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(Bacl(ground: The yeast Orm1/2 proteins regulate cer-
amide biosynthesis.
Results: Depletion of the mammalian Orm1/2 homo-
logues, ORMDL1-3, eliminates the negative feedback of
exogenous ceramide on ceramide biosynthesis in HeLa
cells.
Conclusion: ORMDL proteins are the primary regulators
of ceramide biosynthesis in mammalian cells.
Significance: Therapeutically manipulating levels of the
pro-death lipid, ceramide, requires a molecular under-
standing of its regulation.
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The mammalian ORMDL proteins are orthologues of the
yeast Orm proteins (Orm1/2), which are regulators of ceramide
biosynthesis. In mammalian cells, ceramide is a proapoptotic
signaling sphingolipid, but it is also an obligate precursor to
essential higher order sphingolipids. Therefore levels of cer-
amide are expected to be tightly controlled. We tested the three
ORMDL isoforms for their role in homeostatically regulating
ceramide biosynthesis in mammalian cells. Treatment of cells
with a short chain (C6) ceramide or sphingosine resulted in a
dramatic inhibition of ceramide biosynthesis. This inhibition
was almost completely eliminated by ORMDL knockdown. This
establishes that the ORMDL proteins mediate the feedback reg-
ulation of ceramide biosynthesis in mammalian cells. The
ORMDL proteins are functionally redundant. Knockdown of all
three isoforms simultaneously was required to alleviate the sph-
ingolipid-mediated inhibition of ceramide biosynthesis. The
lipid sensed by the ORMDL-mediated feedback mechanism is
medium or long chain ceramide or a higher order sphingolipid.
Treatment of permeabilized cells with C6-ceramide resulted in
ORMDL-mediated inhibition of the rate-limiting enzyme in
sphingolipid biosynthesis, serine palmitoyltransferase. This
indicates that C6-ceramide inhibition requires only membrane-
bound elements and does not involve diffusible proteins or
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small molecules. We also tested the atypical sphingomyelin syn-
thase isoform, SMSr, for its role in the regulation of ceramide
biosynthesis. This unusual enzyme has been reported to regu-
late ceramide levels in the endoplasmic reticulum. We were
unable to detect a role for SMSr in regulating ceramide biosyn-
thesis. We suggest that the role of SMSr may be in the regulation
of downstream metabolism of ceramide.

Ceramide is both a proapoptotic signaling lipid and an essen-
tial metabolic intermediate in the formation of sphingomyelin
and glycosphingolipids (reviewed in Ref. 1). The essential, but
lethal, nature of ceramide requires tight control of cellular cer-
amide levels. The metabolism of ceramide is complex. Cer-
amide levels are elevated by de novo biosynthesis and degrada-
tion of sphingomyelin and glycosphingolipids. Ceramide levels
are diminished by degradation to the sphingosine backbone by
ceramidases and consumption by conversion to sphingomyelin
and glycosphingolipids. The homeostatic mechanisms that
maintain control of ceramide levels are only beginning to be
understood. Upstream metabolic pathways are clearly impor-
tant, but how, or even if, they are regulated homeostatically is
unclear. However, progress has been made in elucidating the
molecular control of de novo ceramide biosynthesis. Serine
palmitoyltransferase (SPT)? is the committed and presumptive
rate-limiting step in ceramide biosynthesis (2). Mammalian
SPT consists of two core subunits (SPTLC 1 and 2) (reviewed in
Ref. 3). Additionally, regulatory subunits have also been
reported (4, 5). In yeast, Orm proteins (Orm1 and -2) associate
with SPT and negatively regulate SPT activity in response to
changes in cellular ceramide levels (6 —8). The yeast Orm pro-
teins are regulated by phosphorylation. Regulation of phosphor-
ylation of the Orms is attributed to the ceramide-sensitive
activity of the Ypk-1 kinase (9, 10) and to the ceramide-respon-
sive phosphatase protein phosphatase 2A (10). Mammalian
cells contain a homologous set of proteins, the ORMDLs (iso-
forms 1-3). One isoform, ORMDL3, has been strongly linked in
genome-wide associate studies with elevated risk for asthma
(11). However, because the function of ORMDL3 is unknown,
the mechanism by which elevated ORMDL3 levels would
impact on asthma has not been approached. Genetic knock-
down of the ORMDL proteins results in elevated ceramide lev-
els (6). However, the mechanism by which the ORMDL pro-
teins regulate ceramide levels and whether they are responsive
to changes in cellular ceramide content have not been estab-
lished. Mammalian cells also express a member of the sphingo-
myelin synthase family, SMSr, which has been implicated as a
ceramide sensor in ceramide homeostasis (12). SMSr generates
phosphoethanolamine-ceramide rather than sphingomyelin, is
a low efficiency enzyme and, unlike the conventional sphingo-
myelin synthases, is localized in the endoplasmic reticulum
rather than in the Golgi apparatus. Depletion of SMSr results in

2 The abbreviations used are: SPT, serine palmitoyltransferase; ER, endoplas-
mic reticulum; HMEC, human mammary epithelial cells; FB1, Fumonisin B1.
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elevated ceramide levels in the endoplasmic reticulum (ER).
The data of Vacaru et al. (12) suggest an intriguing model in
which the SMSr production of phosphoethanolamine ceramide
acts as a ceramide sensor in the ER. The downstream effectors
of phosphoethanolamine ceramide have not been identified.
Here, we establish that the mammalian ORMDL proteins con-
trol ceramide biosynthesis under normal growth conditions
and are completely responsible for the negative feedback
response of ceramide de novo biosynthesis to exogenous cer-
amide. Further, we find that all three ORMDL isoforms are
necessary for this response. Additionally, we demonstrate that
the response of SPT activity to exogenous ceramide can be
recapitulated in permeabilized cells and use that system to
demonstrate that ORMDL proteins directly regulate SPT activ-
ity. Finally, we were unable to detect a role for SMSr in the
regulation of ceramide biosynthesis.

EXPERIMENTAL PROCEDURES

Materials—Silencer® Select siRNA oligonucleotides for
human ORMDLI (s41257), ORMDL2 (s26474), ORMDL3
(s41262), and SMSr (SAMDS8 s44495) were from Ambion®.
Lipofectamine® RNAIMAX transfection reagent and TRIzol®
were from Invitrogen. Ambion®, Applied Biosystems®, and
Invitrogen are all part of Life Technologies. L.-[*H(3)]-Serine,
scintillation vials, and scintillation fluid were from PerkinElmer
Life Sciences. p-[erythro-3-*H]Sphingosine was from American
Radiolabeled Chemicals (St. Louis, MO). Whatman thin layer
chromatography (TLC) plates were from VWR International
(Radnor, PA). C6-ceramide, Cl6-ceramide, and D-erythro-
sphingosine were from Avanti Polar Lipids (Alabaster, AL).
Fumonisin B1 was from Cayman Biochemicals (Ann Arbor,
MI). All tissue culture cell lines used were from ATCC (Manas-
sas, VA). Cell culture media and supplies were from VWR
International and Lonza (Atlanta, GA). Organic solvents were
from Thermo Fisher Scientific. All other chemicals used were
from Sigma-Aldrich unless otherwise indicated.

Cell Culture and Transfections—HeLa (human cervical car-
cinoma) and A549 (human lung carcinoma) cells were cultured
in high glucose DMEM containing 10% FBS, 2 mm L-glutamine,
50 TU/ml penicillin, and 50 ug/ml streptomycin. PC-3 (human
prostate adenocarcinoma) cells were cultured in Ham’s F-12
minimum Eagle’s medium containing 10% FBS, 50 IU/ml pen-
icillin, and 50 pg/ml streptomycin. Human mammary epithelial
cells (HMEC) were cultivated in MEBM™ supplemented with
MEGM™ SingleQuot kits (Lonza). All cell lines were main-
tained at 37 °C and 5% CO,, and passaged when ~80-90% con-
fluent. For gene-specific, siRNA-mediated knockdowns,
6-8 X 10* cells/well were plated in collagen-coated 12-well
plates using 2 ml of complete medium overnight. Transient
transfections on all cell lines were carried out using Lipo-
fectamine® RNAiIMAX transfection reagent per the manufac-
turer’s recommendations and siRNA oligonucleotide concen-
trations ranging from 5 to 15 nM as indicated in each figure
legend. Transfections were carried out for 24—72 h depending
on the subsequent treatment protocol. Unless otherwise spec-
ified, cells were grown in serum-containing medium prior to
measurement of sphingolipid biosynthesis. siRNA transfec-
tions resulted in between 72-94% depletion of ORMDL mRNA
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and 75— 82% depletion of SMSr mRNA as measured by real-
time PCR (data not shown).

C6-ceramide Treatment and Radiolabeling Cells with *H
Substrates—Following siRNA-mediated knockdown, medium
was removed, and cells were washed with PBS. Cells were
treated with C6-ceramide, 10 uM final concentration (from a 1
mM solution complexed with 2% fatty acid-free BSA), in 1
ml/well antibiotic-free culture medium for 2 h at 37 °C and 5%
CO.,. After treatment was complete, media were removed, and
cells were washed with PBS. Serine-free media containing 1%
dialyzed FBS and 10 pCi/ml [*H]serine or 0.15 Ci/ml [*H]sph-
ingosine were used for radiolabeling cells at 1 ml/well volume.
Cells were labeled for either 60 min ([*H]serine) or 30 min
([*H]sphingosine). At the end of each time point, labeling
media were removed, and cells were washed once with PBS. For
lipids, cells were harvested directly on the plates with acidic
methanol as described below.

Lipid Extraction and Measurement of *H Incorporated into
Ceramides—At the completion of the labeling protocol, cells
were harvested directly on the plates with 2 X 900 ul of acidic
methanol (150:1, v/v) and scraping and then transferred to 13 X
100-mm glass tubes and sonicated in a bath sonicator to break
up cell clumps. Total cellular lipids were extracted using a mod-
ified version of the method of Bligh and Dyer (27) as reported
previously (13). The bottom organic phase was collected and
dried under nitrogen and then spotted onto thin layer chroma-
tography plates Partisil K6 (Silica Gel 60 A, Whatman). Radio-
labeled ceramides were resolved using chloroform:acetic acid:
MeOH (90:10:2, v/v) as the development system. C16-ceramide
was identified using a known standard applied with each sam-
ple and iodine staining. Bands corresponding to C16-ceramide
were scraped into 7-ml scintillation vials and vortexed with 3 ml
of scintillation fluid prior to reading. Incorporation of *H into
C16-ceramide was quantitated using a Tri-Carb 2010TR scin-
tillation counter (PerkinElmer Life Sciences). Results are model
reported as mean cpm/mg of total protein or mean cpm/well.

SPT Assay in Permeabilized Cells—HelLa cells were plated
onto collagen-coated 24-well plates at 7 X 10* cells/well in 2 ml
of medium. The next day, cells were transfected with siRNA
oligonucleotides at 15 nm total siRNA/well with 0.6 ul/well
Lipofectamine® RNAIMAX (Invitrogen). For ORMDL knock-
down, siRNA oligonucleotides (listed above) were used at 5 nm
each per well. 24 h later, cells were washed with PBS, and 200
wul/well of Opti-MEM (Gibco) containing 200 pg/ml digitonin
(Sigma) was added; cells were incubated for 3 min at 37 °C. The
permeabilization medium was removed, and cells were washed
with PBS. 200 ul of preincubation medium (50 mm HEPES, pH
8.0, 1 mm ATP, 1 mm MgCl,, 20 um pyridoxyl-5'-phosphate,
200 uMm NADPH, 5 mm glucose 6-phosphate, 5 IU/ml glucose-
6-phosphate dehydrogenase) was added with or without 20 um
C6-ceramide (added from a 1 mM stock complexed to 2% fatty-
acid free BSA in PBS) and/or 1 um myriocin. Cells were incu-
bated for 20 min, and then an additional 200 ul/well of incuba-
tion medium was added without removing the preincubation
medium. Incubation medium was identical to the preincuba-
tion medium with the addition of (final concentration) 4 wCi of
[*H]serine/well, 0.5 mM serine, and 25 puM palmitoyl-CoA. Cells
were incubated for an additional 60 min. Cells were then
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extracted without removing the incubation medium by a mod-
ification of the method of Rutti et al. (14) by adding 0.4 ml of
alkaline methanol (0.7 KOH/100 ml of MeOH) and transferring
cells into a 2-ml screw-cap microcentrifuge tube. To finish lipid
extraction, 0.1 ml of CHCIl; was added, and the extract was
vortexed; 0.5 ml of additional CHCI, was added along with 0.3
ml of alkaline H,0 (0.1 ml of 2N NH,OH/100 ml of H,0) and 0.1
ml of 2 N NH,OH followed by vortexing. Samples were centri-
fuged for 1 min at 16,000 X g in a microcentrifuge. The top
phase was removed by aspiration, and 1 ml of alkaline H,0 was
added and vortexed followed by centrifugation as above. The
top phase was removed, and the alkaline H,0 wash was repeated.
Finally, 350 ul of the bottom, organic phase was removed to 7-ml
scintillation vials, and organic solvent was removed by a gentle
stream of N,. 3 ml of scintillation mixture was added, and
counts were determined by liquid scintillation counting as
described above.

Labeling and Extraction for Total Sphingolipids—HeLa cells
were plated and treated with control and anti-ORMDL siRNA
in 12-well plates as described above for 48 h. Where indicated,
cells were incubated overnight with 100 um fumonisin Bl in
complete medium before treatment. Cells were then treated
with either 10 um C6-ceramide or 10 um sphingosine com-
plexed to 2% fatty acid-free BSA for 2 h before labeling with 0.5
ml of [*H]serine-containing medium for 1 h. Serine-free
medium (as outlined above) contained 10 wCi/ml [*H]serine
and, where indicated, 1 uM myriocin. At the conclusion of label-
ing, cells were washed with ice-cold PBS and harvested into 0.75
ml of alkaline MeOH (0.7 g of KOH/100 ml of MeOH). An
additional 0.75 ml of alkaline MeOH was added to each well and
pooled with the scraped cells. The cell suspensions were then
sonicated in a bath sonicator to disperse the cells. Extracts were
then incubated for 30 min at 37 °C to hydrolyze glycerolipids.
0.6 ml of alkaline H,0 (100 wl of 2N NH,OH/100 ml of H,0) and
0.7 ml of CHCI, were then added, and the suspension was vor-
texed. The phases were then broken by adding 0.675 ml of alka-
line H,0, 225 ul of 2 N NH,OH, and 0.75 ml of CHCI;. The
extract was then vortexed for 1 min and centrifuged to clear the
phases. The bottom, organic phase was removed and washed
two times with 1.5 ml of alkaline H,0. 500 ml of the washed
organic phase was dried in scintillation vials, and radioactivity
was determined as described above.

RESULTS AND DISCUSSION

It has long been known that there are feedback mechanisms
that homeostatically control de novo biosynthesis of ceramide
in mammalian cells (15). Here, we test whether the ORMDL
proteins, mammalian homologues of the yeast Orm proteins,
have arole in this regulation. We also test the role of the atypical
sphingomyelin synthase protein, SMSr, in this homeostatic
regulation.

ORMDL Proteins Mediate the Response of HeLa Cells to Exog-
enous C6-ceramide—To directly measure the rate of ceramide
biosynthesis, we employed labeling of sphingolipids with
[®H]serine under conditions where incorporation of the label
into ceramide is linear with respect to time (not shown.) Mono-
layers of HeLa, A549, and HMEC cells were transfected with
siRNAs targeting all three ORMDL isoforms simultaneously or
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a scrambled control siRNA. After 48 h, cells were treated with
10 um C6-ceramide for 2 h and then labeled with [*H]serine for
1 h. Lipids were extracted, and ceramide was isolated by thin
layer chromatography and quantitated as described under
“Experimental Procedures.” As seen in the untreated samples
(Fig. 1, A-C, controls), knockdown of all three ORMDL pro-
teins resulted in increased levels of [*H]serine incorporated
into ceramides. This result directly demonstrates in multiple
cell types that even under normal growth conditions, the
ORMDL proteins are negative regulators of ceramide biosyn-
thesis. This result complements the study of Breslow et al. (6),
which demonstrated that depletion of the ORMDL proteins
results in an increase in steady-state ceramide levels, but did not
directly measure biosynthesis. As is well established, (15) the
addition of C6-ceramide to cells strongly represses ceramide
biosynthesis (Fig. 1, A—C). This inhibition is almost completely
relieved by the depletion of the ORMDL proteins. Therefore
our results show that the ORMDL proteins are responsible for
homeostatic regulation of ceramide biosynthesis in response to
exogenous ceramide. Furthermore these experiments establish
that, like the yeast Orm proteins, the ORMDL proteins are neg-
ative regulators of SPT.

To ensure that the increases seen in [*H]serine labeling with
ORMDL knockdown were due to de novo ceramide biosynthe-
sis rather than changes in serine uptake, we measured uptake of
[®H]serine under knockdown and C6-ceramide treatment con-
ditions in HeLa cells. In neither case was uptake of [*H]serine
markedly affected, with the exception of a slight decrease in
[*H]serine uptake noted in C6-ceramide-treated cultures (Fig.
1D). This reduction was the same for both control and
ORMDL-depleted cells.

In contrast to the ORMDL proteins, siRNA-mediated knock-
down of SMSr did not result in increased [*H]serine labeling of
ceramides under normal growth conditions in any of three cell
types tested, nor did SMSr knockdown affect the response of
cells to C6-ceramide treatment (Fig. 1, A—C). However, it is
clear that depletion of SMSr elevates steady-state levels of cer-
amide (12). We conclude that the major site of SMSr regulation
of ceramide is not at the level of biosynthesis, but rather by
regulating one or more of the upstream metabolic processes
that determine ceramide levels. This could in principle include
ceramidases or the conventional sphingomyelin synthases.
When cells were transfected with a combination of siRNA oli-
gonucleotides targeting both SMSr and all three ORMDL iso-
forms, we did not see an additive increase in the amount of
labeled ceramide above that seen with ORMDL knockdowns
alone (Fig. 1, A-C). This suggests that the ORMDL proteins are
the primary regulators of the biosynthetic homeostatic
response.

The Three ORMDL Isoforms Are Redundant in Controlling
the Response of HeLa cells to C6-ceramide—Breslow et al. (6)
noted that knockdown of all three ORMDL proteins raised
steady-state ceramide levels, whereas knockdown of ORMDL3
alone had no effect. We therefore determined the contribution
of the individual ORMDL isoforms to regulation of ceramide
biosynthesis. HeLa cells were transfected with either scrambled
siRNA oligonucleotides as a control or gene-specific siRNAs
targeting all three ORMDL isoforms at once, paired combina-
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FIGURE 1. Mammalian ORMDL proteins mediate the response of cells to C6-ceramide. A-C, effect of ORMDL and SMSr depletion on ceramide biosynthesis.
[®H]Serine incorporation into ceramide was measured in Hela (A), A549 (B) and HMEC (C) cells 48 h after transfection with either scrambled siRNA oligonu-
cleotides or gene-specific siRNAs for all three ORMDL isoforms, SMSr alone, or a combination of siRNAs targeting ORMDL 1/2/3 and SMSr. After transfection, cells
were treated with 10 um C6-ceramide for 2 h and then labeled with [*Hlserine for 1 h. Cells were then harvested, and lipids were extracted as detailed under
“Experimental Procedures.” Data are reported as mean cpm/mg of protein = S.D. (n = 5) and are representative of at least three independent experiments for
each cell type tested. D, uptake of [*Hlserine. Hela cells were transfected with siRNA oligonucleotides as described above, treated with 10 um C6-ceramide for
2 h, and then labeled with [®H]serine for 1 h. Cells were then harvested with trypsin, and total intracellular *H was quantitated on 10% of cells using liquid
scintillation counting. Data are reported as mean cpm/well = S.D. (n = 6) and are representative of three independent experiments. E, combinatorial
knockdown of ORMDL isoforms. HeLa cells were transfected with either scrambled siRNA oligonucleotides as a control or gene-specific siRNAs for: (i) all three
ORMDL isoforms at once; (ii) paired combinations targeting two ORMDL isoforms at the same time; or (iii) each ORMDL isoform singly. 48 h after transfection,
cells were treated with 10 um C6-ceramide for 2 h and then labeled with [*H]serine for 1 h. Cells were then harvested, and lipids were extracted as detailed under
“Experimental Procedures.” Data are reported as mean cpm/well = S.D. (n = 5) and are representative of at least three independent experiments. F, serum-
responsive ceramide biosynthesis. Monolayers of cells were transfected with either scrambled siRNA or siRNA targeting all three ORMDL isoforms. 24 h after
transfection, culture medium was replaced with serum-free medium containing 0.1% fatty-acid free BSA. Serum starvation was carried out for ~30 h, after
which time the medium was removed and the cells were labeled with [*H]serine for 1 h. Lipids were extracted, and [*H]serine incorporation into ceramide was
measured as detailed under “Experimental Procedures.” Data are reported as -fold change = S.D. (n = 5) from cells transfected with scrambled siRNA in the
presence of serum for A549, Hela, and PC-3 cells (Control, mean [*H]serine incorporation was 1420 com/mg of protein for A549, 6392 cpm/mg of protein for
Hela, and 176 cpm/mg of protein for PC-3). Results for all cell lines are representative of at least three independent experiments.

tions targeting two ORMDL isoforms at the same time, or human lung fibroblasts by poly(I:C) (17). Further, there is an

siRNAs for each ORMDL isoform singly. 48 h after transfection,
cells were treated with C6-ceramide and labeled with [*H]ser-
ine as described above. As depicted in Fig. 1E, all three isoforms
must be depleted to reverse the inhibition of ceramide biosyn-
thesis resulting from the treatment of cells with C6-ceramide. A
similar effect is noted for the elevated ceramide biosynthesis in
cells under normal growth conditions (Fig. 1E, controls).
ORMDL3 may have a somewhat reduced role as depletion of
ORMDLI1 and -2 alone slightly reverses the C6-ceramide
response. It is unclear what separate roles the three isoforms
play. We have found that expression levels of the three iso-
forms are similar across a wide array of cell types (data not
shown). Additionally, they are very highly conserved, exhib-
iting 81— 84% identity at the amino acid level with most of the
substitutions in the putative membrane spanning portions of
the proteins (16). Otherwise, the three ORMDL isoforms have
identical lengths, are similarly distributed in both adult and
embryonic tissues, and are all localized to the endoplasmic
reticulum (16). The distinction may be at the level of regulation
of expression. ORMDL3 expression levels are regulated in
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association of elevated risk for asthma with genetic polymor-
phisms upstream of the ORMDL3 gene that affect ORMDL3
gene expression (11). Additional study will be required to estab-
lish the conditions that differentially regulate the three
ORMDL isoforms.

ORMDL Proteins and Additional Mechanisms Play a Role in
the Regulation of Ceramide Synthesis following Serum
Starvation—Serum starvation significantly enhances ceramide
biosynthesis in several cell types tested (Fig. 1F). Serum-re-
sponsive ceramide synthesis is further stimulated by depletion
of ORMDL proteins. If ORMDL proteins are the sole regulators
of ceramide biosynthesis, then their depletion should result in
maximally elevated ceramide biosynthesis, and that elevated
synthesis should be independent of growth conditions. How-
ever, in HeLa and PC-3 cells, elevation of ceramide biosynthesis
by ORMDL knockdown is considerably higher in combination
with serum deprivation than with ORMDL depletion alone.
This indicates that the elevation in ceramide biosynthesis seen
with serum deprivation is not solely due to removing the nega-
tive regulation of the ORMDL proteins, but is also the result of
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an additional regulatory mechanism. The metabolic action of
sphingosine kinase is one possible regulatory process. Our
group and others have suggested that sphingosine kinase, by
consuming dihydrosphingosine, a precursor in the ceramide
biosynthetic pathway, can regulate ceramide biosynthesis (13,
18, 19). Alternatively, regulatory subunits of SPT (3—-5) may be
involved in the serum-dependent regulation of ceramide
biosynthesis.

ORMDL Proteins Mediate the Response of SPT to Exogenous
Ceramide in Permeabilized Cells—We expect that the ORMDL
proteins would regulate SPT activity as yeast Orm proteins
interact with SPT subunits (6). Moreover it is generally
accepted that SPT is rate-limiting for sphingolipid synthesis.
However, in the yeast studies, SPT activity was not directly
measured, but rather the effect on SPT was inferred from
effects of Orm depletion on steady-state sphingolipid levels and
by measuring cell viability under diagnostic conditions (6).
Direct measurement of the effect of the ORMDLSs on SPT activ-
ity was complicated by our inability to detect changes in SPT
activity in crude membrane fractions in response to C6-cer-
amide treatment of cells (data not shown). This suggests that an
element of the regulatory mechanism is lost on preparation of
membranes. To circumvent this difficulty, we used permeabi-
lized cells to directly demonstrate that the ORMDL proteins
regulate SPT activity (Fig. 24). Cells were first treated with
either control oligonucleotides or siRNA oligonucleotides
directed against all three ORMDL isoforms. The cells were then
permeabilized and treated with or without C6-ceramide for 30
min. The permeabilized and treated cells were then labeled
with [*H]serine and analyzed for incorporation of [*H]serine
into total sphingolipids (rather than ceramide alone) as a meas-
ure of SPT activity. A significant finding here is that the C6-cer-
amide regulation of the ORMDL proteins can be recapitulated
in permeabilized cells. C6-ceramide inhibition of SPT activity
involves sensing the elevation of ceramide levels, transmission
of that information to the ORMDL proteins, and an interaction
of the ORMDL proteins with SPT to inhibit enzymatic activity.
Our ability to reproduce all of these steps in permeabilized cells
indicates that diffusible cytosolic components are not involved.
Apparently, the ceramide regulatory mechanism is contained
within the ER membrane, the site of SPT and the ORMDLs (16,
20). The yeast Orm proteins are regulated by phosphorylation
mediated by Ypkl, a soluble kinase that associates with the
plasma membrane under certain conditions (6, 9, 10). It is nota-
ble that the mammalian isoforms are N-terminally truncated
relative to the yeast proteins and therefore lack the three serine
residues that are phosphorylated by Ypkl in the yeast proteins
(6, 16), nor do the ORMDL proteins contain canonical phos-
phorylation sites for the mammalian Ypkl homologue, the
serum- and glucocorticoid-induced kinase (SGK). The
ORMDL proteins may be phosphorylated by a different, cera-
mide-sensitive kinase. Alternatively, ORMDL proteins may be
regulated by a ceramide-sensitive protein-protein interaction
or by an allosteric effect on the ORMDL proteins themselves. It
is notable that the ORMDL proteins have four predicted mem-
brane-spanning elements, which could potentially form cera-
mide-sensing domains similar to the sterol sensing of domains

40202 JOURNAL OF BIOLOGICAL CHEMISTRY

g ¢ 7 = siScramble
:_ © = FB1
28 12 ‘=: o === siORMDLs
az g£s°
£508 ‘-’g’_: 4
£ =
é: £%;
T =04 o=
? £5
F 52
00 »
C6-Ceramide -+ s T 1
Myriocin -+ - . * = °
T S—— - o "
siScramble SiORMDLs Control C6-Ceramide Sphingosine

IS

= siScramble
== siORMDLs

{0

Control C6-Ceramide

wmmm siScramble
= FB1
=== siORMDLs

(CPMiwell x 1000)
~ o

== ] N b

5 = X 8

3H-Serine in Ceramide

(Mean CPM x 1000)

=
o

3H-Sphingosine in Ceramide O

o
°

Control

Cé-Ceramide Sphingosine

FIGURE 2. ORMDL proteins regulate SPT in permeabilized and intact cells,
but do not regulate ceramide synthases. C6-ceramide and sphingosine
require metabolism by ceramide synthases to activate ORMDL inhibition of
SPT. A, SPT activity in permeabilized cells. HeLa cell monolayers were treated
with either scrambled siRNA or siRNA targeting all three ORMDL isoforms.
24 h after transfection, cells were permeabilized with digitonin and preincu-
bated in the presence or absence of 20 um C6-ceramide for 30 min as
described under “Experimental Procedures.” Buffer containing [*H]serine and
palmitoyl-CoA was added, and the incubation was continued for an addi-
tional 60 min. Selected wells were treated with 1 um myriocin during both
incubation periods. Sphingolipids were then extracted, and incorporation of
[®Hlserine into total sphingolipids was determined by liquid scintillation
counting. Each point represents the mean = S.D. of eight replicates, with the
exception of myriocin-treated wells, which utilized four replicates. A result
representative of four independent experiments is presented. B, effect of
blocking ceramide synthase activity on C6-ceramide and sphingosine inhibi-
tion of total sphingolipid synthesis. Intact HeLa cell monolayers were treated
overnight with FB1 where indicated, treated with either 10 um C6-ceramide
or 10 um sphingosine for 2 h, and then labeled with [*H]serine to measure de
novo biosynthesis of total sphingolipid as described under “Experimental
Procedures.” Shown is myriocin-inhibitable incorporation of [*H]serine into
total sphingolipids. C, C6-ceramide and sphingosine inhibition of ceramide
synthesis. Lipid extracts generated as described for panel A were analyzed for
[PH]serine incorporation into ceramide by thin layer chromatography. Shown
is myriocin-inhibitable incorporation of [*Hlserine into ceramide. D, ceramide
synthase activity in intact cells. HeLa cells were transfected with siRNA oligo-
nucleotides as described above, treated with 10 um C6-ceramide for 2 h, and
then labeled with p-[erythro-3-*H]sphingosine for 30 min. Cells were then
harvested, and lipids were extracted as detailed under “Experimental Proce-
dures.” Data in panels B-D are reported as mean cpm/well = S.D. (n = 3-6)
and are representative of at least three independent experiments.

found in elements of the HMG-CoA reductase regulatory
mechanism.

ORMDL-mediated Feedback Inhibition of Sphingolipid Syn-
thesis by Sphingosine or C6-ceramide Requires Ceramide Syn-
thase Activity—C6-ceramide is known to be remodeled to
native ceramide species by the sequential action of ceramidase
and ceramide synthase (21-24). This remodeling is required,
for example, to mediate the growth inhibitory properties of
Cé6-ceramide (22). Therefore it is not clear whether the
ORMDL-dependent inhibition of SPT is in response to C6-cer-
amide itself, to native ceramides generated by remodeling, or to
the sphingosine liberated from C6-ceramide by ceramidases.
Exogenous sphingosine is also known to inhibit de novo sphin-
golipid biosynthesis (15, 25). As with C6-ceramide, it is not
known whether it is sphingosine itself that mediates this
response, or whether sphingosine must be further metabolized
to ceramides. To establish which of these lipids mediates feed-
back inhibition of SPT, we incubated cells in the presence of
either C6-ceramide (as before) or sphingosine in the presence
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or absence of the ceramide synthase inhibitor Fumonisin B1
(FB1). Because FB1 will inhibit de novo ceramide biosynthesis,
we measured total sphingolipid biosynthesis (Fig. 2B) as a
measure of SPT activity. Ceramide biosynthesis was also meas-
ured (Fig. 2C). As expected, both C6-ceramide and sphingosine
were inhibitors of total de novo sphingolipid and ceramide bio-
synthesis, and this inhibition was reversed by ORMDL deple-
tion (Fig. 2, B and C). To determine whether further metabo-
lism of C6-ceramide and sphingosine was required for their
inhibitory effects, we pretreated cells with the ceramide syn-
thase inhibitor fumonisin B1. This treatment completely inhib-
ited ceramide biosynthesis, as expected (Fig. 2C). FB1 treat-
ment completely reversed the inhibitory effect of sphingosine
treatment and largely reversed the effect of C6-ceramide treat-
ment. This indicates that ceramides or higher order sphingo-
lipids (sphingomyelin or glycosphingolipids) are the sphingo-
lipid components that activate the ORMDL regulatory system.
We consistently observe that FB1 does not as completely
reverse C6-ceramide inhibition when compared with the rever-
sal of sphingosine inhibition. C6-ceramide may weakly activate
this system by itself. C6-ceramide is also known to activate sph-
ingomyelinase to indirectly generate increased ceramide levels
(23). Ceramide levels elevated by that mechanism might also
feed back to the ORMDL regulatory mechanism.

ORMDL Proteins Do Not Regulate Ceramide Synthases—We
considered that the ORMDL proteins might control ceramide
biosynthesis at the level of ceramide synthases in addition to
their regulation of SPT. HeLa cells were transfected with
siRNAs targeting all three ORMDL isoforms and treated with
C6-ceramide exactly as described above. Following C6 treat-
ment, cells were labeled with p-[erythro-3->H]sphingosine
(rather than [*H]serine) for 30 min. Lipids were harvested,
and ceramide was extracted. Unlike [*H]serine labeling of cera-
mides as seen in Fig. 1 (A-C), loss of ORMDL proteins did not
result in increased incorporation of p-[erythro-3->H]sphin-
gosine into ceramide (Fig. 2D). This indicates that the ORMDL
proteins do not regulate the ceramide synthases.

Conclusions—As highlighted by Breslow and Weissman (26),
ceramide shares the property with cholesterol of being an
essential cellular component that, because of deleterious effects
at elevated levels, is subject to tight metabolic control. The
studies presented here illustrate that the ORMDL proteins are
part of a complicated network of regulatory mechanisms that
accomplish this balancing act. The ORMDL proteins act as the
effector of one of these mechanisms by regulating SPT activity.
The nature of the ceramide sensor that regulates the ORMDL
proteins in mammalian cells remains to be determined, as do
the details of how ORMDL interacts with subunits of SPT to
negatively regulate SPT activity. We were unable to detect any
effect of SMSr on ceramide biosynthesis. However, the clear
effect of SMSr on steady-state ceramide levels suggests that
SMSr controls ceramide levels through upstream metabolism.
In this light, the ORMDL and SMSr proteins constitute com-
plementary regulatory systems in which the overall levels of
ceramide are determined by a balance of biosynthesis, regu-
lated by the ORMDL proteins, and upstream metabolism,
determined by SMSr through phosphoethanolamine ceramide.
We also note that there is an as yet undescribed mechanism that
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controls ceramide biosynthesis in response to serum starvation.
Therefore although the ORMDL proteins constitute the major
homeostatic regulators of ceramide biosynthesis, the complete
mechanism of control remains to be elucidated.

Acknowledgment—We thank Mitterand Nformi Massa for technical
assistance and helpful discussions.

REFERENCES

1. Hannun, Y. A,, and Obeid, L. M. (2002) The ceramide-centric universe of
lipid-mediated cell regulation: stress encounters of the lipid kind. /. Biol.
Chem. 277, 2584725850

2. Williams, R. D., Wang, E., and Merrill, A. H,, Jr. (1984) Enzymology of
long-chain base synthesis by liver: characterization of serine palmitoyl-
transferase in rat liver microsomes. Arch. Biochem. Biophys. 228, 282—291

3. Hanada, K. (2003) Serine palmitoyltransferase, a key enzyme of sphingo-
lipid metabolism. Biochim. Biophys. Acta 1632, 16 -30

4. Han, G., Gupta, S. D., Gable, K., Niranjanakumari, S., Moitra, P., Eichler,
F., Brown, R. H,, Jr., Harmon, J. M., and Dunn, T. M. (2009) Identification
of small subunits of mammalian serine palmitoyltransferase that confer
distinct acyl-CoA substrate specificities. Proc. Natl. Acad. Sci. U.S.A. 106,
8186-8191

5. Tamehiro, N., Mujawar, Z., Zhou, S., Zhuang, D. Z., Hornemann, T., von
Eckardstein, A., and Fitzgerald, M. L. (2009) Cell polarity factor Par3 binds
SPTLC1 and modulates monocyte serine palmitoyltransferase activity
and chemotaxis. /. Biol. Chem. 284, 24881-24890

6. Breslow, D. K., Collins, S. R., Bodenmiller, B., Aebersold, R., Simons, K.,
Shevchenko, A., Ejsing, C. S., and Weissman, J. S. (2010) Orm family
proteins mediate sphingolipid homeostasis. Nature 463, 1048 —1053

7. Han, S., Lone, M. A, Schneiter, R., and Chang, A. (2010) Orm1 and Orm2
are conserved endoplasmic reticulum membrane proteins regulating lipid
homeostasis and protein quality control. Proc. Natl. Acad. Sci. U.S.A. 107,
5851-5856

8. Liu, M., Huang, C., Polu, S. R, Schneiter, R., and Chang, A. (2012) Regu-
lation of sphingolipid synthesis through Orm1 and Orm2 in yeast. J. Cell
Sci. 125, 2428 2435

9. Roelants, F. M., Breslow, D. K., Muir, A., Weissman, J. S., and Thorner, J.
(2011) Protein kinase Ypk1 phosphorylates regulatory proteins Orm1 and
Orm?2 to control sphingolipid homeostasis in Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. U.S.A. 108, 19222-19227

10. Sun, Y., Miao, Y., Yamane, Y., Zhang, C., Shokat, K. M., Takematsu, H.,
Kozutsumi, Y., and Drubin, D. G. (2012) Orm protein phosphoregulation
mediates transient sphingolipid biosynthesis response to heat stress via
the Pkh-Ypk and Cdc55-PP2A pathways. Mol. Biol. Cell 23, 2388 -2398

11. Moffatt, M. F., Kabesch, M., Liang, L., Dixon, A. L., Strachan, D., Heath, S.,
Depner, M., von Berg, A., Bufe, A, Rietschel, E., Heinzmann, A., Simma,
B., Frischer, T., Willis-Owen, S. A., Wong, K. C,, Illig, T., Vogelberg, C.,
Weiland, S. K., von Mutius, E., Abecasis, G. R., Farrall, M., Gut, . G,,
Lathrop, G. M., and Cookson, W. O. (2007) Genetic variants regulating
ORMDLS3 expression contribute to the risk of childhood asthma. Nature
448, 470-473

12. Vacaru, A. M., Tafesse, F. G., Ternes, P., Kondylis, V., Hermansson, M.,
Brouwers, J. F., Somerharju, P., Rabouille, C., and Holthuis, J. C. (2009)
Sphingomyelin synthase-related protein SMSr controls ceramide home-
ostasis in the ER. J. Cell Biol. 185, 1013—1027

13. Siow, D.L., Anderson, C. D., Berdyshev, E. V., Skobeleva, A., Pitson, S. M.,
and Wattenberg, B. W. (2010) Intracellular localization of sphingosine
kinase 1 alters access to substrate pools but does not affect the degradative
fate of sphingosine-1-phosphate. J. Lipid Res. 51, 2546 —2559

14. Ritti, M. F,, Richard, S., Penno, A., von Eckardstein, A., and Hornemann,
T. (2009) An improved method to determine serine palmitoyltransferase
activity. J. Lipid Res. 50, 1237—-1244

15. Mandon, E. C,, van Echten, G., Birk, R., Schmidt, R. R., and Sandhoff, K.
(1991) Sphingolipid biosynthesis in cultured neurons: down-regulation of
serine palmitoyltransferase by sphingoid bases. Eur. J. Biochem. 198,
667—-674

JOURNAL OF BIOLOGICAL CHEMISTRY 40203



REPORT: ORMDL Proteins Regulate Ceramide Biosynthesis

16.

17.

18.

19.

20.

21.

Hjelmgqvist, L., Tuson, M., Marfany, G., Herrero, E., Balcells, S., and
Gonzalez-Duarte, R. (2002) ORMDL proteins are a conserved new family
of endoplasmic reticulum membrane proteins. Genome Biol. 3,
RESEARCHO0027

Hirota, T., Harada, M., Sakashita, M., Doi, S., Miyatake, A., Fujita, K.,
Enomoto, T., Ebisawa, M., Yoshihara, S., Noguchi, E., Saito, H., Nakamura,
Y., and Tamari, M. (2008) Genetic polymorphism regulating ORM1-like 3
(Saccharomyces cerevisiae) expression is associated with childhood atopic
asthma in a Japanese population. J. Allergy Clin. Immunol. 121, 769 -770
Berdyshev, E. V., Gorshkova, I. A., Usatyuk, P., Zhao, Y., Saatian, B., Hub-
bard, W., and Natarajan, V. (2006) De novo biosynthesis of dihydrosphin-
gosine-1-phosphate by sphingosine kinase 1 in mammalian cells. Cell.
Signal. 18, 1779-1792

Taha, T. A, Kitatani, K., El-Alwani, M., Bielawski, J., Hannun, Y. A., and
Obeid, L. M. (2006) Loss of sphingosine kinase-1 activates the intrinsic
pathway of programmed cell death: modulation of sphingolipid levels and
the induction of apoptosis. FASEB J. 20, 482—-484

Yasuda, S., Nishijima, M., and Hanada, K. (2003) Localization, topology,
and function of the LCB1 subunit of serine palmitoyltransferase in mam-
malian cells. J. Biol. Chem. 278, 4176 —4183

Mancinetti, A., Di Bartolomeo, S., and Spinedi, A. (2009) Long-chain cer-

40204 JOURNAL OF BIOLOGICAL CHEMISTRY

22.

23.
24.
25.

26.

27.

amide produced in response to N-hexanoylsphingosine does not induce
apoptosis in CHP-100 cells. Lipids 44, 1039 —1046

Ogretmen, B., Pettus, B. J., Rossi, M. J., Wood, R., Usta, J., Szulc, Z., Bie-
lawska, A., Obeid, L. M., and Hannun, Y. A. (2002) Biochemical mecha-
nisms of the generation of endogenous long chain ceramide in response to
exogenous short chain ceramide in the A549 human lung adenocarci-
noma cell line: role for endogenous ceramide in mediating the action of
exogenous ceramide. /. Biol. Chem. 277, 12960 -12969

Jaffrézou, J. P., Maestre, N., de Mas-Mansat, V., Bezombes, C., Levade, T.,
and Laurent, G. (1998) Positive feedback control of neutral sphingomyeli-
nase activity by ceramide. FASEB J. 12, 999 —1006

Ridgway, N. D., and Merriam, D. L. (1995) Metabolism of short-chain
ceramide and dihydroceramide analogues in Chinese hamster ovary
(CHO) cells. Biochim. Biophys. Acta 1256, 57-70

van Echten, G., Birk, R., Brenner-Weiss, G., Schmidt, R. R., and Sandhoff,
K. (1990) Modulation of sphingolipid biosynthesis in primary cultured
neurons by long chain bases. J. Biol. Chem. 265, 9333-9339

Breslow, D. K., and Weissman, J. S. (2010) Membranes in balance: mech-
anisms of sphingolipid homeostasis. Mol. Cell. 40, 267-279

Bligh, E. G., and Dyer, W. . (1959) A rapid method of total lipid extraction
and purification. Can. J. Biochem. Physiol. 37, 911-917

VOLUME 287+NUMBER 48-NOVEMBER 23,2012



