus of BKO
mice. The LC/ESI-MS/MS analysis demonstrated that the
amount of doxSA in the BKO hippocampus was ~3.5-fold
higher than that in the control floxed hippocampus. Similarly,
the BKO hippocampus displayed a significantly elevated level of
doxDHCer (Fig. 6), whereas no significant changes in total Cer
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and DHCer contents were found between the BKO hippocam-
pus and the floxed brain (Figs. 6 and 7). Furthermore, the
amounts of complex SLs (HexCer, LacCer, and SM) were also
not significantly reduced in the BKO brain (Fig. 6). Unlike the
major Cer and DHCer species present in KO-MEFs, the fatty
acid C16:0 was not detected, and C18:0 was the major chain
length of doxCer in the brain of BKO mice. In addition, the fatty
acid composition of doxDHCer differed from that of other SLs
in the BKO brain (Fig. 7). These observations showed that the in
vivo L-Ser deficiency in the brain also led to accumulation of
doxSLs, as seen in KO-MEFs. These results raise the possibility
that doxSLs may be involved in the pathogenesis of central neu-
rological symptoms seen in human patients with genetic L-Ser
deficiency disorders.

Suppression of doxSLs Synthesis by pD-Ser—To test whether
SPT catalyzes the condensation of L-Ala with palmitoyl-CoA
under the 1-Ser-deprived condition, we examined the effects of
p-Ser treatment of KO-MEFs on the generation of doxSLs.
D-Ser is naturally generated from L-Ser by serine racemase in
the mammalian nervous system (22), whereas SPT activity is
inhibited by p-Ser through substrate competition with L-Ser for
the amino acid recognition site (23). As shown in Fig. 84, the
addition of p-Ser to the culture medium significantly sup-
pressed the generation of doxSA as well as normal SLs, con-
firming that doxSLs are synthesized by the reaction of SPT.

Higher Ratio of L-Ala to L-Ser Promoted doxSL Biosynthesis in
KO-MEFs—The above findings raise the possibility that a
higher ratio of L-Ala to L-Ser within cells promotes biosynthesis
of doxSLs by SPT. To test this possibility, we used the LC/ESI-
MS/MS system to examine the effect of a higher ratio L-Ala to
L-Ser in the culture medium on the production of doxSLs in
KO-MEFs. When KO-MEFs were deprived of L-Ser but supple-
mented with 400 uMm L-Ala, the doxSLs levels increased more
prominently than under other conditions examined (Fig. 8B).
Incubation of KO-MEFs in a culture medium with a 4:1 ratio of
L-Ala to L-Ser also resulted in doxSLs reaching levels seen in
L-Ser-deprived KO-MEFs (Fig. 8C). In contrast, a 1:1 ratio of
L-Ala to 1-Ser suppressed the production of doxSLs (Fig. 8B).
Under the L-Ser-deprived condition, the intracellular molar
ratio of L-Ala/L-Ser in KO-MEFs was estimated to be >3.0,
which was much higher than that in KO-MEFs maintained
under the L-Ser-supplemented condition or in WT-MEFs
(Table 3). Thus, the increased ratio of L-Ala to L-Ser is a likely
cause of production of doxSLs in MEFs with reduced L-Ser
availability.

doxSA Inhibited Cell Proliferation—Exogenous addition of
doxSA reduced the proliferation of cancer cells (24) and caused
cell death in various cell lines (24, 25). Therefore, to test
whether doxSA also exerts a cytotoxic effect on nonmalignant
KO-MEFs and WT-MEFs in the presence of L-Ser, we com-
pared their proliferation with HeLa cells. KO-MEFs can prolif-
erate in the presence of L-Ser, but their proliferation is sup-
pressed when deprived of 1-Ser.* Unlike KO-MEFs, the
proliferation of WT-MEFs and HeLa cells was not affected by
the absence of L-Ser in the culture medium (data not shown).

“T. Sayano, Y. Hirabayashi, and S. Furuya, unpublished observations.
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FIGURE 3. Induction of doxSLs in KO-MEFs because of L-Ser deprivation. KO-MEFs were cultured under L-Ser-supplemented or -deprived conditions for 6 h
(A) or 24 h (B). Then, extracted lipids were analyzed using LC-MS. The data are means = S.E. from more than three independent experiments. The differences
between the two groups were analyzed using the Student'’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). STP, sphingosine 1-phosphate; N.D., not detected.

Despite the presence of L-Ser, the addition of 5 um doxSA
caused a drastic reduction of viable KO-MEF cell numbers after
24 h of incubation (Fig. 94). Unlike doxSA, SA, a normal sph-
ingoid base, did not affect the viability and cell proliferation of
KO-MEFs when added at a concentration of 5 um (Fig. 94).
Suppression of proliferation was evident between 24 and 48 h in
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KO-MEFs treated with 1 um doxSA (Fig. 9B), whereas no sig-
nificant effect on KO-MEF proliferation was observed by treat-
ment with doxSA at 0.01 or 0.1 um (Fig. 9B). Similar to KO-
MEFs, the addition of more than 1 um doxSA under L-Ser-
supplemented culture conditions suppressed cell proliferation
of WT-MEFs, despite their ability to synthesize L-Ser through

JOURNAL OF BIOLOGICAL CHEMISTRY 14601



Deoxysphingolipid Biosynthesis Induced by L-Ser Deficiency

31 DHCer

N
1

pmol/i10° cells

C16:0 C18:0 C20:0 C22:0 C24:0 C24:1
N-acyl chain

3 doxDHCer
Sk *%

o

3 2-

u kk
‘92 Fekdk

3

£ 1 o

o

C16:0 C18:0 C20:0 C22:0 C24:0 C24:1
N-acyl chain

150
Cer 4 4ser2an
I -L-Ser 24h
)
S 1001
o
©
e
3
E 504
o
C16:0 C18:0 C20:0 C22:0 C24:0 C24:1
N-acyl chain
2519 doxCer
2.0 o
')
°
O 151 **
o
3 1.0
E *kk
o
0.5' *k Fkk
0.0

C16:0 C18:0 C20:0 C22:0 C24:0 C24:1
N-acyl chain

FIGURE 4. Fatty acid composition of four ceramide species present in KO-MEFs after L-Ser deprivation for 24 h. KO-MEFs were cultured under L-Ser-
supplemented or -deprived conditions for 24 h. Then, extracted lipids were analyzed using LC-MS. The data are means = S.E. (+-Ser,n = 5; —L-Ser,n = 8).The
differences between the two groups were analyzed using the Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

Phgdh (Fig. 9C). In HeLa cells, treatment with doxSA at 5 um
also caused a gradual reduction in viable cell number over time,
whereas the cells were able to proliferate after treatment with 1
uM doxSA (Fig. 9D). The fact that KO-MEFs and WT-MEFs
tended to be more sensitive to doxSA toxicity than HeLa cells
indicates that there are significant differences among cell types
with respect to resistance to doxSA cytotoxicity.

L-Serine Deficiency Induced Lipid Body Formation in
KO-MEFs—W'e next investigated morphological changes of
KO-MEFs between L-Ser-supplemented and L-Ser-deprived
conditions. As shown in Fig. 104, in bright field microscopy,
bright structures were observed under the L-Ser-deprived con-
ditions. Those structures were clearly stained with Nile Red,
indicating that they were lipid bodies (Fig. 10A). Transmission
electron microscopic analysis showed that formed lipid bodies
had lamellar inclusions (Fig. 10B, arrows). To assess whether
doxSLs associate with lipid bodies induced by the L-Ser-de-
prived condition, we performed lipid analysis of lipid bodies in
KO-MEFs by LC-MS. The lipid bodies in L-Ser-deprived con-
dition exhibited a drastic increase in doxSLs (doxDHCer and
doxCer) and a significant decrease in normal sphingolipids
(Cer, DHCer, SM, and HexCer) compared with L-Ser-supple-
mented conditions (Fig. 10C). These results suggest that highly
hydrophobic doxSLs synthesized under L-Ser-deprived condi-
tions accumulated in the lipid bodies of KO-MEFs.

Discussion

This study demonstrated, for the first time, that reduced
availability of L-Ser triggers the synthesis of doxSLs in cultured
cells and the brain, and an influx of L-Ala into the sphingolipid
synthetic pathway becomes evident in cells when the ratio of
L-Ala to L-Ser reaches above 3.0 (Table 3). These results indi-
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cate that doxSLs are generated under conditions of imbalance
between L-Ala and L-Ser in nonmalignant cells and tissues, sug-
gesting a possible role of doxSLs in the pathobiology of L-Ser
deficiency disorders and other diseases involving an increased
ratio of L-Ala to L-Ser in serum and/or tissues.

In addition to doxSA generation, this study demonstrated
that the reduced availability of L-Ser led to different respective
changes of the major sphingolipid species in KO-MEFs.
Marked decreases in DHCer, Cer, and HexCer occurred simul-
taneously under L-Ser deprivation, although no such significant
or marked changes were seen in SM, the most abundant SL
species, and LacCer (Fig. 3). A recent study also reported that
siRNA knockdown of ceramide synthase resulted in complex
changes in the levels of Cer and other SLs in a breast cancer cell
line, MCF-7 (26). Ceramide synthase 2 is a predominant cer-
amide synthase species in the cell, and its knockdown resulted
in a decrease in Cer containing C22-C24 saturated and mono-
unsaturated fatty acids, although parallel decreases in HexCer,
LacCer, and SM containing very long acyl chains were not
observed. Instead, ceramide synthase 2 knockdown increased
Cer, HexCer, and LacCer containing C14-C18 fatty acids (26).
These observations, together with our findings, suggest that the
steady-state levels of individual SL species are maintained in
cells by as-yet-unknown multiple regulatory mechanisms. Fur-
thermore, it seems likely that maintaining the mass of some
particular SL species may be an adaptive response of cells to
conditions of L-Ser and/or Cer deficiency.

Among doxSLs, doxSA was initially discovered as an antitu-
mor compound, spisulosine/ES-285, from the marine clam
Spisula polynyma (25). Purified doxSA can induce rearrange-
ment of actin stress fibers (25) and cause apoptosis and sup-
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detected; STP, sphingosine 1-phosphate.

pression of cancer cell proliferation (24). However, in a phase I
trial of doxSA conducted in patients with advanced solid
tumors, doxSA showed poor antitumor activity and caused
many adverse reactions, including mild-to-moderate nausea,
pyrexia, injection site reactions, and vomiting (27-29). In addi-
tion, some patients developed neuropathy and liver damage
(27-29). Thus, these results provide clinical evidence that, at
high doses, doxSA causes tissue damage. Consistent with these
observations, doxSA exhibited more intense cytotoxic effects
on KO-MEFs and WT-MEFs than HeLa cells.

In mammals, doxSLs was first found in tissues and cultured
cells (LLC-PK;, Vero, J774, HT29, and HEK293) treated with
fumonisin B, a carcinogenic and toxic mycotoxin that inhibits
ceramide synthases that catalyze acylation of sphingoid bases,
including sphinganine (21). In these fumonisin B, -treated cells,
the synthesis of doxSLs requires SPT. In this study, we demon-
strated that among the doxSLs, doxSA and doxDHCer were the
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major species present in cultured cells and in mouse tissues
lacking Phgdh-dependent L-Ser synthesis. These findings indi-
cated that 1-Ala can be utilized endogenously as a substrate of
SPT in various cells and tissues when ceramide synthesis is
inhibited. Thus, our present observations coincide well with the
findings reported by Zitomer et al. (21) and highlight the caus-
ative roles for reduced L-Ser availability as well as disturbed
ceramide synthesis in the generation of doxSLs. Sphingoid
bases of doxSLs are also found in plasma of patients with hered-
itary sensory and autonomic neuropathy (HSAN1) (30, 31).
Genetic studies revealed that missense mutations in the
SPTLCI or SPTLC2 subunit of SPT are responsible for HSAN1;
SPT with HSAN1 mutations starts to use L-Ala and Gly as sub-
strates and can synthesize doxSLs (30, 31). An enzyme kinetics
study of SPT showed that wild-type SPT has a higher affinity
and a higher V, . value for L-Ser compared with the HSAN1
mutant (30). Instead, the HSAN1 mutant enzyme acquires an
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affinity for L-Ala. In sharp contrast to the mutant, the wild-type
SPT does not efficiently utilize L-Ala in the assay conditions
used, precluding the direct measurement K, values (30). How-
ever, the K; values for L-Ala of the wild-type and mutant SPT
appear to be of similar magnitude, also indicating that L-Ala is
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capable of interacting with the substrate-binding domain of
both SPT forms (30).

Patients with diabetes often exhibit progressive sensory neu-
ropathy, which has clinical similarities to that observed in
HSAN1 patients. Recent biochemical studies reported
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increased doxSL levels and a concomitant decrease in the L-Ser
content or increase in the L-Ala content in the plasma of
patients with type II diabetes and metabolic syndrome (32-35)
(Table 4). Previous studies also showed that an increased L-Ala
level and a simultaneously decreased L-Ser level in plasma and
tissues are associated with experimental diabetes in mice and
rats (Table 4) (36, 37). Therefore, further studies will be neces-
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TABLE 3
Amino acid concentrations and doxSA contents in the MEFs
Culture doxSA
MEFs Medium time Ala® Ser” Ala/Ser production”
h
WwWT +L-Ser 6 2.72 6.39 04 -
—L-Ser 2.33 444 05 —
KO +1-Ser 3.24 2.84 1.1 1.0
—L-Ser 3.25 098 3.3 10.3
WwWT +1-Ser 24 5.64 445 1.3 0.7
—1-Ser 5.51 3.46 1.6 2.5
KO +L-Ser 3.88 1.84 21 0.6
—L-Ser 3.00 082 3.7 18.0

“ Intracellular amino acid concentrations (nmol/10° cells) are shown as means
(n = 3).

? The amounts of doxSA in WT or KO-MEFs in each condition shown in Fig. 3
were normalized to that obtained from KO-MEFs maintained under the L-Ser-
supplemented condition for 6 h. —, not determined.
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FIGURE 9. Effect of doxSA on KO-MEFs, WT-MEFs, and HelLa cells. KO-MEFs
(A and B), WT-MEFs (C), or HelLa (D) cells were cultured for up to 48 h in a
medium containing 400 umL-Ser with either SA (5 um) or doxSA (0.01,0.1,1,or
5 uMm). A, viable cell numbers of KO-MEFs treated with 5 um SA (solid line with
closed squares), 5 um doxSA (dotted line with closed squares), and the vehicle
control (open squares) in the presence of L-Ser. B, viable cell numbers of KO-
MEFs treated with 0.01 um (closed squares), 0.1 um (closed triangles), and 1 um
(closed circles) of doxSA in the presence of L-Ser. The open symbols show viable
cell numbers of KO-MEFs treated with the corresponding concentration of
vehicle control in the presence of L-Ser. C and D, proliferation of WT-MEFs (C)
or Hela (D) cells treated with 1T um (closed circles) and 5 um doxSA (closed
diamonds). The open symbols show viable cell numbers of cells treated with
the corresponding concentration of vehicle control in the presence of L-Ser.
Cell viability was assessed using the trypan blue exclusion method. The data
aremeans * S.E.from three independent experiments. Differences were ana-
lyzed using one-way analysis of variance followed by the Tukey-Kramer test
(t1, p < 0.01). Differences between the two groups were analyzed using the
Student'’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

sary to elucidate a structural basis for L-Ala recognition by SPT
to prevent doxSL generation in these diseases.

HSANT1 patients usually present with peripheral sensory
neuropathy but show no signs or symptoms in the central nerv-
ous system (CNS). Elevated levels of doxSLs are also found in
the peripheral nervous system, but not in the CNS, of SPTLCI
C133W mutant mice (38, 39). L-Ser is abundantly synthesized
via the phosphorylated pathway that is active in astrocytes in
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TABLE 4
Increased ratio of Ala to Ser in diabetes
Ala/Ser
Sample Control diabetes Refs.
Rat (alloxan-diabetic) Heart 2.3 6.2 Scharff and
Plasma 1.4 2.7 Wool (36)
Rat (pancreatectomized) Heart 4.4 8.4
Plasma 1.2 1.4
Rat (anti-insulin treated) Heart 2.2 3.1
Plasma 1.3 1.5
Human (type II) Platelet 1.3 1.8 De Luca et al. (32)
Human (type II) Plasma 2.7 3.0 Bertea et al. (33)
Human (metabolic syndrome) Plasma 2.8 3.4 Kamaura et al. (50)
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the CNS (11, 40). Indeed, published and unpublished observa-
tions in our laboratory showed that the free L-Ser content in the
hippocampus of mice (~350 nmol/g tissue) does not differ sub-
stantially from the 1-Ala content (~550 nmol/g tissue). In con-
trast, the L-Ala concentration in serum (approximately >300
uM) is much higher than the L-Ser concentration (approxi-
mately <100 um) in mice (11).” Similar profiles of L-Ala and
L-Ser concentrations occur in human sera (33). Therefore,
despite the high affinity of mutant SPT for L-Ala, only periph-
eral neurons of HSANI1 patients and model mice carrying the
HSAN1 mutation are able to use L-Ala to synthesize doxSLs.
Thus, tissue damage caused by doxSLs seems to occur more
frequently in the peripheral nervous system than in the CNS of
patients with HSANT1. In addition, we found that the addition of
D-Ser suppressed the production of both normal SLs and dox-
SLs. These findings open up the possibility that doxSL produc-
tion in the CNS is protected by D-Ser in the healthy adult brain
because D-Ser is present at high levels (~30% of total Ser) in the
mammalian adult brain (11, 22, 40). Nevertheless, doxSLs
occurred in the brain of BKO mice. Because the free L-Ser level
in the BKO brain drops substantially (11, 40), a high .-Ala/L-Ser
ratio and a simultaneous decrease in D-Ser because of the
genetic inactivation of Phgdh are the most likely causes of the
accumulation of doxSLs in the BKO brain.

Lipid droplets, which are a kind of lipid bodies, are ubiqui-
tous and dynamic organelles that serve as reservoirs of lipids for
energy metabolism, membrane synthesis, and generation of
important lipid-derived molecules. Lipid droplets, which are
known to consist of mainly triacylglycerols and sterol esters, are
formed at the endoplasmic reticulum (ER) (41). In addition, it is
likely that lipid droplets operate to defend cells against lipotox-
icity by storing hydrophobic lipid molecules. The formation of
lipid droplets is also elicited under ER stress (42). SPT, a rate-
limiting enzyme in the sphingolipid synthetic pathway, is local-
ized mainly in the ER, and de novo synthesis of SA, DHCer, and
Cer occurs in the ER (13, 43). Thus, sphingolipids synthesized
in the ER can participate in lipid body formation. This study
demonstrated that L-Ser-deprived conditions induced the gen-
eration of doxSLs and the formation of lipid bodies in KO-
MEFs. doxSLs, which increased under L-Ser-deprived condi-
tions, accumulated in lipid bodies of KO-MEFs. These results
raise the possibility that highly hydrophobic and poorly metab-
olized doxSLs, such as doxDHCer and doxCer, are sequestered
in lipid bodies to suppress lipotoxicity. Intriguingly, increased
numbers of lipid droplets were also observed in the HSAN1
patient-derived lymphoblasts (44). Therefore, doxSLs may
accumulate in the lipid droplets of HSAN1 lymphoblasts as
seen in KO-MEFs.

Recently, it was proposed that enhanced synthesis of L-Ser
via the phosphorylated pathway in cancer cells supports meta-
bolic reprogramming such as aerobic glycolysis and lactate pro-
duction through activation of pyruvate kinase M2, which pro-
vides metabolic advantages to cancer cells in terms of growth
and survival (10, 45, 46). These observations have led to an idea
of chemical or genetic suppression of PHGDH, PSAT1, or PSPH

® K. Esaki, Y. Hirabayashi, and S. Furuya, unpublished observations.

SASBMB

JUNE 5,2015+VOLUME 290-NUMBER 23

in the phosphorylated pathway of L-Ser synthesis as a potential
new anticancer treatment. It is quite possible, however, that
inhibition of de novo L-Ser synthesis leads to an increase in the
ratio of 1-Ala to L-Ser, which can have negative effects on
healthy cells and tissues through up-regulation of doxSL syn-
thesis. Therefore, preventing doxSL production may be a key
factor that will determine whether modulating the expression
of enzymes involved in de novo L-Ser synthesis is suitable for
cancer therapy.

The N-acylation of SA in mammals is catalyzed by ceramide
synthases, which are a family of six enzymes (47). Each cer-
amide synthase has a high specificity toward the acyl-CoA
chain length used for the N-acylation. In addition, the introduc-
tion of the 4,5-trans-double bond in the sphingoid backbone of
SLs occurs at the level of DHCer via a dihydroceramide desatu-
rase (48). The distribution of ceramide synthases and di-
hydroceramide desaturase differs among different cells and tis-
sues (47, 49). Thus, these enzymes are responsible for the fatty
acid compositions of SLs in a tissue- and cell-specific manner.
In this study, doxDHCer was the most abundant species in KO-
MEFs and the mature brain (Figs. 3 and 6). Because fumonisin
B, blocked the synthesis of doxDHCer in a variety of culture
cells (21), ceramide synthases seem to be the likely enzymes
involved in the N-acylation of doxSLs under L-Ser-deprived
conditions. Unlike usual SLs, the major compositions of doxSLs
are long chain fatty acids such as C22:0, C24:0, or C24:1. If
ceramide synthase catalyzes the N-acylation of doxSA as in nor-
mal SLs, it is plausible that each enzyme has a different affinity
to doxSA. Furthermore, our findings suggest that enzymes cat-
alyzing the synthesis of long chain SLs have a higher affinity to
doxSLs than enzymes synthesizing short chain SLs.

Although doxSA is capable of activating several cellular sig-
naling cascades® (33), cellular targets of doxSLs, including
doxSA and doxDHCer, remain largely unexplored. Thus,
understanding of molecular interactions between doxSLs and
cellular components, and their consequences, is expected to
facilitate the development of therapeutic strategies against the
cellular damage evoked by L-Ser deficiency and other metabolic
disorders.
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