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Abstract The ORMI (Saccharomyces cerevisiae)-like pro-
teins (ORMDLs) and their yeast orthologs, the Orms, are
negative homeostatic regulators of the initiating enzyme
in sphingolipid biosynthesis, serine palmitoyltransferase
(SPT). Genome-wide association studies have established
a strong correlation between elevated expression of the
endoplasmic reticulum protein ORMDL3 and risk for
childhood asthma. Here we test the notion that elevated
levels of ORMDL3 decrease sphingolipid biosynthesis.
This was tested in cultured human bronchial epithelial
cells (HBECs) (an immortalized, but untransformed, air-
way epithelial cell line) and in HeLa cells (a cervical ade-
nocarcinoma cell line). Surprisingly, elevated ORMDL3
expression did not suppress de novo biosynthesis of sphin-
golipids. We determined that ORMDL is expressed in
functional excess relative to SPT at normal levels of ex-
pression. ORMDLs and SPT form stable complexes that
are not increased by elevated ORMDL3 expression. Al-
though sphingolipid biosynthesis was not decreased by el-
evated ORMDL3 expression, the steady state mass levels
of all major sphingolipids were marginally decreased by
low level ORMDL3 over-expression in HBECs.Hll These
data indicate that the contribution of ORMDL3 to asthma
risk may involve changes in sphingolipid metabolism, but
that the connection is complex.—Siow, D., M. Sunkara,
T. M. Dunn, A. J. Morris, and B. Wattenberg. ORMDL/
serine palmitoyltransferase stoichiometry determines effects
of ORMDL3 expression on sphingolipid biosynthesis. J. Lipid
Res. 2015. 56: 898-908.
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The ORM1 (Saccharomyces cerevisiae)-like proteins (ORM-
DLs) and their yeast orthologs, the ORMs, regulate the
initiating and rate-limiting enzyme in sphingolipid biosyn-
thesis, serine palmitoyltransferase (SPT) (1-4). The three
ORMDL isoforms (ORMDLI1-3) are small (17.5 kDa)
hydrophobic membrane proteins that are situated in the
endoplasmic reticulum along with SPT. The three iso-
forms are highly homologous and their functions appear
to be redundant at the cellular level (3, 4). The ORMDLs
are negative regulators of SPT and mediate the homeo-
static regulation of SPT in response to cellular sphingo-
lipid levels. siRNA depletion of the ORMDLs results in
elevated sphingolipid synthesis under control conditions
and reverses the homeostatic inhibition of sphingolipid
synthesis resulting from elevated cellular sphingolipid
content (1, 3, 4). The Orms and ORMDLs form stable
physical complexes with SPT (1), even under conditions
in which the ORMDLs are minimally inhibiting SPT. In
yeast, the Orm regulatory activity is controlled by Orm
phosphorylation. This may not be the case for the mam-
malian ORMDLs, which lack the sequences that are phos-
phorylated in the yeast Orms. Clinical interest in ORMDL
function has been sparked by the observation that SNPs
adjacent to the ORMDLS3 gene are highly correlated with
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risk for childhood asthma (5, 6). Cookson and colleagues
determined that the risk allele correlates with elevated
ORMDL3 mRNA expression (5, 7). It has been suggested
that elevated ORMDL3 increases the risk for asthma by
depressing sphingolipid biosynthesis (8). Here we directly
test whether ORMDL3 overexpression inhibits de novo
sphingolipid biosynthesis in cells derived from one of
the tissues important for the asthmatic phenotype, the air-
way epithelium. We find, surprisingly, that elevated OR-
MDL3 does not suppress de novo sphingolipid biosynthesis
and present evidence that this is because ORMDLs are
normally expressed in functional excess relative to SPT.

MATERIALS AND METHODS

Materials

Silencer® Select siRNA oligonucleotides for human ORMDLI-3
(catalog numbers s41258, 526474, and s41260, respectively)
were from Ambion® (part of Life Technologies, Grand Island,
NY). The gene-specific TagMan® probes for quantitative real-
time PCR, TagMan® Gene Expression Master Mix, high-capacity
reverse transcription kit, and MicroAmp® Fast Optical 96-
well PCR plates were all from Applied Biosystems® (part of Life
Technologies). The Lipofectamine® RNAiMax for siRNA delivery,
Lipofectamine® 2000 transfection reagent, and TRIzol® were
from Invitrogen (Life Technologies). The In-Fusion® HD Cloning
Plus kit and CloneAmp™ HiFi PCR Premix were both from Clon-
tech Laboratories (Mountain View, CA). L-[3H(G)]-serine, scintil-
lation vials, and scintillation fluid were from Perkin Elmer
(Waltham, MA). Cl6-ceramide standard was from Avanti Polar
Lipids (Alabaster, AL). Whatman TLC plates were from VWR
(Radnor, PA). HeLa cells were from ATCC (Manassas, VA). A549
lung adenocarcinoma cells were from ATCC. Human bronchial
epithelial cells (HBECs) (9) were a generous gift of Dr. Jerry Shay,
University of Texas, Southwestern, Department of Cell Biology.
Keratinocyte serum-free medium for culturing HBECs was from
Invitrogen (Life Technologies). DMEM and all other cell culture
supplies were from VWR. Anti-SPT long chain base subunit 1
(SPTLC1) antibody was from Santa Cruz Biotechnology, Inc. (Dallas,
TX). Anti-ORMDL antibody was from EMD Millipore (Billerica,
MA). Anti-beta actin and secondary antibodies were all from Pierce
(part of Thermo Scientific, Rockford, IL). Organic solvents were
from Thermo Fisher Scientific (Pittsburgh, PA). Phosphorous
standard and all other chemicals used were from Sigma-Aldrich
(St. Louis, MO) unless otherwise indicated.

Methods

Measurement of de novo ceramide biosynthesis. ~Measure-
ment of de novo ceramide biosynthesis in intact cells was accom-
plished by incorporation of *Hserine into ceramide during a 60
minute incubation, as previously described (3). Briefly, HeLa cells
and HBECs were plated in 12-well plates at various densities de-
pending on the protocol in complete medium overnight. The
next day, the HelLa cells were transfected as described below and
the stable HBECs were cultured until desired confluence was
reached. Prior to labeling, cells were treated with 10 uM ce-
ramide-N-hexanoyl-D-erythro-sphingosine (C6)-ceramide for 60
minutes, where indicated. Cells were labeled in serine-depleted
medium (MEM containing 1% dialyzed FBS and 10 pCi/ml °H-
serine) using 1 ml/well for 60 minutes. Total lipids were ex-
tracted by a modification of the Bligh-Dyer extraction (3) and
the organic phase was dried under nitrogen. The entire organic
phase was then subjected to TLC using a solvent system of

chloroform:acetic acid:methanol (90:10:2, v/v) and Cl16-ceramide
was spotted in each lane as a standard. After visualizing the ce-
ramide band by exposure in an iodine tank, the ceramide bands
were scraped and incorporated *H-serine was measured by liquid
scintillation counting.

Measurement of SPT activity in permeabilized cells. HBECs
were plated into collagen-coated 24-well plates at 0.3 x 10° cells/
well overnight. Cells were then washed with PBS and permeabi-
lized by treatment with 200 p.g/ml digitonin for 3 minutes. SPT
activity was measured in a buffer containing 50 mM HEPES (pH
8.0), 1 mM MgCl,, 1 mM ATP, 20 uM 5’ pyridoxyl phosphate, 50
M palmitoyl CoA, 1 mM serine, and *H-serine at 10 rCi/mlin a
volume of 400 pl. Incubations were performed for 60 minutes at
37°C. Following incubation, cells were washed with PBS and 400
wl PBS was added to each well. Alkaline methanol (400 wl) (7 g
KOH/1) was added and cells were harvested into microcentri-
fuge tubes. CHCI; (100 pl) was added and extracts were vor-
texed. Phases were broken by the addition of 500 wl CHCI;, 500
wl alkaline water (100 wl 2 N NH,OH/100 ml water), and 100 w1
2 N NH,OH. The top aqueous layer was aspirated and the re-
maining organic layer was washed two times with 1 ml alkaline
water. Three hundred and fifty microliters of the organic layer
was dried under Ny in a scintillation vial and incorporated "H-
serine was measured by liquid scintillation counting.

siRNA depletion (if ORMDLI1-3 in HelLa cells. Hela cells
were plated at 8 x 10" cells/well in collagen-coated 12-well plates
overnight in complete medium. siRNA oligonucleotide (5 nmol)
for each ORMDL isoform targeted was combined with Lipo-
fectamine® RNAiMax transfection reagent per the manufacturer’s
recommendations, added to medium, and cells were incubated
24-48 hours before measurement of de novo ceramide biosyn-
thesis, as described above. The effect of siRNA treatment of ex-
pression of ORMDLI1-3 was determined by quantitative real-time
PCR using gene-specific TagMan® probes, as previously described
(3) and detailed below.

Overexpression of recombinant ORMDL3 and SPT in Hela
cells. Experiments illustrated in Figs. 2, 3, 5, and 6 utilized mouse
ORMDL3 (not epitope tagged), subcloned into the Xbal site of
pCMV6-XL5 (Origene, Rockville, MD) by In-Fusion® cloning
(Clontech) according to the manufacturer’s instructions using the
following primers: forward, 5-GCT TGT CGA CTC TAG ACCACC
ATG AAT GTG GGC A-3'; reverse, 5-GCG GCC GCA ATC TAG
ATC AGT ACT TAT TGA TTC CAA AG-3'. The immunoprecipita-
tion (IP) experiments illustrated in Fig. 5 utilized human OR-
MDL3 in pCMV6 (epitope-tagged with Myc and FLAG, both at the
carboxy-terminus) purchased from Origene (catalog number
RC202279). Note that the amino acid sequences of the mouse
(NCBI reference sequence NP_079937.1) and human (NCBI ref-
erence sequence ID AAM43507.1) ORMDL3s are 96% identical
and of the exact same length. Single-chain SPT (scSPT) consists of
a fusion of SPT long chain base subunit 2 (SPTLC2), SPT small
subunit a (ssSPTa), and SPTLCI, in that order as described (10),
subcloned into the Xbal site of pCMV6-XL5 (Origene) by In-Fu-
sion® cloning (Clontech) according to the manufacturer’s in-
structions using the following primers: forward, 5-GCT TGT CGA
CTC TAG ACC ACC ATG GCT AGG CGG CCG GAG G-3'; reverse,
5-GCG GCC GCA ATC TAG ATC AGA GCA GGA CGG CCT GGG-
3. HeLa cells were plated at 1 x 10° cells/well in collagen-coated
12-well plates overnight in complete medium. The next day, me-
dium was replaced with a transfection mix containing 1.6 pg of
total plasmid and 4 pl of Lipofectamine 2000® (Invitrogen) ac-
cording to the manufacturer’s instructions.
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IP of ORMDLs in HeLa cells. For siRNA of ORMDLI1-3,
HelLa cells were plated at 1 x 10° cells in collagen-coated p100
dishes overnight in complete medium. The next day, cells were
transfected using 5 nM siRNA oligonucleotides for each ORMDL
isoform being targeted and Lipofectamine RNAiMax transfec-
tion solution following the manufacturer’s instructions. Forty-
eight hours after siRNA treatment, cells were lifted with trypsin,
pelleted, washed with 1x PBS then solubilized on ice for 60 min-
utes with 1% digitonin IP buffer [25 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM MgCl,, 1 mM CacCly, 15% glycerol, and 1% digi-
tonin (w/v)]. For overexpression of recombinant ORMDL3,
HeLa cells were plated at 3 x 10° cells in collagen-coated p100
dishes overnight in complete medium. The next day, cells were
transfected with 25 pg plasmid DNA and 50 pl Lipofectamine®
2000 per pl00 dish using the manufacturer’s instructions.
Twenty-four hours after transfection, cells were lifted with
trypsin, pelleted, washed with 1x PBS then solubilized for
60 minutes on ice, as described above. Solubilized cells were
centrifuged at 10,000 rpm for 10 minutes at 4°C and lysates
were moved to clean microfuge tubes. Lysates were then pre-
cleared with Protein A beads for 1 hour at 4°C, after which
beads were pelleted and discarded and cleared lysates were
transferred to clean microfuge tubes. Cleared lysates were incu-
bated on rotator at 4°C overnight with anti-ORMDL polyclonal
antibody (Millipore). Following IP, samples were centrifuged at
10,000 rpm for 10 minutes at 4°C and supernatants were moved
to clean microfuge tubes. Supernatants were incubated with
Protein A beads (blocked with 5% BSA in IP buffer) on a rota-
tor at 4°C for 2 hours. Beads were then pelleted, post-IP super-
natants saved for Western blot analysis, and beads were washed
four times with IP buffer containing 0.1% digitonin. The 2x
Laemmli sample buffer was added to the washed beads and they
were heated at 60°C for 30 minutes prior to SDS-PAGE (see
Western blot protocol details below).

Western blot analysis of protein expression levels. Proteins
were separated on 12% SDS polyacrylamide gels. Following
SDS-PAGE, proteins were transferred to polyvinylidene difluo-
ride membranes and the membranes were blocked overnight
with 5% milk in TBS with 0.1% Tween20 (TBST). Blots were cut
horizontally using molecular weight markers as a guide depend-
ing on the size of proteins to be probed. This allowed blots to be
probed with multiple antibodies without the necessity of strip-
ping and reprobing the blots multiple times. Anti-ORMDL
(1:2,000) and anti-SPTLC1 (1:1,000) primary antibodies were
incubated overnight at 4°C in TBST containing 3% milk; anti-
beta actin (1:10,000) primary antibody was incubated for 1 hour
at room temperature. After incubation with primary antibodies,
blots were washed three times with TBST for 10 minutes per
wash. Secondary antibodies (1:20,000) were incubated for
1 hour at room temperature in TBST containing 1% milk. Blots
were washed three times with TBST for 10 minutes per wash.
Protein bands were visualized using ECL Prime solution (GE
Life Sciences, Piscataway, NJ) and exposed to film (Denville Sci-
entific, Metuchen, NJ). Densitometry values were measured us-
ing Quantity One software and ORMDL3 levels were normalized
to beta-actin for each sample.

Subcloning of the lentiviral ORMDL3 construct and genera-
tion of HBECs that stably overexpress ORMDL3. pENTRIA
Gateway® entry vector (#17398) and pLenti-CMV-puro lentiviral
Gateway® destination vector (#17452) were purchased from
Addgene (Cambridge, MA), as described (11). Human ORMDL3
plasmid #RC202279 (Origene, representing NM_139280) was
linearized by cutting with EcoRI after which the open reading
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frame for ORMDL3 was amplified using CloneAmp™ HiFi PCR
Premix and primers designed for use with the In-Fusion® HD
Cloning Plus kit (forward, ATC CGG TAC CGA ATT GCC ATG
AAT GTG GGC ACA; reverse, GTG CGG CCG CGA ATT TTA
AAC GTA CTT ATT GAT TCC A). Insert and vector were gel
purified prior to subcloning human ORMDL3 into pENTRIA
using the In-Fusion® HD Cloning Plus kit following the manu-
facturer’s instructions. The human ORMDL3 open reading
frame was transferred from pENTRIA entry vector to pLenti-
CMV-puro destination vector using the Gateway® LR Clonase™
II enzyme mix following the manufacturer’s instructions. Se-
quences of all subsequent clones were verified by the University
of Louisville core DNA laboratory. Human 293T cells were used
to package pLenti-CMV-ORMDL3-puro into viral particles. Ad-
ditional packaging plasmids expressing the viral structural pro-
teins Gag, Pol, and Env were generous gifts of Dr. Chi Li,
University of Louisville, Louisville, KY. Viral supernatants were
collected every 12 hours after transfection of 293T cells, filtered
to remove cell debris, then stored at —20°C until use. HBECs
immortalized with telomerase (hTERT) and cyclin-degendent
kinase 4 (Cdk) (9) were plated in p100 dishes at 3 x 10" cells in
complete medium overnight. The next day, cells were trans-
duced with 5 ml of viral supernatant containing either empty
vector or human ORMDLS3 plasmid. This was delivered in 5 ml
of medium containing 8 ng/ml Polybrene® and cells were in-
cubated at 37°C with 5% CO, for 12 hours, after which this
transduction mix was removed and fresh viral particles were
added to the cells for an additional 12 hours. Viral supernatants
were removed and complete medium was added to cells for
overnight incubation. The next day, medium was replaced with
complete medium containing 10 pg/ml puromycin to begin
the selection process. Cells were maintained under puromycin
selection until used for experiments as outlined. Cells were rou-
tinely collected and ORMDL3 levels were analyzed by Western
blot and real-time PCR.

Isolation of total RNA and quantitative real-time PCR analy-
sis. For each well of cells to be analyzed, 1 ml of TRIzol® was
placed directly on the cells. The TRIzol®/cell mixture was
transferred to a microfuge tube and stored at —80°C until anal-
ysis. To isolate RNA, the TRIzol®/cell mixture was added to
prepared phase lock gels followed by 200 I chloroform:isoamyl
alcohol then vigorously shaken for 15 seconds. Tubes were incu-
bated at room temperature for 5 minutes then centrifuged at
16,000 g for 15 minutes (4°C) to separate phases. The upper
(aqueous) phase was transferred to sterile RNase-free microfuge
tubes and 500 pl isopropanol was added to each tube and incu-
bated at room temperature for 10 minutes to precipitate RNA.
Tubes were spun at 16,000 g for 20 minutes (4°C) to pellet RNA.
RNA was washed with 70% ethanol then air dried and resus-
pended in RNase-free water (30-100 wl) and quantitated using
a NanoDrop 8000. cDNA was prepared from 1 pg of total RNA
using a high-capacity reverse transcriptase kit from Applied Bio-
systems (Life Technologies, Thermo-Fisher, Grand Island, NY)
following all manufacturer’s instructions. Quantitative real-time
PCR was performed using gene-specific TagMan® probes for all
three ORMDL isoforms and the large subunit #1 of SPT. Taqg-
Man® Gene Expression Master Mix and MicroAmp® Fast Opti-
cal 96-well plates were used along with an Applied Biosystems®
FAST 7500 instrument to perform real-time PCR amplification.
Analysis was done using the ACy (Fig. 1) or AAC; (Figs. 2 and 3)
formula for calculating the fold change in expression levels.

Mass spectrometry analysis of steady-state sphingolipids in
HBECs.

Sphingolipids were extracted from lysates as previously



described (12). Prior to extraction, a mixture of C17 sphingolipids
was added to each sample (125 pmol/sample, Avanti sphingolipid
mix #1) as internal standards. Sphingolipids were quantitated by
HPLC electrospray ionization tandem mass spectrometry using
selected ion monitoring on an ABSciex 4000 Q-Trap instrument as
described previously (13-15). Total phospholipids for each sam-
ple were measured using a modified Ames and Dubin assay (16),
as previously described (12).

RESULTS

HelLa cells and immortalized, but untransformed, HBECs
express similar levels of the three ORMDL isoforms and
SPT subunit 1

Airway epithelial cells are thought to be a major cell type
involved in the increased asthma risk resulting from the el-
evated expression of ORMDL3 induced by a risk allele in
ORMDL3-adjacent sequences (17). Here we utilize a well-
characterized cell line derived by immortalization of pri-
mary human airway cells by expression of telomerase
(hTERT) and cyclin-dependent kinase 4 (Cdk) (9). We re-
fer to these as HBEGs. To enable comparison of ORMDL
function between HBECs and the more easily manipulated
HeLa cell line, we measured mRNA levels of the three
ORMDL isoforms and one of the two major catalytic sub-
units of SPT, SPTLCI1 (Fig. 1). We found that levels of these
transcripts were at comparable levels when each transcript
was compared between these two cell lines. Additionally, we
measured levels of these transcripts in the lung adenocarci-
noma cell line, A549, and found comparable levels of all
transcripts in that cell line as well. Levels of these transcripts
may differ among other cell lines and may change during
cell differentiation (4). In the experiments outlined below,
we study the role of stoichiometry in ORMDL/SPT regula-
tion. The expression data illustrated in Fig. 1 suggests that
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Fig. 1. All three ORMDL isoforms, as well as subunit 1 of SPT, are

expressed at similar levels in multiple cell types. Real-time PCR was
performed on RNA isolated from immortalized HBEGCs, HeLa
cells, and A549 adenocarcinoma cells as described in the Materials
and Methods. Results are normalized to levels of 18S internal con-
trol and represented as ACy values.

the relative stoichiometry of these proteins is similar be-
tween these cell lines.

Overexpression of ORMDL3 does not suppress de novo
sphingolipid biosynthesis at endogenous levels of SPT

The ORMDL proteins are negative regulators of SPT. It
might be expected that overexpression of ORMDL3 would
lead to suppression of SPT. Indeed a suppression of sphin-
golipid synthesis has been proposed to be the underlying
biochemical effect which elevates the risk of asthma in indi-
viduals carrying the risk allele of ORMDL3 (8, 18). To test
this directly, we transiently transfected HeLa cells with
ORMD3 (from mouse) and established, by lentiviral infec-
tion, two HBEC cell lines stably expressing elevated levels of
human ORMDLS3 (Fig. 2). It should be noted that mouse
and human ORMDLS3 are 96% homologous and, as illus-
trated in Fig. 3, mouse ORMDLS3 is fully functional in
the human system. HBEC-ORMDL-Low expresses total
ORMDL, relative to the vector-transformed cells, approxi-
mately 1.2-fold at the protein level and ORMDLS3 is elevated
6-fold at the RNA level. HBEC-ORMDL-High overexpresses
total ORMDL approximately 2.8-fold at the protein level
and ORMDLS3 is elevated 30-fold at the RNA level (Fig. 2C, D).
Note that the HeLa cell transfection produces somewhat
higher levels of total ORMDL (5.1 over control). Surpris-
ingly, in neither HeLa cells nor HBECs does ORMDL3
overexpression suppress de novo sphingolipid biosynthesis
(Fig. 2A). We observed that overexpression of ORMDL3 in
HBECGs results in a variable elevated sphingolipid biosynthe-
sis. One of three separate experiments is shown in Fig. 2.
The increase in sphingolipid synthesis ranged from 1- to
2.740ld in HBEC-ORMDLS3-Low and from 1- to 3.4-fold in
HBEC-ORMDL3-High. The response in HeLa cells was
similarly variable. In several experiments ORMDL3 over-
expression stimulated an increase in de novo sphingolipid
synthesis, as depicted in Figs. 2 and 3, but in others synthesis
was unaffected. The source of this variability is not clear. We
also tested whether the ORMDL-dependent inhibition of
SPT in response to elevated sphingolipid levels was affected
by ORMDL3 overexpression by treating the cells with a
short chain (C6) ceramide in a manner that we have used
previously (3) (Fig. 2A, +C6). ORMDL3 overexpression had
no appreciable effect on C6-induced inhibition of de novo
sphingolipid biosynthesis. To test whether effects in HBECs
were directly on SPT activity, we utilized a permeabilized
cell assay for SPT activity (Fig. 2B) (3). In this assay, a low
level of ORMDL3 overexpression (“Low”) slightly inhibited
SPT activity, however a higher level of ORMDL3 overexpres-
sion (“High”) had no significant effect on SPT activity.
These data indicate that the lack of suppression of de novo
ceramide synthesis by ORMDL3 overexpression as mea-
sured in intact cells is a reflection of SPT activity and not a
consequence *H-serine pool size or some other aspect of
the assay used in intact cells.

Overexpression of ORMDL3 suppresses the activity of
overexpressed SPT

One explanation for the lack of suppression of sphin-
golipid biosynthesis by ORMDL3 overexpression is that
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Fig. 2. Overexpression of ORMDLS3, both transiently and in stably transfected cells, does not depress de novo ceramide biosynthesis. A:
Stable cell lines overexpressing either empty vector or human ORMDL3 (not epitope tagged) were generated in HBECs using lentiviral
constructs as described in the Materials and Methods. Stable lines were chosen based on levels of ORMDLS3 protein expression and data is
reported for low (light gray bar) and high (dark gray bar) expressing lines. Cell monolayers were incubated for 60 min in the presence
(+C6) or absence (NT) of 10 uM C6-ceramide after which they were labeled for 60 min with H-serine and incorporation of H-serine into
ceramide was determined as described in the Materials and Methods. HelLa cells were transiently transfected with either empty vector or
mouse ORMDL3 (not epitope tagged) for 24 h prior to treatment with 10 uM C6-ceramide, after which they were labeled for 60 min with
*H-serine as described above. Results for all data shown are the means + SD of replicates (n = 4-6). Shown are representative results from
at least three independent experiments. *Significant at P < 0.05, **significant at < 0.005 by Student’s +test. B: Permeabilized HBEC cul-
tures were assayed for SPT activity. *H-serine incorporation into total sphingolipids was measured as described in the Materials and Meth-
ods using HBEC cell lines expressing either a vector control [ORMDL3 (—) ] or moderately or highly elevated levels of ORMDL3 [ORMDL3
(+)1. Shown are results from four experiments in which counts for each sample have been normalized to the vector-control samples. Each
experiment included four replicates of each condition. Results for all data shown are the means + SD of the normalized data. Replicate
wells were also incubated in the presence of 1 wM myriocin as a control (not shown), which eliminated labeling by over 90%. *Significant
at P<0.05 by Student’s +test. ORMDL3-High did not differ significantly from control. C: Cell lysates were generated from both stably trans-
fected HBECs and transiently transfected HeLa cells that were transfected with either empty vector (V) or mouse ORMDL3 (not epitope
tagged) as described in the Materials and Methods. Western blotting and densitometry were performed as described in the Materials and
Methods. Numerical values are relative expression levels as compared with vector-only HBECs. D: One well of each 12-well plate used for
ceramide labeling studies [see (A)] was lifted and gene expression was determined by quantitative real-time PCR as described in the Materi-
als and Methods. Results are normalized to levels of 18S internal control and represented as fold change in mRNA expression levels as
calculated by the AACy formula.

ORMDLs are present in functional excess relative to SPT. To
test this, we overexpressed, in HeLa cells, a construct that
results in the expression of a single polypeptide that is a fu-
sion of the two major catalytic subunits of SPT (SPTLCI1
and -2) and a small subunit that enhances SPT activity
(ssSPTa) (SPTLC2-ssSPTa-SPTLCI1) (Fig. 3) (10). The pre-
dicted size of this construct is 129 kDa. We observe a triplet
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of bands close to this molecular mass when immunoblots
are probed with an antibody directed against SPTLCI. The
origin of the multiple bands is not clear. We termed this
construct scSPT. Expression of scSPT resulted in an approx-
imately 5-fold increase in de novo ceramide biosynthesis
(Fig. 3A, B). We did not detect any change in ORMDL pro-
tein or RNA resulting from this overexpression (Fig. 3C, D,
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Fig. 3. ORMDLS3 overexpression inhibits SPT expressed at elevated levels in HeLa cells. A: Forty-eight hours prior to labeling total
lipids with *H-serine, Hela cells were transfected with either scrambled or ORMDL-specific siRNA oligonucleotides targeting all
three isoforms of ORMDL. Twenty-four hours after ORMDL knockdown, cells were transiently transfected with either empty vector or
a construct expressing three subunits of SPT as a single polypeptide (scSPT) as described in the Materials and Methods. Labeling and
lipid extraction/quantitation were performed exactly as outlined for Fig. 2. NT, not treated with C6-ceramide; +C6, treated with 10mi-
cromolar C-6 ceramide for 60 minutes as described in Methods. Open bars, vector/control siRNA transfected. Light grey bars, trans-
fected with siRNA directed against all three ORMDLs as described in Methods. Dark grey bars, transfected with scSPT. Black bars,
transfected with both scSPT and with ORMDL siRNA. B: Twenty-four hours prior to labeling total lipids with ’H-serine, Hel.a cells
were transiently transfected with either empty vector, mouse ORMDL3 (not epitope tagged), scSPT, or a combination of ORMDL3 and
scSPT as described in the Materials and Methods. Labeling and lipid extraction/quantitation were performed exactly as outlined for
(A). C: Cell lysates were generated from one well of each 12-well plate used in the ceramide labeling studies outlined above. SDS-PAGE
electrophoresis followed by Western blot analysis, as described in the Materials and Methods, was performed to determine levels of
protein expression for all cell lines used for ceramide labeling studies. D: Real-time PCR was performed as described for Fig. 2D. A, B:
Results are representative of at least three experiments, at least four replicates/sample. Mean + SD is shown. **Significant to P< 0.005,
***significant to P < 0.0005 by Student’s ttest.

note that this antibody detects all three ORMDL isoforms). by C6-ceramide treatment; however, the response is blunted

Depletion of all three ORMDL isoforms by siRNA transfec-
tion strongly enhances ceramide biosynthesis at both en-
dogenous levels of SPT and at the elevated levels of
synthesis resulting from the scSPT expression (Fig. 3A, si-
ORMDLs). ORMDL levels are strongly reduced by siRNA
transfection (Fig. 3C, D). Treatment of cells with a short
chain ceramide (C6-ceramide) results in an ORMDL-
dependent homeostatic inhibition of de novo ceramide
biosynthesis (Fig. 3A) (3). The enhanced ceramide bio-
synthesis resulting from scSPT expression is also depressed

compared to the almost complete inhibition of ceramide
biosynthesis observed at endogenous SPT levels (Fig. 3A,
compare untreated controls plus and minus C6-ceramide
to scSPT plus and minus C6-ceramide). siRNA depletion
of the ORMDL proteins reduces the C6-ceramide response
at endogenous levels of SPT by approximately 50%, but
virtually eliminates the C6-ceramide response of cells ex-
pressing scSPT. These data suggest that at elevated levels
of SPT there is insufficient ORMDL to achieve sphingo-
lipid regulation of SPT.
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As noted above (Fig. 2), we observed that overexpres-
sion of ORMDL3 does not result in the expected suppres-
sion of sphingolipid synthesis in either HeLa cells or
airway epithelial cells and hypothesized that this was due
to a functional excess of ORMDL relative to SPT. To test
this concept, we expressed scSPT in HeLa cells and then
co-transfected the cells either with a control vector or a vector
expressing ORMDL3 (Fig. 3B). As before, at endogenous
SPT levels, ORMDL3 overexpression did not inhibit sphin-
golipid synthesis, in fact in the experiment depicted in
Fig. 3, sphingolipid synthesis was slightly elevated. How-
ever, strikingly, ORMDL3 expression significantly inhib-
ited de novo ceramide synthesis in scSPT-expressing
cells and enhanced the C6-ceramide inhibition of ce-
ramide synthesis in those cells. This strongly supports
the notion that SPT/ORMDL stoichiometry determines
whether SPT activity is regulated by levels of ORMDL
expression.

Mass spectroscopic analysis was performed on HeLa cell
cultures overexpressing either the scSPT, ORMDL3, or
both to examine whether the effects on de novo sphingo-
lipid synthesis, depicted in Fig. 3B, are reflected in changes
in steady-state levels of those lipids (Fig. 4). The changes
in levels of dihydrosphingosine, ceramides, and sphin-
gomyelins closely mirror the changes in the rates of
sphingolipid synthesis. ORMDL3 overexpression did not
significantly change levels of these lipids. A similar result
has recently been reported in HEK293 cells (4). scSPT ex-
pression by itself led to an almost 3-fold increase in dihy-
drosphingosine levels. Dihydrosphingosine is an early
intermediate in the de novo biosynthetic pathway, so it is
not surprising that increased SPT activity would elevate di-
hydrosphingosine levels. SPT overexpression also elevated
levels of ceramides and sphingomyelins, indicating that
increased SPT activity is distributed throughout the
sphingolipid network. In contrast to the lack of effect of

ORMDL3 overexpression alone, overexpression of ORMDL3
completely reversed the increased sphingolipid levels re-
sulting from SPT overexpression. This result confirms that
while at endogenous levels of SPT, ORMDL levels are suf-
ficient to control SPT activity; elevation of SPT upsets that
ratio, which is corrected by overexpression of ORMDL3.
Similar results have recently been reported in HEK293
cells (19). Changes in levels of sphingosine do not follow
the pattern of the other sphingolipids, being reduced by
SPT overexpression. Sphingosine is generated by degrada-
tion of ceramide by ceramidases and is consumed by the
ceramide synthases and sphingosine kinases. The lack of
elevation of sphingosine with SPT overexpression may be
explained by changes in activity of these enzymes.

SPT/ORMDL complex formation is not enhanced by
ORMDL overexpression

The measurement of de novo sphingolipid biosynthe-
sis depicted in Fig. 3 indicated that ORMDLs are in func-
tional excess relative to SPT at endogenous levels. To
establish whether this is reflected by the formation of
stable SPT/ORMDL complexes, we examined the levels
of these complexes by co-IP of SPT with anti-ORMDL an-
tibodies. Overexpressed ORMDL has been shown to form
a complex with SPT (1). We confirmed that this interac-
tion takes place at endogenous levels of these proteins
(Fig. 5). Specificity of this precipitation was confirmed by
performing IPs using lysates prepared from cells de-
pleted of ORMDL proteins by siRNA transfection (Fig.
5). To assess whether increased expression of ORMDL3
might elevate SPT/ORMDL complex formation, we com-
pared the level of SPT immunoprecipitated by anti-ORMDL
antibodies at endogenous levels of ORMDLs to that when
ORMDLS3 levels were elevated by overexpression (Fig. 5).
Note that for the overexpression shown in Fig. 5A, we
utilized an epitope-tagged version of human ORMDL3
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Fig. 5.  ORMDL3 and SPT are constitutively associated and levels of the complex are not increased by
ORMDL3 overexpression or affected by elevation of cellular ceramide. A: Twentyfour hours prior to harvesting
and IP, HeLa cells were transiently transfected with either scrambled siRNA oligonucleotides or siRNA
olignucleotides directed against all three ORMDL isoforms (siORMDLSs) as a control for the specificity of IP.
A separate set of cells was transfected either with empty vector or human ORMDL3 (epitope-tagged) as
described in the Materials and Methods. A third set of untransfected cells was incubated either with vehicle or
10 pM C-6 ceramide for 60 min prior to harvest. ORMDLSs were immunoprecipitated and Western blotting
performed as described in the Materials and Methods. Note that the overexpressed ORMDLS3 is epitope
tagged and so migrates at an increased molecular mass as compared with endogenous ORMDLs (P, post-IP
beads; S, post-IP supernatant; L, pre-IP lysate). B: Overexpression of non-epitope-tagged mouse ORMDL3 does
not increase co-IP of SPTLCI1 with ORMDL. Hela cells, in triplicate, were transfected either with a vector con-
trol (—) or with mouse ORMDL3 lacking any epitope tags (+). Lysates were prepared and immunoprecipitated
with anti-ORMDL antibody as described in the Materials and Methods. Immunoprecipitates and lysates were
immunoblotted for ORMDL (below line) and SPTLC1 (above line) as described in the Materials and

Methods.

that migrates somewhat more slowly in SDS-polyacrylamide
gels than the native protein. We find that this epitope-
tagged version is as efficient as the untagged mouse
ORMDL3 in functional assays such as that depicted in
Fig. 3 (data not shown). Overexpression of untagged
mouse ORMDL3 (Fig. 5B) gives identical IP results to
the epitope-tagged human ORMDL3 (Fig. 5A). Despite
strong overexpression of ORMDL3, SPT incorporation
into ORMDL immunocomplexes was not enhanced over
levels found with endogenous levels of ORMDLs. This
mirrors the functional test depicted in Fig. 3 and sup-
ports the notion that ORMDLs are in excess relative
to SPT. We also examined whether the efficiency of
ORMDL/SPT complex formation was affected under con-
ditions which trigger ORMDL inhibition of SPT. Cells were
treated with C6-ceramide, which strongly depresses de
novo sphingolipid synthesis (3) (Fig. 3) and lysates were
then prepared and subjected to IP with an anti-ORMDL
antibody. We were unable to detect any change in the
level of SPT co-precipitation with ORMDL when cells
were pretreated with C6-ceramide. This result indicates
that ORMDL inhibition is not a product of increased
ORMDL/SPT association, but rather a change in the nature
of that association within the complex.

Low-level ORMDL3 overexpression in airway
epithelial cells results in slightly reduced mass levels of
sphingolipids

We have established that slight overexpression of
ORMDL3 does not inhibit sphingolipid biosynthesis in air-
way epithelial cells (Fig. 2). Considering the complexity of
sphingolipid metabolism, it was important to establish how
ORMDLS3 overexpression impacted steady state levels of
these lipids. Sphingolipids were extracted from vector con-
trol HBECs and two HBEC cell lines expressing ORMDL3
at either moderate or highly elevated levels and lipids
were analyzed by mass spectroscopy (Fig. 6). ORMDL3
overexpression slightly depressed levels of all sphingolipid
species measured, but only reached statistical significance
in the HBECs expressing slightly elevated ORMDL3 (Low).
This trend was also observed in the HBECs expressing
higher ORMDL3 levels (High), but the differences were
not statistically significant. Levels of sphingosine-1-phosphate
and dihydrosphingosine-1-phosphate were below the levels
of detection in this analysis. The distribution of individual
ceramide molecular species did not differ between samples
(data not shown) except for Cl6-dihydroceramide, which
was slightly, but significantly, reduced in the ORMDL3-Low
and ORMDL3-High cell lines.
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DISCUSSION SPT expression (Fig. 3C). This may reflect a difference in

These studies were designed to examine the concept that
increased ORMDL3 expression elevates asthma risk by
depressing sphingolipid biosynthesis, as suggested by earlier
publications (8, 18). Our results present a complex picture.
We clearly find that increased ORMDLS3 levels do not
suppress sphingolipid synthesis, as previously assumed, at
least in the cell types that we have examined. The lack of
suppression of sphingolipid biosynthesis by elevated
ORMDLS3 expression is a consequence of the fact that in
the two cell types studied, there is sufficient ORMDL, at
normal levels, to maximally form stable ORMDL/SPT com-
plexes. Only when we artificially elevate SPT levels do we
see that increased ORMDL expression inhibits de novo
sphingolipid biosynthesis. These results mirror those of two
publications that emerged while this manuscript was in re-
vision, which reported that elevating ORMDL levels had
no effect on sphingolipid biosynthesis and steady state
levels in HEK293 cells (4, 19). Gupta et al. (19) also re-
ported that overexpression of ORMDL suppressed sphin-
golipid synthesis resulting from SPT overexpression.
Interestingly, these investigators report that elevated ex-
pression of SPT in HEK293 cells results in increased
ORMDL protein expression via a post-transcriptional
mechanism (19). This effect depends on the activity of
SPT. One possible explanation for this observation is that
at endogenous levels ORMDL is in stoichiometric excess
relative to SPT and that excess ORMDL is unstable. In this
model, elevated SPT, in combination with sphingolipid,
forms an ORMDL-stabilizing complex and thus increases
the overall levels of ORMDL protein. This is consistent
with our finding that ORMDL3 transfection of HeLa cells
results in only a 5-fold increase in ORMDLs while OR-
MDL3 message expression is elevated by 80-fold (Fig. 2C, D).
However, it should be noted that we do not see an effect
on endogenous ORMDL protein levels upon increased
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endogenous levels of ORMDLs in the HeLa cells used in
the experiments reported here and the HEK293 cells uti-
lized by Gupta etal. (19). Alternatively the timing and levels
of SPT expression may be important for the effect of SPT
expression on ORMDL levels. Our measurements were per-
formed on cells transiently transfected for 24 hours, whereas
those of Harmon and colleagues utilized induction for
42 hours in a tetracycline-inducible system.

Whereas we focus on ORMDL3 here, our previous re-
sults established that the other two ORMDL isoforms
have redundant functions in the homeostatic regulation
of sphingolipid biosynthesis. Only when all three isoforms
are depleted by siRNA transfection in HeLa cells is ORMDL-
dependent regulation of sphingolipid biosynthesis lost (3).
Harmon and colleagues report that all three ORMDL
isoforms equivalently inhibit overexpressed SPT (19).
The independent function of the three isoforms is there-
fore unresolved. Kiefer et al. (4) find that overexpres-
sion of all three isoforms has no effect on sphingolipid
synthesis under normal conditions, but report that when
cells are supplemented with palmitate, the CoA form of
which is one of the substrates for SPT, they can distin-
guish an effect of co-expression of all three ORMDL isoforms
from expression of any single isoform. The significance of
this finding will require further investigation of the ORMDL/
SPT complex and its regulation.

Our results, and those inferred from results in yeast (1),
indicate that the level of ORMDL regulation of SPT is not
a result of the level of ORMDL expression and ORMDL/
SPT complex formation, but rather that ORMDLs exist
in both non-inhibitory and inhibitory states in stable
ORMDL/SPT complexes. In yeast, Orm inhibitory activity is
constitutive, but is relieved by phosphorylation of the
Orms (1, 20). However, the mammalian ORMDLs, al-
though otherwise highly homologous to the yeast proteins,
lack the amino terminal sequences that are phosphorylated



in the Orms (1). Further, we have been unable to detect
ORMDL phosphorylation under any conditions (data not
shown). Therefore the mechanism that triggers ORMDL
inhibitory activity in response to elevated cellular sphingo-
lipid levels remains a mystery. We have previously shown
that the sphingolipid that activates the ORMDL-dependent
homeostatic inhibition of SPT is ceramide or a higher order
sphingolipid such as sphingomyelin or glycosphingolipid
(3). These lipids may be sensed by an as yet unidentified pro-
tein that interacts with the ORMDL/SPT complex. Alter-
nately, the ORMDLSs may directly sense sphingolipid levels.

Other cell types relevant to the asthmatic phenotype,
such as smooth muscle or immune cells, may have intrinsi-
cally lower levels of ORMDLs relative to SPT and therefore
elevation of ORMDL3 would have a inhibitory effect, such
as that we see with enforced SPT expression. Careful ex-
amination of these cell types will be required to establish
whether this is the case. However, it does not appear that
this simple explanation for ORMDL3-mediated effects on
asthma risk holds for the airway epithelium. Instead our
data indicates that ORMDL3 has additional cellular roles
that should be examined. Our finding that elevation of
ORMDL3 in airway epithelial cells slightly depresses
steady-state levels of sphingolipids while de novo synthesis
is unaffected or possibly increased suggests that elevated
ORMDLS3 affects sphingolipid metabolism beyond the ini-
tiating step or by indirect mechanisms, a notion that will
require further study.

Additional work will be required to establish the role of
ORMDL3-mediated alteration of sphingolipid metabolism in
asthma. The cell lines used here were cultured under stan-
dard conditions and may not reflect the environment of the
asthmatic tissue. Pharmacological and genetic inhibition of
SPT in the intact animal induces airway hypersensitivity (18),
a key feature of asthma. However, how this relates to in-
creased risk of asthma is not yet clear. The cell types and spe-
cific sphingolipid species involved have yet to be determined.
Although we find that elevated ORMDL3 expression does
not depress de novo sphingolipid synthesis, we do find that
steady-state levels of sphingolipids are slightly reduced. Fu-
ture studies will be required to establish whether this is the
key feature of ORMDL3 overexpression that increases risk
for asthma. An understanding of the involvement of sphingo-
lipids in the asthmatic phenotype is under development. The
potent signaling lipid sphingosine-1-phosphate stimulates
histamine release from mast cells (21) and an inhibitor
of sphingosine kinase, which generates sphingosine-
1-phosphate, reduces airway hypersensitivity in a murine
asthma model (22). The sensitivity induced by elevated
sphingosine-1-phosphate does not easily fit with the increased
hypersensitivity induced by SPT inhibition (18) and the re-
duced sphingolipid levels noted in these studies presented here.

It is important to recognize that although the associa-
tion of elevated asthma risk with SNPs that raise ORMDL3
levels is strong and reproducible, the increase in risk is
moderate and the prevalence of the risk alleles of these
SNPs is very high (6). This indicates that there are impor-
tant environmental and genetic factors that interact with
ORMDLS3 elevation to increase asthma risk. The challenge

will be to unravel the contribution that ORMDIL3 makes to
increase the risk for this prevalent disease
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