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Background:UDP-galactose:ceramide galactosyltransferase (CGalT) is a glycoprotein that synthesizes galactosylceramides
at the endoplasmic reticulum (ER).
Results:Molecular chaperone sigma-1 receptors promote degradation of CGalT by forming a complex with Insig.
Conclusion: CGalT and its activity are post-translationally regulated by ER-associated degradation (ERAD) involving sigma-1
receptor chaperones.
Significance: The sterol-sensing ERAD system controls the enzyme involved in glycosphingolipid biosynthesis.

The glycosphingolipid biosynthesis is initiated by monogly-
cosylation of ceramides, the action of which is catalyzed
either by UDP-glucose:ceramide glucosyltransferase or by
UDP-galactose:ceramide galactosyltransferase (CGalT). CGalT
is expressed predominantly at the endoplasmic reticulum (ER)
of oligodendrocytes and is responsible for synthesizing galacto-
sylceramides (GalCer) that play an important role in regulation
of axon conductance. However, despite the importance of cer-
amide monoglycosylation enzymes in a spectrum of cellular
functions, the mechanism that fine tunes activities of those
enzymes is largely unknown. In the present study, we demon-
strated that the sigma-1 receptor (Sig-1R) chaperone, the
mammalian homologue of a yeast C8-C7 sterol isomerase,
controls the protein level and activity of the CGalT enzyme
via a distinct ER-associated degradation system involving
Insig. The Sig-1R forms a complex with Insig via its trans-
membrane domain partly in a sterol-dependent manner and
associates with CGalT at the ER. The knockdown of Sig-1Rs
dramatically prolonged the lifetime of CGalT without affect-
ing the trimming of N-linked oligosaccharides at CGalT. The
increased lifetime leads to the up-regulation of CGalT pro-
tein as well as elevated enzymatic activity in CHO cells stably
expressing CGalT. Knockdown of Sig-1Rs also decreased
CGalT degradation endogenously expressed in D6P2T-
schwannoma cells. Our data suggest that Sig-1Rs negatively
regulate the activity of GalCer synthesis under physiological
conditions by enhancing the degradation of CGalT through
regulation of the dynamics of Insig in the lipid-activated ER-

associated degradation system. The GalCer synthesis may
thus be influenced by sterols at the ER.

Glycosphingolipids play a variety of roles in cell biology, not
only as structural components of membranes, but also as regu-
lators of signal transductions, cell death, cell adhesion, protein/
lipid trafficking, cellular differentiation, receptor clustering,
and conduction of electrical impulses at axons (1–6). Cer-
amide, the backbone of glycosphingolipids, is synthesized at the
endoplasmic reticulum (ER)3 and acquires glucosylation or
galactosylation catalyzed by specific transferases at the ER or
the Golgi (7–9). The monoglycosylation step of ceramides
influences the synthesis activity of gangliosides and sulfatides,
intramembrane flip-flop movements of sphingolipids, mem-
brane curvature, and cytotoxic activity of ceramides (9–11).
Glucosylation is catalyzed at the outer surface of the Golgi
apparatus by the UDG-glucose:ceramide glucosyltransferase
for the synthesis of glucosylceramides (GlcCer) (12). Con-
versely, galactosylation of ceramides is catalyzed by the UDG-
galactose:ceramide galactosyltransferase (CGalT) at the lumen
of the ER (7, 13).
The CGalT amino sequence contains a KKVK motif, the

potential ER retrieval signal, at the C terminus (14, 15). A study
demonstrated that CGalT remains sensitive to endoglycosidase
H, supporting its ER localization (7). Immunocytochemistry
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using specific antibodies also showed that CGalT immunoreac-
tivity is found exclusively at the ER and nuclear envelope and
not at the Golgi and plasma membrane (7, 13). These series of
studies confirmed that CGalT is a class I integral ER protein
possessing a long ER lumenal catalytic domain and a single
transmembrane domain at the C terminus (7). A study using
knock-outmice of CGalT confirms that there is only one galac-
tosylceramide (GalCer)-synthesizing enzyme in the brain.
CGalT is highly and specifically expressed in oligodendrocytes
and in human epithelia (14). GalCer synthesized by CGalT
comprise amajor lipid in themyelin sheath of oligodendrocytes
or Schwann cells that insulates axons to regulate electric
impulses conducted by neuronal depolarization (4). Although
highly enriched in myelins, GalCer is shown to serve as a nega-
tive regulator of oligodendrocyte differentiation and myelin
formation (16).
The sigma-1 receptor (Sig-1R) is an integral membrane pro-

tein ubiquitously expressed in multiple organs, including the
brain (17, 18). The Sig-1R binds a variety of structurally differ-
ent drugs ((�)-isoforms of benzomorphans, haloperidol, and
fluvoxamine) as well as endogenous molecules, such as sterols
(e.g. progesterone) and simple sphingolipids (e.g. D-erythro-
sphingosine, ceramide, and GalCer) (18–22). The structure of
the Sig-1R shares no similarity with those of any mammalian
proteins but shares 70% similarity with that of a yeast C8-C7
sterol isomerase (23). In animals, Sig-1Rs have been shown to
promote neuronal survival under ischemia or �-amyloid depo-
sitions, potentiatemorphine-induced analgesia, improve learn-
ing and memory, and contribute to the development of addic-
tive behaviors induced by psychostimulants (24–29). A recent
study identified the Sig-1R as being a novel ligand-operated
molecular chaperone that can regulate ER stress and signal
transductions (30).When ERCa2� is depleted, Sig-1Rs chaper-
one inositol 1,4,5-trisphosphate receptors localized at the inter-
face between ER and mitochondria to ensure proper Ca2�

transmission between the two organelles (30, 31).Whether Sig-
1Rs stabilize any other ER proteins or regulate ER-associated
degradation (ERAD) has not been investigated in detail.
Sig-1Rs are highly expressed in oligodendrocytes of rat

brains (32, 33). We previously demonstrated that Sig-1Rs colo-
calize with GalCer at the ER and up-regulate in oligodendro-
cyte-type 2 astrocyte progenitors during their oligodendrocyte
differentiation (33). Knockdown of Sig-1Rs almost completely
blocks the differentiation and formation of myelin sheets in
oligodendrocytes (33). Because both Sig-1Rs and CGalT are
localized at the ER, andGalCer synthesized byCGalT is amajor
regulator of oligodendrocyte differentiation, we hypothesized
that Sig-1Rs may regulate CGalT activity at the ER and may
thus regulate cellular differentiation. Here we employed a sim-
ple cellular model (i.e. CHO cell line stably expressing CGalT)
to examine whether Sig-1Rs regulate the activity of CGalT.We
found that Sig-1R chaperones, in lieu of stabilizing CGalT pro-
teins, promote instead the acceleration of CGalT degradation
by utilizing a distinct class of ERAD systems. Sig-1Rs do so by
forming a protein complexwith the sterol-sensing protein Insig
to regulate degradation of CGalT.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against Sig-1R and CGalT were
raised as described previously (7, 30). Sources of other antibod-
ies are as follows: anti-actin, anti-SREBP cleavage-activating
protein (SCAP), and anti-extracellular signal-regulated kinase
1 (ERK) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA);
polyclonal anti-FLAG, monoclonal anti-FLAG, anti-HA, and
polyclonal anti-Myc antibodies from Sigma; monoclonal anti-
Myc from Cell Signaling (Boston, MA); anti-GM130, anti-
Mcl-1, and anti-BiP from BD Biosciences; anti-�1-antitrypsin
from DakoCytomation (Glastrup, Denmark); Alexa480- or
Alexa590-labeled goat secondary antibodies and anti-V5 anti-
body from Invitrogen; and anti-GalCer monoclonal antibody
from Millipore (Billerica, MA). [14C]Serine and [14C]UDP-ga-
lactose were purchased from GE Healthcare, and [35S]methio-
nine was fromMPBiomedical (Solon, OH). Vectors for expres-
sion of rat Sig-1R, mouse Sig-1R C-terminally tagged with
enhanced yellow fluorescent protein (Sig-1R-EYFP), rat Sig-1R
C-terminally taggedwith FLAG (Sig-1R-FLAG), control siRNA
(siCon), Sig-1R siRNA (siSig-1R), rat CGalT, and rat CGalT-
Myc were constructed as described previously (7, 33, 34). Vec-
tors for expression of CD3-�-HA, CD3-��-HA, and misfolded
�1-antitrypsin variant, null (Hong Kong) (NHK) were kindly
donated byDr.Molinari (Institute for Research in Biomedicine,
Bellinzona, Switzerland). Vectors for expression of SCAP and
Insig1-Myc were purchased from ATCC (Manassas, VA). Cas-
tanospermine, kifnensine, and swainsomine were purchased
from Toronto Research Chemicals (York, Canada). (�)-Penta-
zocine was synthesized at the Division of Basic Research at
NIDA, National Institutes of Health. Other lipids and chemi-
cals were purchased from Sigma.
Cell Culture—Wild-type Chinese hamster ovary (CHO) cells

and CHO cell lines stably expressing EYFP, Sig-1R-EYFP, or
CGalT were cultured as described previously (7, 30). D6P2T
myeloma cells were purchased from ATCC and maintained in
Dulbecco’s modified Eagle’s medium with 5% fetal calf serum
with 5% CO2.
Plasmid Construction and Transfection—cDNAs encoding

full-length or C-terminally truncated rat Sig-1R were amplified
by PCR using pCR3.0-rat Sig-1R as a template (35) with the fol-
lowing primer sets: 5�-GAATTCATGCCGTGGGGCTGTG-
GGCT-3� (forward) and5�-GGGGTCTTGGCCAAAGAGGT-3�
(reverse for Sig-1R(1–223)), 5�-ACCCCGGCCATACTCCAC-3�
(reverse for �Sig-1R(1–176)), 5�-GACAACCGTCTCTCC-
TGG-3� (reverse for �Sig-1R(1–153)), 5�-ATGGCCATGGG-
AGCCCAG-3� (reverse for �Sig-1R(1–116)), 5�-CATCCAGC-
CGCCCGCGTT-3� (reverse for �Sig-1R(1–90)), or 5�-CGCG-
TACTGTCGAGCAAG-3� (reverse for �Sig-1R(1–50)); 5�-AT-
GTCGGGACGATACTGGGCT-3� (forward) and 5�-GGGGT-
CTTGGCCAAAGAGGT-3� (reverse for Sig-1R(117–223)) or
5�-TCACAGCTCGTCCTTGGTACGCGTAGAATCGAG-
ACC-3� (reverse for �Sig-1R(117–223)-KDEL). Mouse cDNA
of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re-
ductase was amplified by PCR using pCMV6-Kan/Neo-
MC206001 as a template (OriGeneTechnology, Rockville,MD;
accession number NM_008255) and the following primer set:
5�-GCATGCGGCCGCCCACCATGTTGTCAAGACTTT-
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TCCGG-3� (forward) and 5�-ACTAGAATTCCCAGCTGC-
CTTCTTGGTGCA-3� (reverse). Amplified PCR products
were ligated into pcDNA3.1/V5-His TOPO vectors (Invitro-
gen). For transfection, 4 �l of Lifopectamine-2000 (Invitrogen)
was mixed with expression vectors (rat Sig-1R, rat Sig-1R-V5,
and mouse Sig-1R-EYFP at 0.5 �g/dish; Insig1-Myc at 0.02
�g/dish; SCAP at 0.03 �g/dish; others at 2 �g/dish) and in-
cubated with cells in 6-cm dishes for 6 h. Cells were main-
tained for 2 days before experiments. siRNAs against Insig1
was purchased from Thermo Dharmacon (Lafayette, CO)
and transfected by PepMute siRNA Transfection reagent ac-
cording to the company’s instructions (SignaGen Laborato-
ries, Ijamsville, MD).
Immunocytochemistry and ConfocalMicroscopy—CHO cells

grown on poly-D-lysine-coated 1-cm round coverslips (Fisher)
were fixed with 4% paraformaldehyde in phosphate-buffered
saline (pH 7.4) for 20 min and permeabilized with 0.2% Triton
X-100 for 5 min at room temperature (for CGalT immuno-
staining alone) or 0.01% Triton X-100 for 1 min at 4 °C (for
GalCer immunostaining). Permeabilization at the lower tem-
perature with the low concentration of Triton X-100 was used
to preserve immunoreactive GalCer in CHO cells. After block-
ingwith 10%nonfat drymilk (1 h), sampleswere incubatedwith
anti-CGalT (1:200 in PBS containing 4%BSA and 0.5%Nonidet
P-40) or with a mixture of anti-CGalT (1:300) and anti-GalCer
(1:300) in PBS containing 4%BSA at 4 °C overnight. After label-
ing with secondary antibodies (Alexa480 or Alexa590-conju-
gated goat IgG), immunofluorescence was observed by Ultra-
View confocal microscopy (PerkinElmer Life Sciences) as
previously reported (30).
Immunoblotting—Cells were quickly harvested in ice-cold

PBS and centrifuged at 1500 � g for 10 min at 4 °C. Cell pellets
were dissolved in 2� SDS sample buffer (100 mMTris-HCl, pH
6.8, 20% glycerol, 4% SDS) with sonication (two times for 10 s
each). Aftermeasuring protein concentrations by amicro-BCA
reagent (Thermo), cell lysates were boiled for 5min in the pres-
ence of �-mercaptoethanol and bromphenol blue. For HMG-
CoA reductase-V5 immunoblotting, cells were lysed in the SDS
buffer (10 mM Tris-HCl (pH 6.8), 1% (w/v) SDS, 100 mM NaCl,
1 mM EDTA, 1 mM EGTA, and protease inhibitor (Sigma)).
After protein assays, an equal volume of urea buffer (62.5 mM

Tris-HCl (pH 6.8), 15% SDS, 8 M urea, 10% (v/v) glycerol, and
100mMdithiothreitol) was added, and lysateswere incubated at
37 °C for 20 min. Total lysates (20–50 �g/lane) were resolved
by 13% SDS-PAGE and analyzed by immunoblotting, as
described previously (22, 30, 33). Protein bands were densito-
metrically analyzed with a Kodak Image Station 440 CF (East-
man Kodak Co.).
Thin Layer Chromatography (TLC)—Total lipids were

extracted by Bligh and Dyer partitioning as described previ-
ously (22, 36). Lipid extracts dried under an N2 flow were dis-
solved in a chloroform/methanolmixture (2:1) and spotted on a
high performance thin layer chromatography plate (Merck).
After resolution on TLC plates with a chloroform/methanol/
water mixture (13:5:0.5), lipids were visualized by a diphenyl-
amine-aniline or 0.2% 8-anilinonaphthalene-1-sulfonate spray.
Respective lipids were identified by resolving purified lipids on

the same TLC plate. Lipids were quantified by a Kodak Image
Station 440 CF.
[14C]Serine Labeling for Analysis of Lipid Synthesis—After

washing with serum-free medium, cells in 6-cm dishes were
incubated at 37 °C in 1 ml of minimum essential medium con-
taining 0.5 �Ci/ml [14C]serine/ml. Cells harvested on ice were
suspended in 200 �l of ice-cold H2O. Following vortex (15
times for 1 s each), 5�l of cell suspensionswere transferred into
a 96-well plate (duplicate) for the Bio-Rad protein assay. Cells
were lysed by adding 20 �l of 1% SDS (on ice for 5 min). Lipids
in the lysates were extracted by successively adding the follow-
ing reagents: �563 �l of CHCl3/methanol (1:2) (vortex for 10
min),�188�l of CHCl3 (vortex for 1min), and 187.5�l of H2O
(vortex for 1 min). Following a centrifugation for 3 min at
5000 � g, the lower phase was transferred to a new tube. After
adding �280 �l of CHCl3 to the upper water phase in the orig-
inal tubes, samples were vortexed for 1 min and centrifuged for
3 min at 5000 � g. The yielded lower phase was combined with
the previously obtained lower phase in a new tube. Lipids in the
lower phase were dried under a N2 flow and resolved by TLC as
described above. The TLC plate was air-dried and exposed to a
�-Max film (Amersham Biosciences) for 5 days at room
temperature.
CGalTActivity Assay—CHOcell pellets containing 100�g of

total proteins were suspended in 150 �l of reaction buffer (20
mMHEPES (pH 7.4), 120mM potassium glutamate, 15mMKCl,
5 mM NaCl, 0.8 mM CaCl2, 2 mM MgCl2, 2 mM MnCl2, 1.6 mM

EGTA, 1 mM UDP-galactose, 2 �Ci/ml [14C]UDP-galactose,
100 nM BSA-conjugated C6-ceramides) containing 1 mg/ml
saponin and incubated at 37 °C with horizontal shaking (150
rpm) for 0–120min. Lipidswere extracted and resolved byTLC
as described above. The level of synthesized GalCer was quan-
tified with a Kodak Image Station 440 CF.
RT-PCR—Total RNA was extracted with a NucleoSpin II kit

(Clontech) from CHO cells. The level of CGalT or Insig1
mRNA was measured by using RT-PCR (Titanium One-Step
RT-PCR kit, Clontech). The primer set and PCR conditions for
amplification of the CGalT mRNA were as follows: 5�-GCTA-
AAATCATCATTGTGCCG-3� (forward) and 5�-CCAACT-
TCAGCAGGATACCAAAGG-3� (reverse), Tm � 55 °C, 25
cycles. Primers for the Insig1mRNAwere as follows: 5�-GGCT-
TGTGGTGGACATTCG-3� (forward) and 5�-GGCGATGGT-
GATCCCAAGT-3� (reverse), Tm � 58 °C, 23 cycles. Primers
for �-actin mRNAwere purchased from Clontech. The mRNA
levels were normalized to �-actin mRNA.
Sucrose Fractionation—CHO cells grown on a 15-cm dish

were homogenized with a Dounce glass homogenizer (30
strokes) in 400�l of homogenization buffer (10mMHEPES (pH
7.4), 15 mM KCl, 1.5 mM MgCl2, protease inhibitor mixture
(Sigma)). Cell homogenate was centrifuged at 380 � g for 10
min at 4 °C. The supernatant was pooled. The pellet was
homogenized (20 strokes) again in 200 �l of homogenization
buffer. After centrifugation (380 � g, 10 min), the supernatant
was combined with one obtained after the first centrifugation.
300 �l of the supernatant was placed on top of a discontinuous
sucrose gradient (0.5, 0.7, 0.9, 1.1, 1.3, and 1.5 M sucrose; 600 �l
for each fraction). The samplewas centrifuged in a SW55i rotor
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at 180,000 � g for 3 h at 4 °C. 12 fractions were obtained from
the top (325 �l/fraction) and stored at �80 °C until the assays.
Immunoprecipitation—Cell pellets from 6-cm dishes were

suspended in the lysis buffer (50mMTris-HCl (pH 7.4), 150mM

NaCl, 0.2% sodium deoxycholate, 0.1% SDS, 1% Triton X-100,
and protease inhibitor mixture). After rotation at 4 °C for 30
min, lysateswere centrifuged at 12,000� g for 15min. 300�g of
supernatants were precleared by incubating with 30�l of either
Sepharose-protein A beads (GE Healthcare) or Protein A/G
PLUS agarose (Santa Cruz Biotechnology, Inc.) for 60min. Pre-
cleared cell lysates were incubated with specific antibodies for
immunoprecipitation at 4 °C overnight (1:300 for anti-CGalT;
1:200 for polyclonal anti-Myc, anti-�1-antitrypsin, and poly-
clonal anti-FLAG; 1:500 for anti-HA and polyclonal anti-GFP;
1:1000 for anti-V5). Immunocomplexes were precipitated with
30 �l of Sepharose-protein A beads or Protein A/G PLUS aga-
rose and analyzed by SDS-PAGE followed by immunoblotting
as described previously (30). In the CGalT-Sig-1R-V5 co-im-
munoprecipitation assay, harvested cells were cross-linked by
0.1 mg/ml DSP (30 min at 4 °C) in 50 mM HEPES (pH 7.4).
Pulse-Chase Experiment—A day before experiments, cells

were seeded onto 6-cm (CHO-CGalT cells) or 10-cm (D6P2T
cells) dishes at 90–100% confluence. After a washing with PBS,
cells were incubated for 30–60min inmethionine-free DMEM
containing 3% dialyzed calf serum. Cells were pulse-labeled
with [35S]methionine (CHO-CGalT at 50 �Ci/ml for 10 min;
D6P2T at 200 �Ci/ml for 30 min). After pulsing, cells were
chased in culture medium containing 10% serum and 0.75
mg/ml methionine. 35S-Labeled CGalT was immunoprecipi-
tated and analyzed by SDS-PAGE followed by autoradiography.
Cholesterol Deprivation and Drug Treatment—The intracel-

lular cholesterol level was reduced according to the previously
established procedure (37, 38). Briefly, 6 h after transfection of
plasmids, CHOcells were seeded onto 6-cmdisheswith normal
culture medium. On the next day, mediumwas replaced with 3
ml of minimum essential medium containing 2% lipoprotein-
deficient serum (LPDS), 10 �M compactin, and 50 �M meval-
onatewith orwithout sterols. After 16 h, cells were incubated in
the MEM-� containing 2% LPDS, 25 �M compactin, and 5 mM

mevalonate with/without sterols or (�)-pentazocine for 4 h.
Sterols and compactin were dissolved in ethanol. Mevalonate
and (�)-pentazocine were dissolved in H2O. Controls received
the same vehicles without drugs.

RESULTS

CHO Cell Line Stably Expressing CGalT—To examine the
possibility that Sig-1Rs regulate the CGalT activity, the CHO
cell line stably expressing rat CGalT (CHO-CGalT) was
employed (7). This cell line constitutively expresses a consider-
ably high level of endogenous Sig-1Rs (22, 30), and stably trans-
fected rat CGalT is shown to behave normally regarding its
subcellular distribution and enzymatic activity (7, 13). The
CGalT antibody (7) revealed strong CGalT-like immunoreac-
tivity in this line but not in wild-type CHO cells (CHO-WT)
(Fig. 1A). CGalT distributed in the cytoplasmic region, showing
a typical ER pattern (Fig. 1A).
In immunoblotting, anti-CGalT antibodies detected a single

band with a 55-kDa molecular mass (7). Expression of Sig-1Rs

was similar betweenCHO-WTandCHO-CGalT cells (Fig. 1B).
Because CGalT accepts both ceramides and diacylglycerols as
substrates (7), both GalCer (doublets in Fig. 1B) and
monogalactosylated diacylglycerols were present in lipid
extracts from CHO-CGalT cells but not in those from
CHO-WT (Fig. 1B). The upper and lower bands of GalCer rep-
resent those containing non-hydroxylated and hydroxylated
acyl-chains, respectively (40).
Monoclonal antibodies against GalCer expressed strong

GalCer-like immunoreactivities only in CHO-CGalT (Fig. 1C).
The level of GalCer immunoreactivities is fairly correlated with
the CGalT level in most CHO-CGalT cells (Fig. 1C). However,

FIGURE 1. Expression and distribution of CGalT in CHO-CGalT cells. A,
CGalT immunocytochemistry of wild-type CHO cells (CHO-WT) or CHO cells
stably expressing rat CGalT (CHO-CGalT). Both cell lines fixed with paraformal-
dehyde were permeabilized with Triton X-100 (0.2%, 5 min) and immuno-
stained with anti-CGalT antiserum. Images were captured by a confocal
microscope. Bar, 10 �m. B, profile of protein and lipid expressions in CHO-
CGalT. In the left panels, 20 �g of total cell lysates prepared from CHO-WT or
CHO-CGalT were resolved by 13% SDS-PAGE and immunoblotted with
respective specific primary antibodies. In the right panels, total lipid extracts
were resolved by TLC followed by a 0.2% 8-anilinonaphthalene-1-sulfonate
spray. Cer, ceramide. The asterisk in the CHO-WT represents endogenous
GlcCer. Lipids marked with dots were not identified. The images represent the
result of 4 –5 repeated experiments. C, immunostaining of CGalT and GalCer
expressed in CHO-CGalT. CHO-CGalT cells were fixed with paraformaldehyde.
Following a mild permeabilization with Triton X-100 (0.01%, 1 min), samples
were immunostained with anti-CGalT antiserum and anti-GalCer antibodies.
Images were captured by a confocal microscope. The arrows indicate CHO-
CGalT expressing very low levels of CGalT. Note that the level of GalCer in
individual cells is fairly proportional to that of CGalT. Bars, 10 �m.
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there are some cells that express a high level of CGalT but
express less GalCer immunoreactivity. The lipid environment
that may vary between individual cells and/or cell permeabili-
zation procedures during immunofluorescence may affect the
immunoreactivity of anti-GalCer antibodies.
Sig-1RsNegatively Regulate Production ofGalCer—As shown

byTLC (Fig. 2A), we found that CHO-CGalT cells overexpress-
ing Sig-1R-EYFP, when compared with those expressing EYFP,
contained lower GalCer. In contrast, knockdown of Sig-1Rs
caused an increase in GalCer (Fig. 2A). The same tendency was
also observed in the level ofmonogalactosylated diacylglycerols
(Fig. 2A), suggesting that Sig-1Rs negatively regulate the enzy-
matic activity of CGalT.
Next, sphingolipid synthesis between control and Sig-1R

knockdown cells was monitored in [14C]serine-labeled CHO-
CGalT cells. Because serine is also utilized for phospholipid
synthesis, autoradiography of TLC plates revealed both 14C-
labeled phospholipids and 14C-labeled sphingolipids. Because
CHO-CGalT cells possess endogenous UDP-glucose:ceramide
glucosyltransferase activity, both [14C]GalCer and [14C]GlcCer
were detected in [14C]serine-labeled cells (both showing dou-
blets in TLC). Under our TLC conditions, the lower band of
GlcCer and upper band of GalCer were overlapped, thus ham-
pering quantification of the upper bands of GalCer. Nonethe-
less, data clearly demonstrated that CHO-CGalT cells lacking
Sig-1Rs increase the synthesis of the lower band of [14C]GalCer.
There was no apparent difference in the synthesis of ceramides
and phospholipids between control and Sig-1R knockdown
cells (Fig. 2B). In this study, we also serendipitously found that

knockdown of Sig-1Rs decreased the GlcCer synthesis (see the
upper band of [14C]GlcCer in Fig. 2B). Because the GlcCer syn-
thase, which shares no homology with CGalT, localizes mainly
at the Golgi complex, this result may suggest that Sig-1Rs reg-
ulate stability and/or the transport of the enzyme to the Golgi
complex. Although this is a striking finding, we focused solely
on exploring the regulation of CGalT by Sig-1Rs in this paper.
Sig-1Rs Down-regulate CGalT Proteins—ER chaperones are

known to promote protein folding but also serve as subcompo-
nents in ERAD systems (41, 42). We therefore examined
whether overexpression or knockdown of Sig-1Rs affects
CGalT protein levels. Immunoblotting demonstrated that the
level of CGalT was significantly increased by Sig-1R knock-
down, whereas it was decreased by overexpression of Sig-1Rs
(Fig. 3A). Knockdown of Sig-1Rs also caused an increase of
CGalT proteins that are endogenously expressed in D6P2T-
schwannoma cells (Fig. 3B), indicating the physiological rele-
vance of our finding. Neither knockdownnor overexpression of
Sig-1Rs affected themRNA level of CGalT inCHO-CGalT (Fig.
3C). Therefore, Sig-1Rs may post-translationally regulate the
protein level of CGalT.
Sig-1Rs Associate with CGalT at the ER of CHO Cells—Be-

cause Sig-1Rs physically associate with structurally different
proteins to regulate degradation of associated proteins (20, 30),
we next examined whether Sig-1Rs also associate with CGalT.
Confocal microscopy demonstrated that both Sig-1R-EYFP
(expressed at a low level with 0.5 �g of plasmid/6-cm dish) and
CGalT distribute over the punctate/reticular ER structures and
nuclear envelopes (Fig. 4A).

FIGURE 2. Sig-1Rs regulate CGalT activity. A, TLC analysis of total GalCer and MDGD levels in CHO-CGalT cells. CHO-CGalT cells were transfected for 2 days
with either EYFP or Sig-1R-EYFP or with either siCon or siSig-1R. Cer, ceramide; SM, sphingomyelin. Intensities of GalCer bands were densitometrically measured
and shown in bar graphs as mean � S.E. (error bars) (n � 6). *, p 	 0.05, Student’s t test. B, effect of the Sig-1R knockdown on the synthesis of [14C]Ser-labeled
lipids in CHO-CGalT cells. Two days after transfection with siRNAs, CHO-CGalT cells were incubated in the MEM-� containing 0.5 �Ci/ml of [14C]serine/ml for the
indicated periods of time. Lipids were extracted and resolved by TLC. 14C-Labeled lipids were visualized by direct autoradiography. PtdEn, phosphatidyletha-
nolamine; PtdSer, phosphatidylserine. Respective lipids were identified based on Rf values of purified lipids resolved under the same TLC system. Identities of
lipids marked with dots were not confirmed. The right panel enlarges the autoradiographic image at the 120-min time point. The graph represents mean � S.E.
(n � 4) of the level of the lower and upper bands of [14C]GalCer, [14C]ceramide, and [14C]phosphatidylethanolamine at 120 min. *, p 	 0.05; **, p 	 0.01, paired
t test.
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Similarity of subcellular distribution of these proteins was
also examined by using subcellular fractionation. The result
showed that distribution ofmembranes containing CGalT pos-
sesses two peaks: the small peak at low density fractions (F2 and
F3) and the large peak at high density fractions (F8–F11).Mem-
branes containing Sig-1Rs also showed a similar pattern (Fig.
4B). Sig-1Rs were also contained in fractions F10 and F11 (Fig.
4B). Fractionation patterns of GM130 (cis-Golgi marker) and
Mcl-1 (mitochondria marker) are completely different from
that of CGalT.
Although confocal microscopy and membrane fractionation

have certain limitations in determining precise subcellular
localization of molecules, the above data suggest that Sig-1Rs
and CGalT may co-localize at the ER. Accordingly, we per-
formed an immunoprecipitation assay using CHO cells
expressing CGalT-Myc and Sig-1R-V5. Expressed CGalT-Myc
showed subcellular distribution identical to that of CGalT in
CHO-CGalT cells (data not shown). As shown in Fig. 4C, anti-
Myc antibodies immunoprecipitated CGalT-Myc together
with Sig-1R-V5 (Fig. 4C, lane 4 of the upper panels). Anti-Myc
antibodies failed to pull downSig-1R-V5without co-expression
of CGalT-Myc (lane 3 of the upper panels), verifying the spe-
cific interaction betweenCGalT-Myc and Sig-1R-V5. Similarly,
specific anti-V5 antibodies immunoprecipitated Sig-1R-V5
togetherwithCGalT-Myc (Fig. 4C, lower panels). Sig-1Rs failed
to co-immunoprecipitate several other ER-resident proteins
(e.g. GRP94 and calnexin (30)).
Knockdown of Sig-1Rs Prolonged the Lifetime of CGalT—To

delineate the molecular mechanism by which Sig-1Rs regulate
the CGalT protein level, the pulse-chase experiment was per-
formed. As shown in Fig. 5A, CGalT was shown to have a t1⁄2 of
approximately 200 min. The knockdown of Sig-1R did not

affect the synthesis of [35S]CGalT during the 10-min pulse-
labeling (chase 0 min in Fig. 5A) but significantly delayed the
decline of the [35S]CGalT during chasing (Fig. 5A). The knock-
down of Sig-1Rs thus prolongs the lifetime of CGalT. The sim-
ilar effect of Sig-1R knockdown was seen with endogenously
expressed CGalT in D6P2T cells (Fig. 5B).
We previously demonstrated that N-linked oligosaccharides

onCGalT remain sensitive to endoglycosidaseHdigestion even
16 h after chasing, suggesting that CGalT is an ER-resident
glycoprotein and is not transported through the Golgi complex
(7). Here, we found that in the pulse-chase experiments, CGalT
bands are downward shifted slightly at the 30-min chasing
point and then shifted further at 60- and 360-min chasing
points (arrowheads in Fig. 5A), indicating the active trimming
of theN-linked oligosaccharides being processed on CGalT. In
fact, the downward shifts were partially blocked by castano-
spermine (ER glucosidase I and II inhibitor) and kifnensine (ER
mannosidase I inhibitor) but not by swainsomine, an ER man-
nosidase II inhibitor (Fig. 5C). Notably, the effect of Sig-1R
knockdown on delaying degradation of CGalT was still
observed in the presence of those inhibitors. Thus, the action of
Sig-1Rs regulating the degradation of CGalT is probably inde-
pendent of the trimming status of CGalT (i.e. in apparent con-
trast to that seen in well defined ERAD of glycoproteins that is
operated by lectin chaperones, such as calnexin) (41, 42).
A specific ERAD pathway is selected based on topological

and structural configurations of individual proteins to be
degraded (41). For example, ER proteins with a defect on the
cytosolic domain utilize ERAD-C, whereas ER proteins having
defects at the ER lumenal domain utilize ERAD-L for degrada-
tion. The latter is further classified into ERAD-LM and ERAD-
LS, based on whether the substrate proteins possess a trans-

FIGURE 3. Sig-1Rs negatively regulate the protein level of CGalT. A, Western blotting analysis of CGalT in CHO-CGalT cells knocking down or overexpressing
Sig-1Rs. Control plasmids or plasmids for expression of Sig-1R siRNA or wild-type rat Sig-1Rs were transfected 2 days before the assay. Protein levels of Sig-1Rs
or CGalT were measured by immunoblotting using specific antibodies. ERK immunoblotting serves as a loading control. Intensities of respective proteins were
measured and normalized to ERK. Graphs represent means � S.E. (error bars) from five independent experiments. *, p 	 0.05; **, p 	 0.01 compared with the
corresponding controls. B, CGalT protein level endogenously expressed in D6P2T myeloma. Control or Sig-1R siRNA was transfected 2 days before Western
blotting. Protein levels were measured by immunoblotting. The graph represents mean � S.E. (n � 4). C, RT-PCR analysis of CGalT mRNA. siRNAs were
transfected 2 days before the extraction of total RNA. Levels of CGalT mRNA were measured by RT-PCR. The graph represents mean � S.E. of six independent
samples.
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membrane domain (i.e.membrane proteins) or not (i.e. soluble
protein) (41, 43). BecauseCGalT is a glycoprotein having nearly
its entire sequence inside the ER (Fig. 6A), Sig-1Rs might pro-
mote degradation ofCGalT via ERAD-L.To test this possibility,
we employed well characterized substrates of ERAD-LM
(CD3-�) and ERAD-LS (NHK; CD3-�� lacking its transmem-
brane domain) (43) and examined whether knockdown of Sig-
1Rs compromises degradation of those proteins. As shown in
Fig. 6B, we found that knockdown of Sig-1Rs does not affect
degradation of any ERAD-L substrates tested. Knockdown of
Sig-1Rs also did not affect the lifetime of the cytosolic protein
YFP (Fig. 6B).

Sig-1Rs Form a Protein Complex with Insig1—There is a dis-
tinct subclass of ERAD complexes that processes protein deg-
radation by sensing lipid levels at the ER membrane. When the
cholesterol level is high at the ER, Insig1 or -2 delivers a specific
E3 ligase to HMG-CoA reductase to degrade the enzyme (37).
Insig also forms a different protein complex with SCAP to reg-
ulate the translocation of the transcription factor SREBPs from
the ER to Golgi (44). In both systems, Insig interacts with coun-
terpart proteins when they bind sterols (44). Because the Sig-1R
possesses a putative sterol-binding site, we speculated that the
Sig-1Rmight form a complex with Insig, thus regulating ERAD
of CGalT.

FIGURE 4. Subcellular distribution and association of CGalT with Sig-1Rs. A, confocal microscopic images of CGalT and Sig-1R-EYFP. The small amount of
Sig-1R-EYFP vectors (0.5 �g/6-cm dish) were transfected into CHO-CGalT 2 days before the observation. CGalT was immunocytochemically labeled with
anti-rat CGalT antiserum, followed by labeling with Alexa 590 goat anti-rabbit IgG secondary antibodies. Bar, 10 �m. The image represents the results from five
independent immunolabelings. B, subcellular fractionation of CHO-CGalT cells. Fractions 1–12 were obtained by a sucrose gradient centrifugation of cell
homogenates. The levels of respective proteins were measured by immunoblotting in each fraction. The percentage of the total in fraction x was calculated by
the equation, 100 � (level of the protein in fraction x)/(the sum of the protein levels in 12 fractions). CGalT activity was measured by incubating each fraction
with 2 �Ci/ml [14C]UDP-galactose and 100 nM BSA-conjugated C6-ceramides at 37 °C for 120 min, as described in the legend to Fig. 2C. The data represent three
independent experiments. C, immunoprecipitation assay for the detection of the CGalT-Sig-1R association. Two days before immunoprecipitation assays (IP),
CHO cells were transfected with empty vectors (�), CGalT-Myc (2 �g/6-cm dish), and/or rat Sig-1R-V5 (0.5 �g/6-cm dish). After cross-linking with DSP, cell
lysates were prepared as described under “Experimental Procedures.” Each lysate was then divided in half to use one half for Myc immunoprecipitation (top two
panels) and the other for V5 immunoprecipitation (bottom two panels). The images represent results from three independent experiments.
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We designed an immunoprecipitation study (i) to examine
the potential interaction of Sig-1Rswith Insig1 and (ii) to clarify
which Insig complex (i.e. Insig associating with SCAP or Insig
coupling to ERAD) associates with Sig-1Rs. As shown in Fig.
7A, anti-FLAG antibodies immunoprecipitated Sig-1R-FLAG
together with Insig1-Myc but not with SCAP. Insig1-Myc
was pulled down with anti-FLAG antibodies only when Sig-
1R-FLAG was co-expressed (Fig. 7A), verifying the specific
co-immunoprecipitation of Insig1-Myc by Sig-1R-FLAG

proteins. The result also indicates that Sig-1R-FLAG does
not associate with SCAP. Conversely, anti-Myc antibodies
immunoprecipitated Insig1-Myc together with SCAP and
Sig-1R-FLAG, suggesting the existence of two Insig1 com-
plexes: one associating with SCAP and the other with Sig-
1Rs. Notably, when Sig-1R-FLAG was expressed, thus lead-
ing to the increase of Sig-1R�Insig1 complexes, SCAP
associating with Insig1 was significantly reduced (Fig. 7A,
lane 5 versus lane 6 in the third panel from the top). There-

FIGURE 5. The knockdown of Sig-1Rs prolongs the lifetime of CGalT. A, pulse-chase experiment of CGalT. CHO-CGalT cells were pulse-labeled with
[35S]methionine (50 �Ci/dish) for 10 min at 37 °C and then chased for the indicated periods of time with 10% FCS and 0.75 mg/ml methionine. 35S-Labeled
CGalT was immunoprecipitated and visualized with autoradiography. The graph represents the mean � S.E. (error bars) of six independent studies. **, p 	 0.01,
paired t test. B, the inhibition of CGalT degradation by Sig-1R knockdown in D6PT2 cells. D6P2T schwannoma cells in 10-cm dishes were pulse-labeled with
[35S]methionine for 30 min and chased for 360 min. Bands were visualized and quantified as in A. **, p 	 0.01, paired t test (n � 5). C, inhibition of GalCer
downward shift by inhibitors of ER glucosidase or mannosidase. CGalT pulse-labeled with [35S]methionine for 10 min was chased for 360 min. [35S]CGalT was
immunoprecipitated and detected by autoradiography. Inhibitors were applied 60 min prior to the pulse labeling. CST, castanospermine (1 mM); Kif, kifnensine
(2 �g/ml); Swm, swainsomine (100 �M). *, p 	 0.05; **, p 	 0.01 compared with siCon without drug treatment (first column). #, p 	 0.05; ##, p 	 0.01 compared
with siCon with the same drug treatment; paired t test, n � 4 –5.
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fore, Sig-1Rs associating with Insig1 may prevent the inter-
action of Insig1 with SCAP.
Sig-1Rs Are Involved in Insig-regulated ERAD—To test

whether Sig-1Rs are involved in Insig-mediated ERAD, we
employed a well characterized model of Insig-induced protein
degradation. HMG-CoA reductase overexpressed in CHO cells
is stable under sterol-reducing conditions, whereas 25-hy-
droxycholesterol promotes a rapid down-regulation of the
enzyme via Insig (37). In this assay, Insig was routinely co-over-
expressed to enhance Insig-induced protein degradation (37).
We confirmed that the application of 25-hydroxycholesterol to
sterol-reduced CHO cells indeed causes a reduction of
V5-tagged HMG-CoA reductase (67.6% reduction, n � 4).
Interestingly, knockdownof Sig-1Rs per se increased the level of
HMG-CoA reductase-V5 (Fig. 7B). Further, in CHO cells
knocking down Sig-1Rs, the 25-hydroxycholesterol-induced
decrease of HMG-CoA reductase-V5 was significantly smaller

(Fig. 7B; 30.6% reduction; *, p	 0.05 comparedwith the control
siRNA samples by paired t test, n � 6), indicating that Sig-1Rs
play a role in Insig-mediated ERAD.
Sig-1Rs Associate with Insig1 via the Second Transmembrane

Domain in a 25-Hydroxycholesterol/Ligand-sensitive Manner—
To gain insight into the functional relevance of the interaction
between Sig-1Rs and Insig, the effect of sterols on their associ-
ationwas examined.We found that Sig-1Rs constitutively asso-
ciate with Insig1 to a certain degree even under sterol-reducing
conditions (Fig. 7C, lane 1), where the association of SCAPwith
Insig was completely abolished (45). 25-Hydroxycholesterol (1
�g/ml for 16 h), the potent inducer of Insig�SCAP association,
potentiated the association between Sig-1R-FLAG and Insig1-
Myc (Fig. 7C). The association of Sig-1R-FLAG with Insig1-
Mycwas unaffected by cholesterol (10�g/ml for 16 h) or lanos-
terol (10�g/ml for 16 h), the relatively less potent inducer of the
Insig�SCAP association (Fig. 7C). Sig-1Rs bind sterols but also

FIGURE 6. Sig-1Rs are not involved in degradation of ERAD-L substrates. A, a scheme depicting membrane topology of ERAD-L substrates, YFP, and CGalT.
B, summary of pulse-chase experiments showing the effect of the Sig-1R knockdown on degradation of ERAD-LM substrate CD3-� and ERAD-LS substrates
CD-3�� and NHK. YFP was chosen to represent cytosolic proteins. The graphs indicate means � S.E. (error bars) of 3–5 independent experiments.
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diverse classes of hydrophobic or amphipathic drugs (18).
Notably, the prototypic Sig-1R ligand (�)-pentazocine poten-
tiates the association of Sig-1R-FLAG with Insig1-Myc (Fig.
7C).
The domain of the Sig-1R responsible for the association

with Insig was also explored by expressing various truncated
Sig-1R-V5 (�Sig-1R-V5). �Sig-1R-V5 lacking a part of or the
entire ER-lumenal domain (amino acids 116–223) associated
with Insig1-Myc to a similar degree as shown with the full-
length Sig-1R-V5 (Fig. 7D). The Sig-1R-V5 mutants that lack
the second transmembrane domain (amino acids 90–116) no
longer co-immunoprecipitated Insig1-Myc. Thus, the second
transmembrane domain, which possesses a putative sterol-

binding pocket (23), seems to be essential for the formation of
the Sig-1R�Insig1 complex. In contrast, the ER lumenal domain
(Sig-1R-V5(117–223) with/without the KDEL ER retrieval
sequence) that exhibits innate chaperone activity of the Sig-1R
(30) failed to associate with Insig1. We also found that knock-
down of Sig-1Rs did not affect the protein level of Insig1-Myc
(data not shown), suggesting that Sig-1Rs do not associate with
Insig1 merely to stabilize/degrade Insig1.
Sig-1Rs Promote the Down-regulation of CGalT Proteins via

Insig-operated ERAD—Finally, we tested whether the Sig-
1R�Insig1 complex plays a role in controlling the CGalT level.
Similar to knockdown of Sig-1Rs, knockdown of Insig1 in
CHO-CGalT significantly increased the protein level of CGalT

FIGURE 7. Sig-1Rs form complexes with the Insig-mediated ERAD machinery. A, immunoprecipitation (IP) of the Sig-1R�Insig1 complexes. Plasmids
expressing Sig-1R-FLAG (0.5 �g/6-cm dish), Insig1-Myc (0.02 �g/6-cm dish), and/or SCAP (0.03 �g/6-cm dish) were transfected 2 days before experiments. �,
empty vectors were transfected. Note the decrease of SCAP co-immunoprecipitated with Insig1-Myc (lane 6). B, effects of the Sig-1R knockdown on sterol-
induced degradation of HMG-CoA reductase. At day 0, CHO cells were transfected with HMG-CoA reductase-V5 and Insig1-Myc together with either control or
Sig-1R siRNA. At day 1, growth medium was replaced with the sterol-reducing medium (see “Experimental Procedures”). At day 2, cells were incubated in the
MEM-� containing 2% LPDS, 25 �M compactin, and 5 mM mevalonate with/without 25-hydroxycholesterol (25HC; 1 �g/ml) for 4 h. The level of HMG-CoA
reductase-V5 was measured by immunoblotting. The graph represents the mean � S.E. (error bars) of six independent experiments. *, p 	 0.05; **, p 	 0.01,
paired t test. ##, p 	 0.01 compared with siCon without 25HC. C, effects of sterols and (�)-pentazocine on Sig-1R�Insig1 association. At day 0, CHO cells were
transfected with Sig-1R-FLAG (0.5 �g/6-cm dish) and Insig1-Myc (0.02 �g/6-cm dish). At day 1, the growth culture medium was replaced with the sterol-
reducing medium (see “Experimental Procedures”), and 25-HC (1 �g/ml for 16 h), cholesterol (Chol; 10 �g/ml for 16 h), or lanosterol (Lano; 10 �g/ml for 16 h)
was added. At day 2, (�)-pentazocine ((�)PTZ; 1 �M) was applied for 2 h. Myc immunoprecipitation were performed as shown in A. Images represent the results
of 3–5 independent experiments. D, immunoprecipitation for detection of the association between truncated Sig-1R-V5 and Insig1-Myc. V5-tagged rat Sig-1Rs
was immunoprecipitated with anti-V5 antibodies. Co-immunoprecipitated Insig1-Myc was detected by anti-Myc antibodies. *, truncated Sig-1R-V5 that
co-immunoprecipitates Insig1-Myc. The same result was consistently obtained from four independent experiments. The scheme depicts the membrane
topology of the Sig-1R at the ER. IB, immunoblot.
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(Fig. 8A) without affecting the mRNA level of CGalT (control
siRNA-transfected cell, 100 � 4.8%; Insig1 siRNA-transfected
cell, 93.9 � 11.4%; n � 5). We knocked down only Insig1 and
not Insig2 in this study because Insig1 is known to play a pri-
mary role in sterol-induced ERAD in CHO cells (38).
Adapting the experimental paradigm used in Fig. 7B, we

examined whether 25-hydroxycholesterol induces the down-
regulation of CGalT under sterol-reducing conditions. The
application of 25-hydroxycholesterol causes a significant
reduction of CGalT in control cells (Fig. 8B, 54.5% reduction,
n � 7). In Sig-1R knockdown cells, the 25-hydeoxycholesterol-
induced reduction of CGalT was significantly smaller when
compared with CHO-CGalT transfected with control siRNA
(Fig. 8B; 29.3% reduction in siSig-1R cells; *, p	 0.05 compared
with the control by paired t test, n � 7). Taken together, these
results suggest that similar to HMG-CoA reductase, the CGalT
protein level is regulated by sterol-sensing ERAD that involves
Sig-1Rs and Insig.

DISCUSSION

This study demonstrated for the first time that Insig-medi-
ated ERAD involves the novel ER chaperone Sig-1R and that
this ERAD system regulates the degradation of the sphingolipid
enzyme CGalT. Our findings therefore suggest that expression
of the CGalT enzyme and the production of GalCer can be
regulated by sterols inside of the cell. Exactly how the Sig-1R,
particularly its chaperone activity, is involved in the Insig-me-
diated ERADmachinery needs to be examined in the future at a
detailed molecular level. Also, how Insig-mediated ERAD
recognizes CGalT is unclear at present. Nevertheless,

according to our amino acid sequence analysis, the trans-
membrane domain of rat CGalT contains a cholesterol-bind-
ing domainmotif of the sequence (L/V)X1–5YX1–5(K/R) (amino
acids V495TKFIY500RK502), as described in the benzodiazepine
receptor (25). Further, we previously found that CGalT is pho-
toaffinity-labeled with [3H]azicholesterol.4 Thus, it is plausible
to speculate that CGalT interacting with sterols may be recog-
nized by Insig (Fig. 9). It is also noteworthy that progesterone
receptor membrane component 1 (PGRMC1) was recently
found to constitute the binding activity of the sigma-2 receptor
(46), another subtype of sigma receptors (47). Interestingly,
PGRMC1 was previously found to associate with Insig (48).
Thus, the two pharmacologically defined subtypes of sigma
receptors, namely Sig-1R and sigma-2 receptor, may form het-
eropolymeric complexeswith Insig to regulate the lipid-sensing
ERAD.
Because the level of endogenous CGalT in primary cells and

schwannoma cell lines is considerably low, experiments for
exploration of detailed molecular mechanisms of CGalT regu-
lation are substantially limited with those cell types. Therefore,
we used the CHO cell line stably expressing CGalT as a model
to examine the post-translational modification of the enzyme.
Therefore, it remains possible that the processing of ectopically
expressed CGalT in CHO cells might be different from that of
endogenously expressed CGalT. Nonetheless, our data from
D6P2T schwannoma (Figs. 3B and 5B) support the notion that
themechanismwe found in this study is utilized in cells endog-
enously expressing CGalT. Furthermore, because amino acid
sequences of both Sig-1R and CGalT are highly conserved
between mammals (
90.1% for the Sig-1R and 
93.7% for
CGalT between human, mouse, and rat; NCBI COBALT align-
ment analysis) and the cholesterol and sphingolipid metabo-
lism is omnipresent in vertebrates, themechanism found in our
CHO cell model could be extrapolated to other mammalian
cells, such as the human oligodendrocyte.

4 H. Sprong, unpublished data.

FIGURE 8. CGalT is degraded by Insig-mediated ERAD. A, effect of Insig1
knockdown on the protein level of CGalT. Control or active siRNA against rat
Insig1 was transfected 2 days before the assay. The level of CGalT was meas-
ured by immunoblotting and normalized to ERK. The effect of Insig1 siRNA
(siInsig1) was verified by RT-PCR (bottom two panels). The graph represents
mean � S.E. (error bars) (n � 5). **, p 	 0.01, paired t test. B, sterol-sensitive
down-regulation of CGalT. CHO-CGalT was transfected with Insig1-Myc in
combination with control or Sig-1R siRNA. At day 2, the culture medium was
replaced with the sterol-reducing medium as described in B. At day 1, 25HC (1
�g/ml) was applied to cells in the MEM-� containing 2% LPDS, 25 �M com-
pactin, and 5 mM mevalonate for 4 h. The level of CGalT was measured by
immunoblotting and normalized to ERK. The graph represents mean � S.E.
(n � 7). *, p 	 0.05; **, p 	 0.01 compared with siCon in the same treatment,
paired t test. #, p 	 0.05 compared with siCon without 25HC.

FIGURE 9. A scheme depicting a putative molecular action of Sig-1Rs reg-
ulating the CGalT level. The second transmembrane domain of the Sig-1R
associates with Insig to form an ERAD complex at the ER membrane. The
association is strengthened by 25-hydroxycholesterol or Sig-1R ligands, such
as (�)-pentazocine. In the presence of high sterols (e.g. 25-hydroxysterol),
CGalT is recruited to the Sig-1R-Insig machinery for degradation. Other com-
ponents involved in the Sig-1R-regulated ERAD machinery (e.g. ubiquitin
ligases) are not defined. The transmembrane domain of CGalT (a gray box)
contains a putative sterol-binding motif that, upon binding to sterols, might
be recognized by the Insig-mediated ERAD complex.
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It is known that CGalT expression begins at the late progen-
itor stage of the oligodendrocyte-type 2 astrocyte lineage. The
enzymatic product GalCer, which together with sulfatide com-
prises 27% of totalmyelin lipids (49), is transported from the ER
to the outer leaflet of the oligodendrocyte plasmamembrane to
serve as a negative regulator ofmyelination (16). It is interesting
that myelin is also highly enriched in cholesterol, the synthesis
of which is increased at the same stage of oligodendrocyte dif-
ferentiation (49). In contrast to GalCer, however, sterols are
known to stimulate oligodendrocyte differentiation (50). Ste-
rols and GalCer may therefore serve as an accelerator and a
brake, respectively, on the oligodendrocyte differentiation, and
our data suggest that the two systems might cross-talk via the
Sig-1R-Insig complex. A future study using primary oligoden-
drocyte progenitors is certainly necessary to support this pos-
sibility and to explore a direct relationship between sterol levels
and GalCer levels.
Previous studies have demonstrated that the second trans-

membrane domain of the Sig-1R is involved in the formation of
the sterol/ligand-binding domain (23, 51).Notably, amino acids
that are identical between Sig-1R and yeast C8-C7 sterol
isomerase are in fact clustered within the second transmem-
brane domain of the Sig-1R (23). The segment of those amino
acids corresponds to the sterol-binding pocket of a yeast C8-C7
sterol isomerase (23). In the presence of sterols, Insig associates
specifically with the so-called sterol-sensing domain of SCAP
orHMG-CoA reductase that binds 25-hydroxycholesterol (44).
The association between Sig-1Rs and Insig1 is similarly poten-
tiated by 25-hydroxicholesterol (Fig. 7C). Thus, it is conceivable
that the second transmembrane domain of the Sig-1R may
serve as a sterol-sensing domain that promotes the Insig asso-
ciation (Fig. 7A) and that 25-hydroxicholesterol may serve as a
high affinity endogenous Sig-1R ligand. Importantly, however,
there are some biochemical differences between Sig-1R-Insig
and SCAP-Insig associations. First, under sterol-deprived con-
ditions that can promote nearly complete dissociation of Insig
from SCAP (45), the Sig-1R is still able to hold a certain degree
of association with Insig. Second, cholesterol and lanosterol
have no effect on the Sig-1R-Insig association, at least under
our assay condition. Third, the association between Sig-1R and
Insig can be altered by Sig-1R ligands as shown by the proto-
typic Sig-1R ligand (�)-pentazocine. The Sig-1R binds a variety
of hydrophobic/amphipathic drugs (e.g. antidepressants) as
well as certain endogenous compounds, such as progesterone,
sphingolipids (e.g. D-erythro-sphingosine, and monoglyco-
sylceramides), and N,N-dimethyltryptamine (20–22, 51).
Although more studies are needed to confirm whether these
synthetic and endogenous compounds similar to (�)-penta-
zocine also contribute to tightening the association between
Sig-1R and Insig, the unique drug/lipid-binding profile of the
Sig-1R may explain why Sig-1Rs still maintain a certain
degree of the association with Insig under sterol-depriving
conditions.
Our results indicate that the Insig1�Sig-1R complex is devoid

of SCAP. The increased association of Sig-1R with Insig1 leads
to the decrease of SCAP associating with Insig1 (Fig. 7A). This
may suggest that the association of Sig-1Rs with Insig keeps
Insig away from SCAP, thus influencing the equilibrium in the

Insig�SCAP association. Because the dissociation of Insig from
SCAP is a critical step for the departure of the SCAP�SREBP
complex from ER to Golgi for SREBP activation (44), Sig-1R-
mediated sequestration of Insig from SCAP may potentially
result in activation of SREBP. Particularly under ER stress,
where Sig-1Rs are highly up-regulated (30), the inhibitory
action of Sig-1Rs on the Insig�SCAP association might become
relevant. Indeed, we have found that knockdown of Sig-1Rs
decreases the active form of SREBP1 (i.e. the form cleaved at
Golgi), whereas the overexpression increases activated SREBP1
in CHO cells.3 This mechanismmay also partly explain why ER
stress activates SREBPs (52).
In summary, we found that a novel ERAD complex involving

Sig-1R chaperones and Insig regulates the lifetime of CGalT
under physiological conditions. The identified ERAD compo-
nents may provide a mechanistic insight into understanding of
the cross-talk between sterol and sphingolipid metabolisms.
Last, we would like to mention that CGalT, based on its struc-
ture, belongs to the glucuronyltransferase family of ER enzymes
(7, 39). In collaboration with cytochrome p450 that comprises
the phase I drug metabolism pathway, glucuronyltransferases
comprise the phase II drug metabolism pathway that plays a
crucial role in biotransformation of drugs, sterols, and xenobi-
otics (39). At present, it is unknown why Sig-1R possesses the
unusual binding profile that allows the protein to bind numer-
ous types of drugs and sterols. It will be interesting to see
whether Sig-1Rs, which bind xeno-/endobiotics, regulate the
lifetime of drug metabolism enzymes that include the glucuro-
nyltransferase family at the ER.
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