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Eukaryotic cells have evolved robust mechanisms to counter
excess cholesterol including redistribution of lipids into different
compartments and compensatory up-regulation of phospholipid
biosynthesis. We demonstrate here that excess cellular cholesterol
increased the activity of the endoplasmic reticulum (ER) enzyme
serine palmitoyl-CoA transferase (SPT), the rate-limiting enzyme in
sphingomyelin synthesis. This increased SPT activity was not due
to altered levels of SPTLC1 or SPTLC2, the major subunits of SPT.
Instead, cholesterol loading decreased the levels of ORMDL1,
a negative regulator of SPT activity, due to its increased turnover.
Several lines of evidence demonstrated that free-cholesterol-
induced autophagy, which led to increased turnover of ORMDL1.
Cholesterol loading induced ORMDL1 redistribution from the ER to
cytoplasmic p62 positive autophagosomes. Coimmunoprecipitation
analysis of cholesterol-loaded cells showed increased association
between ORMDL1 and p62. The lysosomal inhibitor chloroquine or
siRNA knockdown of Atg7 inhibited ORMDL1 degradation by
cholesterol, whereas proteasome inhibitors showed no effect.
ORMDL1 degradation was specific to free-cholesterol loading
as autophagy induced by serum starvation or general ER stress
did not lead to ORMDL1 degradation. ORMDL proteins are thus
previously unidentified responders to excess cholesterol, exiting
the ER to activate SPT and increase sphingomyelin biosynthesis,
which may buffer excess cellular cholesterol.

ORMDL1 | autophagy | free cholesterol | sphingomyelin |
serine palmitoyl-CoA transferase

uman atheroma macrophages accumulate large amounts of
free cholesterol (FC), cholesterol esters (CEs), oxidized lip-
ids, and oxysterols (1). Recent studies have established that ac-
cumulation of FC, oxidized phospholipids (PLs), and oxysterols in
atherosclerotic plaques leads to endoplasmic reticulum (ER)
stress, which in turn triggers the induction of autophagy to clear
these toxic lipids (2-6). In addition, autophagy has been impli-
cated as a key player in the clearance of cholesterol esters from
foam cells and the regression of atherosclerotic lesions (2, 7, 8).
Sphingomyelin (SM) levels are inversely correlated with HDL
function and are higher in atherosclerotic aorta compared with
healthy aorta (9-13). Myriocin, a potent inhibitor of SM bio-
synthesis, decreases atherosclerosis in mouse models, which may
be accounted by its effects on increasing reverse cholesterol
transport (RCT) and decreasing cholesterol absorption (14-21).
The rate-limiting step in sphingomyelin biosynthesis is cata-
lyzed by the ER resident serine palmitoyl-CoA transferase (SPT)
enzyme complex, a heterodimer of serine palmitoyltransferase
long-chain subunit (SPTLC)1 with either SPTLC2 or SPTLC3 (22).
In yeast, the activity of SPT complex is posttranslationally inhibited
by the orosomucoid-like (ORM) proteins. Under conditions of high
sphingolipids, ORM proteins directly bind to the SPT complex and
inhibit its activity, thus preventing further synthesis of sphingolipids
(23, 24). When sphingolipid levels are low, ORM proteins are
phosphorylated in N-terminal serine residues and dissociate from
SPT complex (25), leading to increased sphingolipid biosynthesis
(24, 25). However, no information is available about the mechanism
by which mammalian ORM-like proteins (ORMDL1-3) regulate
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SPT activity. Recently, all three mammalian ORMDL proteins were
shown to be involved in mediating a negative feedback response of
ceramide biosynthesis upon addition of sphingosine (26). ORMDL3
has also been implicated in childhood asthma (27) and in promoting
eosinophil trafficking and activation (28). Because mammalian
ORMDL proteins have a truncated N-terminal domain and lack the
phosphorylated serine residues found in yeast (29), the regulated
binding to and inhibition of SPT by these ORMDL proteins must
occur by a different mechanism than characterized in yeast.

Here, we show that FC loading in macrophages induced SPT
activity without altering the levels of SPT complex enzymes. The
molecular mechanism of this up-regulation was increased turn-
over of ORMDL proteins via autophagy upon FC loading. Our
finding that ORMDL proteins are degraded by FC-induced
autophagy provides insights into molecular pathways and mech-
anisms regulating lipid homeostasis upon the accumulation of
excess cholesterol. We propose that ORMDL proteins play
a previously unidentified role in mediating cross-talk between
cholesterol and sphingolipid biosynthesis.

Results

FC Loading Increases SM Levels and Induces SPT Activity. To de-
termine the effects of FC on cellular sphingomyelin levels, the
levels of cellular cholesterol in RAW264.7 macrophages were
modulated by addition of exogenous cholesterol. Treatments
with either cyclodextrin cholesterol (Chol-CD) or acetylated
LDL plus an inhibitor of acyl-CoA:cholesterol acyltransferase
(AcLDL + ACAT:i) led to 3.5-and 3.2-fold increases in FC content,
respectively, compared with unloaded cells (Fig. 14), whereas the
levels of SM were 3.3-fold higher in FC-loaded cells in comparison
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leads to endoplasmic reticulum (ER) stress and induction of
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Fig. 1. FCloading increases SPT activity. (A) Cellular FC levels and (B) cellular
SM levels, in RAW264.7 cells unloaded or loaded with 100 pg/mL AcLDL,
100 pg/mL AcLDL + 2 pg/mL ACATI, or 50 ug/mL cholesterol-cyclodextrin (Chol-
CD) for 16 h (n = 3, mean + SD, ***P < 0.005 vs. control, by ANOVA posttest).
(C) SPT activity of RAW264.7 cells unloaded or loaded with 100 pg/mL AcLDL,
in the absence or presence of 2 ng/mL ACATi for 16 h at 37 °C. Myriocin was
used as negative control (n = 3, mean + SD, different numbers above the bars
show P < 0.05, by ANOVA posttest). (D) SPT activity of RAW264.7 cells after
a 16-h incubation with or without 50 pg/mL cholesterol-CD (n = 3, mean =+ SD,
***P < 0.005, by t test).

with unloaded cells (Fig. 1B). The protein levels of sphingomyelin
phosphodiesterase 2 (SMPD?2), the neutral sphingomyelinase that
breaks SM into ceramide and phosphocholine, were unchanged
(Fig. S14), whereas lipid-raft levels were increased by FC loading
(Fig. S1 B and C). To investigate the mechanism of FC-mediated
increase in SM biosynthesis, we determined the activity of the rate-
limiting SM biosynthetic enzyme complex, SPTLC. As shown in Fig.
1C, cells loaded with AcLDL have significantly higher SPT activity
than control samples (~30% increase vs. unloaded cells), which was
further increased upon treatment with the ACATi (~89% increase
vs. unloaded cells). To ensure the specificity of the assay, the SPT
inhibitor myriocin was added to the reaction, which strongly de-
creased SPT activity. The SPT activity was higher in cells treated
with ACATI, suggesting that increased FC levels were influencing
SPT activity. The effect of FC on SPT1 activity was confirmed by
loading of RAW264.7 cells with 50 pg/mL cholesterol-CD, which
led to significantly increased SPT activity (102% increase vs. un-
loaded cells, Fig. 1D).

FC Accumulation Diminishes ORMDL1 Expression. Because the SPT
activity was induced upon FC loading, we tested whether FC
affects the function of ORMDL proteins, the only known neg-
ative regulators of SPT activity. A coimmunoprecipitation (co-IP)
assay was performed to determine whether there was a direct
interaction between the SPT complex and ORMDL proteins in
RAW264.7 cells. As shown in Fig. 24, ORMDLI1 directly binds
to the SPTLC2 protein, the catalytic subunit of the SPT complex.
We also determined the extent of association between ORMDLL1
and SPTLC2 by performing Western blot analysis of bound (pellet)
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and unbound (supernatant) fractions and found that a signifi-
cant fraction of ORMDLI shifted from the unbound to the
pellet fraction by pull down with SPTLC2 antibody (Fig. S24).
Next, the levels of ORMDLI1 were determined in RAW264.7
cells loaded with FC either by treatment with AcLDL + ACATi
or cholesterol-CD. As shown in Fig. 2 B and C, ORMDL1 levels
were reduced upon FC loading. FC loading did not change the
levels of two SPT subunits, SPTLC1 or SPTLC2, or control
GAPDH levels (Fig. 2C), indicating that ORMDLI1 was spe-
cifically reduced by FC loading. The effect of cholesterol-CD on
ORMDLI expression was dose dependent, with 25-50 pg/mL
cholesterol-CD conferring robust decreases in ORMDLI levels
with no significant changes in GAPDH levels (Fig. 2D). We also
performed a time-course study to determine when the choles-
terol-mediated decrease of ORMDLI1 was observed. As shown
in Fig. 2E, the decrease in ORMDLI levels was clearly evident
by the 6-h time point, and this decrease was more prominent
at later time points. We probed another ER resident protein
calreticulin as a control and found no difference in its levels
upon cholesterol loading (Fig. 2E). These data indicate that the
decrease in ORMDLI1 levels is a specific and coordinated
response to cholesterol loading and is not due to extensive
changes in the cellular contents. Cell-viability and apoptosis
assays were performed to determine whether cholesterol loading
induced cell death or apoptosis. As shown in Fig. S2 B and C,
cholesterol loading under similar conditions did not cause apo-
ptosis or affect cellular integrity. These data indicate that FC
accumulation led to a specific reduction of the SPT inhibitor protein
ORMDLL, which resulted in increased SPT activity without any
changes in the levels of the SPTLC subunits.
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Fig. 2. FCloading diminishes ORMDL1 expression. (A) RAW264.7 cell lysates
were immunoprecipitated (IP) with anti-SPT2 and immunoblotted (IB) with
anti-ORMDL1 antibody, demonstrating that ORMDL1 and SPT2 are in a pro-
tein complex. (B) Levels of ORMDL1 in RAW264.7 cells unloaded or loaded
with 100 pg/mL AcLDL, in the absence or presence of 2 pg/mL ACATi for 16 h.
GAPDH levels were used as a loading control. (C) Levels of ORMDL1, SPT1, and
SPT2 in RAW264.7 cells after a 16-h incubation with or without 50 pg/mL Chol-
CD. (D) ORMDL1 levels in RAW264.7 cells in the presence of the indicated dose
of Chol-CD for 16 h. (E) ORMDL1 levels in RAW264.7 cells in the presence of
50 pg/mL Chol-CD for indicated time points. Calreticulin, an ER resident protein,
was used as control.
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Fig. 3. FCloading increases ORMDL1 degradation. (A) RAW264.7 cells were

incubated in the presence of 20 pg/mL cycloheximide, with or without 50 pg/mL
cholesterol-CD for the indicated time and were analyzed for ORMDL1 levels
by Western blot. (B) Semilog plot of ORMDL1 levels normalized to the levels
before the cyclohexamide chase in FC-loaded and unloaded cells.

ORMDL1 Is Destabilized by FC Accumulation. The decreased levels
of ORMDLI1 upon FC accumulation may be due to decreased
synthesis or increased degradation. We performed a cyclohexi-
mide-chase experiment to determine the turnover of ORMDL1
protein in unloaded and FC-loaded RAW264.7 cells. FC-
loaded cells exhibited a marked increase in the turnover rate of
ORMDL1 vs. unloaded cells (Fig. 3). The calculated half-life
(Ty/2) of ORMDL1 was 3.0 h and 11.0 h in FC-loaded and
control cells, respectively (Fig. 3B). We confirmed that cho-
lesterol loading increased the turnover of ORMDLI1 through
a [**C] leucine pulse-chase immunoprecipitation study. Similar
to the cycloheximide results, we observed increased turnover of
ORMDLI1 upon cholesterol loading (Fig. S3 A and B). Because
FC loading has been shown to induce ER stress (30), we tested
and found that ORMDLI levels were not affected by general ER
stress induced by tunicamycin (Fig. S3C). Next, we tested whether
FC-induced degradation of ORMDLI1 could be blocked by
treatment with either proteasomal or lysosomal inhibitors. FC-
mediated ORMDLI1 degradation was not blocked by two pro-
teasomal inhibitors (Fig. S3 D and E), but was efficiently rescued
by the lysosomal inhibitor chloroquine (Fig. S3E), indicating that
an active lysosomal degradation pathway was required for FC-
induced ORMDL1 degradation.

ORMDL Proteins Are Translocated out of the ER upon FC Loading.
ORMDL protein localization studies were performed in stably
transfected HEK293 cells carrying ORMDL1 or ORDML3-
turbo GFP (tGFP) constructs. Under control growth con-
ditions, both ORMDL1 and ORMDL3-tGFP fusion proteins in
HEK?293 cells were localized at the ER (Fig. 4 A and B), con-
sistent with a previous report (29). In FC-loaded HEK293 cells,
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ORMDLI1 and ORMDL3-tGFP fusion proteins were exported
out of the ER and localized in puncta like structures in the cy-
toplasm (Fig. 4). These data indicated that FC-loading effects
were shared by ORMDL1/3 proteins. In cholesterol-loaded RAW
macrophages, endogenous ORMDLI1 protein, observed by in-
direct immunofluorescence, was also translocated from the ER to
cytoplasmic puncta structures, whereas endogenous calreticulin
remained in the ER with no cytoplasmic puncta localization (Fig.
4C). These data indicated a specific exit of ORMDLI1 from the
ER upon cholesterol loading.

Because cholesterol loading has been shown to induce mem-
brane whorls or aggregates mainly composed of phospholipids due
to increased PC synthesis (31), we performed filipin staining and
found that the cholesterol-loaded cells showed stronger filipin
positive signal at the plasma membrane and increased number of
filipin-positive intracellular vesicles (Fig. S44). Overall, no dra-
matic differences were found in cholesterol localization in loaded
or unloaded RAW macrophages (Fig. S44). To determine whether
free cholesterol was found in ORMDLI1-containing puncta, tran-
siently transfected RAW-ORMDLI-tGFP macrophages were
loaded with cholesterol for 16 h. The ORMDL1-containing puncta
were not specifically stained by filipin (Fig. S4B). We conclude that
ORMDLI1-positive puncta were not particularly enriched with
cholesterol but there is a possibility that these structures may
contain low amounts of cholesterol, which were not readily stained
by filipin.

Based on the effect of chloroquine in blocking the FC-induced
turnover of ORMDLL1 and the FC-mediated transfer of ORMDLL1
to cytoplasmic puncta, we investigated the role of autophagy as
the mechanism for FC-induced degradation of ORMDL1. First
we tested whether induction of general autophagy can induce

Chol-CD Starvation

A Control

ORMDL1
GFP

B

ORMDL3
-tGFP

C

ORMDL1 Calreticulin  Merge

Fig. 4. ORMDL proteins are translocated out of the ER upon FC loading.
(A and B) Localization of ORMDL1-turbo green fluorescent protein (tGFP), and
ORMDL3-tGFP fusion proteins, respectively, in stably transfected HEK293 cell lines
after a 16-h incubation with or without 50 pg/mL Chol-CD, or 4 h serum starvation
as a positive control for autophagy induction. (C) Indirect immunofluorescence

microscopy showing localization of endogenous ORMDL1 and calreticulin with or
without 50 pg/mL Chol-CD, using ORMDL1 and calreticulin antibodies.

Control

Chol-CD
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Fig. 5. FC loading induces autophagy. (A) RAW264.7 cells or LC3-GFP trans-
fected RAW264.7 cells were either loaded with 50 pg/mL Chol-CD for 16 h or
serum starved for 4 h as a positive control for autophagy induction. p62 was vi-
sualized by indirect immunofluorescence (red, Top), and LC3-GFP protein (green,
Lowver) is shown. (B) RAW264.7 cells were treated with 50 pg/mL Chol-CD for 16 h.
To assess autophagic flux, each condition was repeated in the presence of chlo-
roquine for the last 4 h of incubation. The amount of LC3-Il was assessed by
Western blot and densitometry analysis. (C) LC3-II levels were presented relative
to GAPDH levels (n = 3, mean + SD, **P < 0.01, ***P < 0.001 by ANOVA posttest).

ORMDLI1 translocation from the ER to the cytoplasm. Serum
starvation, a known inducer of autophagy, failed to mediate
ORMDL proteins’ export from the ER (Fig. 4 A4 and B).

FC Loading Induces Autophagy. We then tested whether FC loading
induced autophagy, which may be responsible for ORMDLI1
turnover. RAW264.7 cells loaded with FC or subjected to serum
starvation were probed for p62 and LC3. The adaptor protein p62
binds to unfolded proteins and damaged membranes to chaperone
them to the autophagophore, and LC3 is a protein required for
autophagophore formation. The unloaded cells expressed p62,
but almost no p62 signal was found in puncta, whereas FC-
loaded and serum-starved cells showed multiple p62 puncta per
cell (Fig. 54). Similar to p62, LC3—-GFP localization in puncta
was increased by FC loading as well as by serum starvation (Fig.
5A), both findings indicative of the induction of autophagy. To
evaluate whether the increased LC3 puncta was due to increased
autophagic initiation or due to decreased autophagic flux leading
to an accumulation of autophagic markers, we determined the
level of LC3-1I (lipidated form) by Western blotting in the pres-
ence or absence of chloroquine. If chloroquine further increases
LC3-II levels, then autophagic flux is active. RAW264.7 cells were

Wang et al.

treated with Chol-CD for 16 h and chloroquine was added in the
indicated wells during the last 4 h of treatment. LC3-II protein
levels were increased by 3.3-fold in FC-loaded cells in comparison
with unloaded cells (Fig. 5 B and C). When cells were treated with
chloroquine, LC3-II protein levels were significantly increased
compared with the no-chloroquine condition. These results sug-
gest that FC loading increased autophagy initiation and main-
tained autophagic flux.

FC Loading Leads to ORMDL1 Localization in Autophagosomes.
Because we found that FC induced autophagy, we tested whether
ORMDLI was exported to autophagosomes in FC-loaded cells.
The ORMDLI-GFP fusion protein was colocalized in cytoplasmic
puncta with p62 in FC-loaded ORMDLI1-tGFP stably transfected
HEK?293 cells (Fig. 64), indicating transport of ORMDLL1 from the
ER to autophagosomes.

Next, we tested FC-loaded RAW macrophages to determine
whether endogenous ORMDL1 was translocated to autophago-
somes, by staining these cells with p62 and ORMDL1 antibodies.
As shown in Fig. 68, ORMDLI1 and p62 were found to be lo-
calized in the same cytoplasmic puncta, confirming the traffick-
ing of endogenous ORMDLI1 to autophagosomes upon FC
loading in RAW macrophages.

To further confirm the interaction between p62 and ORMDLI,
we performed a co-IP assay in control and FC-loaded RAW

A orwoL1tGFP P62-Alexadd? Overlay

ORMDL1-tGFP P62-Alexabd7 DAPI Overlay

Input (5%) IP:, p62

IB 0RMDL1 17kDa

Chol- CD -

Input (5%) IP:Ub

IB:ORMDL1 « 17kDa

Chel-CD - -

E Atg7 I! « T2kDa
0RMDL1?-- - -q( 17kDa

GAPDHI_ — — — — w—l«— 37kDa

IB:Ub

Chol-CD - +

Chol-CD - = + + + +
Control siRNA Atg7 siRNA

Fig. 6. Autophagosome formation in degradation of ORMDL1 upon FC
loading. (A) ORMDL1-tGFP fusion proteins (green) stably transfected HEK293
cells were loaded with 50 pg/mL Chol-CD for 16 h and further stained with p62
antibody (red). (B) RAW macrophages were loaded with 50 pg/mL Chol-CD for
16 h and further stained with p62 (red) and ORMDL1 (green) antibodies, re-
spectively. (C) RAW264.7 cells were loaded with 50 pg/mL Chol-CD for 16 h,
and the cell lysates were immunoprecipitated with anti-p62 antibody and
immunoblotted with ORMDL1 antibody. (D) Cell lysates were immunopreci-
pitated with antiubiquintin (Ub) antibody, followed by immunoblotting using
ORMDL1 antibody. (E) RAW264.7 cells were transfected with siRNA against
Atg7 for 48 h and then incubated with or without 50 pg/mL Chol-CD for 16 h.
The levels of Atg7, ORMDL1, and GAPDH were assessed by Western blot.
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macrophages. As shown in Fig. 6C, the FC-loaded cells showed
increased association between p62 and ORMDL1 compared
with control cells, despite overall lower levels of ORMDLI.
Interestingly, a co-IP experiment using antiubiquitin antibody
did not show significant increase in association between ubig-
uitin and ORMDL1 (Fig. 6D). These data indicate the role of
autophagy in removal of ORMDLI1 from cytoplasm to lyso-
somes. We then inhibited autophagy initiation by knockdown of
endogenous Atg7 using siRNA in RAW264.7 cells (32, 33).
ORMDL1 Western blot analysis of control siRNA-treated cells
showed the FC-mediated reduction of ORMDL1 as expected,
whereas the Atg7 siRNA-treated cells were resistant for FC-
mediated reduction of ORMDLI1 (Fig. 6F). These data dem-
onstrate that the FC effect on ORMDLI1 turnover is mediated
by autophagy. However, we already observed that autophagy
induction by serum starvation did not lead to ORMDLI1 mis-
localization to cytoplasmic puncta (Fig. 44), suggesting that
ORMDL1 autophagy is specific for FC loading.

Discussion

Pioneering studies from the laboratory of Tabas and coworkers
have shown that the ER is the site of cholesterol-induced cell
cytotoxicity (30), and that FC loading induces de novo PC bio-
synthesis in macrophages to buffer excess FC and prevent cell
death (31, 34). Here we demonstrate that FC loading also leads
to increased SM synthesis and the previously unidentified mech-
anism by which this occurs, FC-induced autophagy of ORM
proteins, which negatively regulate SPT activity. Autophagy in
macrophages has previously been shown to play a protective role
against atherosclerosis progression; and, it is a major pathway for
the lysosomal hydrolysis of CE stored in lipid droplets, producing
FC that can be effluxed by ATP-binding cassette family members
ABCAL1 or ABCG1 (2, 7).

Recently, three pools of plasma membrane cholesterol were
defined in an elegant study (35) and sphingomyelin was shown to
sequester a specific pool of cholesterol in plasma membrane. In-
terestingly, the overall cholesterol distribution pattern, observed
by filipin staining, remained unchanged by depletion of sphingo-
myelin (36, 37). Previous studies have highlighted the intricate
relationship between sphingomyelin and cholesterol levels (14, 18,
35, 38-42), indicating that modulation of biosynthetic as well as
metabolic pathways mediating cross-talk between cholesterol and
sphingolipids is essential for cellular lipid homeostasis. Sphingo-
myelin biosynthesis is regulated by the rate-limiting SPT enzyme
complex, which is under negative regulation by ORMDL proteins,
which reside in the ER and were initially identified as ER stress
response pathway proteins (29). The role of ORM proteins in
sphingolipid homeostasis was first established by novel yeast
studies from the laboratories of Weissman and Chang and co-
workers, showing both direct and negative interactions between
ORM proteins and the SPT complex (23, 24). Our study iden-
tifies ORMDL1 as a missing link between sterol and sphingo-
lipid pathways in mammalian cells.

Previous studies have also shown that 25-OH cholesterol
stimulates SM synthesis, and that this was mainly mediated by
the induction of ceramide transport from the ER to Golgi via
enhanced recruitment of ceramide transfer protein (CERT) to
Golgi membranes (31, 43). The association of SPT activity with
cholesterol loading is controversial, with various studies showing
effects ranging from negative, to positive, to no correlation
(43-46). These studies used different cell types, including human
fibroblasts, CHO cells, and human intestinal cells. These anoma-
lies may be explained based on different cholesterol-loading con-
ditions and different cell types, which may have different capacities
to convert FC to the inert CE.

We found that FC loading in RAW264.7 cells led to a dose-
dependent decrease in ORMDLI levels due to its increased turnover.
Our data indicate that a threshold level of FC loading is essential for
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FC-induced ORMDLI1 degradation. FC loading led to export of
ORMDLI from the ER to cytoplasmic puncta, which we identified
as autophagosomes based on their colocalization with p62. Also, FC
loading was sufficient to induce autophagy in RAW264.7 cells. We
believe that once a threshold level of FC in the ER is reached,
autophagy is initiated and ORMDLI exits from the ER to the
autophagosomes, thus leading to degradation of ORMDLI and
relieving its repression of SPT activity. Under normal growth con-
ditions, we demonstrated the direct interaction between ORMDL1
and the SPT complex by co-IP, implying that SPT activity is re-
pressed in the basal state. Just the export of ORMDL1/3 from the
ER would be sufficient to separate them from the SPT complex and
derepress SPT activity. Although FC loading led to the selective
redistribution of ORMDL1 from the ER to autophagosomes, there
is no evidence for bulk ER autophagy (ER-phagy), as SPTLC1/2
and calreticulin levels were not decreased and SPT activity was in-
creased. Thus, ORMDL proteins may be exported from the ER
before recognition for autophagosomal targeting. The mechanism
for the FC-induced ORMDL protein exit from the ER and its
targeting to autophagosomes is still not clear. We speculate that
ORMDL proteins may interact with protein or lipid molecules that
are specifically ejected from the ER upon FC loading. ORMDL
proteins may also interact with other proteins that are partitioned
between the ER and Golgi [for example, oxysterol binding proteins
(OSBPs) and CERT] to facilitate ORMDL exit from the ER, or
they may be transported to the autophagosome via direct membrane
contact between the ER and the autophagophore or autophago-
some membrane. Alternatively, ORMDLs may be translocated to
the cytoplasm first and then engulfed by the autophagic machinery,
or they may be released in vesicles that are recognized by p62 and
directed toward the autophagic route for degradation.

Interestingly, ER stress caused by tunicamycin failed to de-
grade ORMDLI, indicating that FC-mediated ER stress is spe-
cifically required for the translocation of ORMDLI1 from the
ER. Autophagy induction by serum starvation also led to robust
autophagosome generation but failed to translocate ORMDLI1
from the ER. Thus, two independent events are needed for the
FC-induced degradation of ORMDLI: (i) ORMDLI trans-
location from the ER and (i) induction of autophagy. ORMDL1
is only selectively targeted for degradation when both of these
events occur simultaneously, as shown in our model in Fig. S5.

Our finding that ORMDL proteins are degraded by FC-induced
autophagy in macrophages provides insights into mechanisms
regulating lipid homeostasis upon excess accumulation of choles-
terol and is thus relevant in the context of atherosclerotic plaque
formation and progression.

Materials and Methods

A detailed description of the materials and methods used in this study is
provided in S/ Materials and Methods. Basic methods are summarized below.

Cell Culture and Reagents. All cell culture incubations were performed at 37 °C,
unless otherwise indicated, in a humidified 5% CO, incubator. Cells were
grown in DMEM with 10% FBS (vol/ivol) with antibiotics. Other materials are
described in S/ Materials and Methods.

SM/FC Measurements. Cellular SM and FC levels were measured as described
earlier (47, 48). RAW264.7 cells grown in 12-well plates were loaded with
50 pg/mL Chol-CD or with 100 pg/mL AcLDL + 2 pg/mL ACATi for 16 h at 37 °C.

Lipid-Raft Quantification. A flow-cytometry-based CTB Alexa-647 GM1 binding
assay was used to determine the presence of lipid rafts in cells loaded with free

cholesterol as described previously (49).

SPT Activity Assay. SPT activity was measured in cell membrane homogenate
using a radiochemical assay as described earlier (50).

Western Blotting/Co-IP. For ORMDL1 Western blot analysis, RAW264.7 cells
were loaded with 50 pg/mL cholesterol-CD, or with 100 pg/mL AcLDL with or
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without 2 pg/mL ACATi for 16 h. For LC3 Western blot, RAW264.7 cells were
incubated with or without 50 pg/mL cholesterol-CD for 16 h; indicated wells
received 30 uM chloroquine during the last 4 h of incubation.

Cycloheximide-Chase Analysis. RAW264.7 cells were cultured in the presence
of 20 pg/mL cycloheximide and 50 pg/mL cholesterol-CD for 0-16 h. Cells
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