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Background: The SREBP-SCAP pathway controls lipid homeostasis.
Results: SCAP Golgi-to-ER transport requires cleavage of SREBP precursor, reductions in SREBP cleavage at site-1 lead to SCAP
degradation in lysosomes, and SREBP control of SCAP expression is conserved in yeast.
Conclusion: Site-1 protease activity and SREBP binding regulate SCAP expression through degradation.

Sterol regulatory element-binding protein (SREBP) tran-
scription factors are central regulators of cellular lipogenesis.
Release of membrane-bound SREBP requires SREBP cleavage-
activating protein (SCAP) to escort SREBP from the endoplas-
mic reticulum (ER) to the Golgi for cleavage by site-1 and site-2
proteases. SCAP then recycles to the ER for additional rounds of
SREBP binding and transport. Mechanisms regulating ER-to-
Golgi transport of SCAP-SREBP are understood in molecular
detail, but little is known about SCAP recycling. Here, we have
demonstrated that SCAP Golgi-to-ER transport requires cleav-
age of SREBP at site-1. Reductions in SREBP cleavage lead to
SCAP degradation in lysosomes, providing additional negative
feedback control to the SREBP pathway. Current models sug-
gest that SREBP plays a passive role prior to cleavage. However,
we show that SREBP actively prevents premature recycling of
SCAP-SREBP until initiation of SREBP cleavage. SREBP regu-
lates SCAP in human cells and yeast, indicating that this is an
ancient regulatory mechanism.

Maintenance of cellular lipid homeostasis is essential for cell
survival and disruptions to homeostasis lead to diseases (1–3).
Sterol regulatory element-binding proteins (SREBPs)2 are
membrane-bound basic helix-loop-helix leucine zipper tran-
scription factors that serve as master regulators of lipid homeo-
stasis by regulating synthesis of cholesterol, fatty acids, and trig-
lycerides (4). Two genes, SREBF1 and SREBF2, code for three
mammalian SREBP isoforms (SREBP-1a, SREBP-1c, and
SREBP-2). SREBP cleavage-activating protein (SCAP) is a cen-
tral regulator of lipogenesis that controls the activity of all three

SREBP isoforms. SREBP activation is completely blocked in
cultured cells lacking SCAP (5) and in livers of Scap knock-out
mice (6). Consistent with this central role for SCAP in lipid
synthesis, inhibition of liver SCAP blocks hepatic steatosis in
genetic and dietary rodent models of obesity-induced diabetes
(7). Accumulating evidence suggests additional roles for
SREBPs in diabetes, immune responses, and cancer (8),
necessitating a complete understanding of SREBP pathway
regulation.

Current models provide a clear understanding of how SCAP
regulates SREBP activity in response to lipid supply (4). Newly
synthesized SREBP binds SCAP in the ER (Fig. 1A). Cholesterol
and oxysterols regulate ER exit of the SCAP-SREBP complex by
controlling binding of SCAP to the ER-resident Insig proteins.
In the presence of excess sterols, SCAP binds Insig, preventing
recognition of a cytosolic MELADL sequence by COPII coat
proteins and blocking SCAP-SREBP entry into ER transport
vesicles (Fig. 1A). In sterol-depleted cells, SCAP-SREBP exits
the ER and travels to the Golgi, where SREBP is proteolytically
activated. First, site-1 protease (S1P) cleaves SREBP in the lumi-
nal loop, producing an intermediate in which the N-terminal
transcription factor remains attached to the membrane and a
C-terminal fragment attached to SCAP. Site-2 protease (S2P)
then cleaves the intermediate, releasing the transcription factor
from the membrane. This ordered cleavage is obligatory inso-
much as full-length SREBP is not cleaved by S2P in the absence
of S1P (9). SCAP then recycles from the Golgi to the ER for
additional rounds of SREBP transport and cleavage.

Despite understanding the mechanisms controlling the ER-
to-Golgi transport of SCAP-SREBP in molecular detail, little is
known about regulation of SCAP Golgi-to-ER recycling. A sin-
gle study has demonstrated that SCAP cycles between the ER
and Golgi (10). In sterol-depleted cells, SCAP acquires Golgi
carbohydrate modifications, but localizes to the ER at steady
state, indicating that SCAP recycles from the Golgi to the ER.
Here, we present genetic and pharmacologic evidence demon-
strating that SREBP cleavage regulates SCAP Golgi-to-ER recy-
cling. In the absence of S1P cleavage, SCAP fails to recycle to the
ER and is degraded in lysosomes. Binding of uncleaved SREBP
actively blocks SCAP recycling, because SCAP cycles normally
when binding to SREBP is prevented. Indeed, SREBP regulation
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of SCAP recycling is a fundamental mechanism as it is con-
served in the fission yeast Schizosaccharomyces pombe where
SREBPs are proteolytically activated by a divergent mechanism
that does not involve S1P and S2P. This study outlines a new
negative feedback mechanism in lipogenesis, identifies the first
pathway for SCAP degradation, and defines a regulatory role
for SREBP prior to proteolytic activation.

EXPERIMENTAL PROCEDURES

Reagents—We obtained yeast extract, peptone, and agar
from BD Biosciences; S1P inhibitor PF-429242 from Shanghai
APIs Chemical Co.; proteasome inhibitor MG132 (C2211),
lysosome inhibitor ammonium chloride (A9434), mevalonolac-
tone (M4667, for sodium mevalonate preparation), puromycin
dihydrochloride (P8833), oleic acid-albumin (O3008), doxycy-
cline (D9891), crystal violet (C3886), soybean trypsin inhibitor
(T9003), glass beads (G8772, for yeast cell lysis), trypsin
(T8003), and lipoprotein-deficient serum (LPDS; S5394) from
Sigma-Aldrich (catalogue numbers in parentheses); cell culture
media DMEM (10-013), DMEM/F12 (10-092), and penicillin-
streptomycin (30-002) from Corning Cellgro; FuGENE 6 and
RNase-free DNase I (10104159001) from Roche Applied Sci-
ence; random primer mix (S1330), M-MuLV reverse transcrip-
tase (M0253L), murine RNase inhibitor (M0314L), oligo
d(T)23VN (S1327S), and endoglycosidase Hf (P0703) from New
England Biolabs; GoTaq real-time PCR mix (A6002) from Pro-
mega; SCAP trafficking inhibitor fatostatin (341329) and com-
pactin (mevastatin, 474705) from Millipore; and BioCoatTM

collagen-coated culture dish (VWR 62405-617) from BD
Biosciences.

S. pombe Strains and Culture—We obtained wild-type hap-
loid S. pombe KGY425 from ATCC. Strains scp1�, dsc1�,
dsc2�, dsc3�, and dsc4� have been described previously (11,
12). Strain dsc2� sre1� was generated in this study by standard
mating procedure. All strains were grown to log phase at 30 °C
in YES medium (5 g/liter yeast extract plus 30 g/liter glucose
and supplements consisting of 225 mg/liter each uracil, ade-
nine, leucine, histidine, and lysine). On day 0, wild-type and
mutant yeast cells were inoculated from saturated cultures into
10 ml of fresh YES medium and grown overnight at 30 °C. On
day 1, exponential phase cells were inoculated into 10 ml of fresh
YES medium under aerobic or anaerobic conditions for 2 h. For
hypoxic treatment, cells were grown in YES medium and collected
by centrifugation, and the oxygenated medium was removed by
aspiration. Cells were resuspended in deoxygenated YES medium
inside an Invivo2 400 Hypoxia Workstation (Biotrace, Inc.).
Anaerobic conditions were maintained in the work station using
10% hydrogen gas with balanced nitrogen in the presence of palla-
dium catalyst. Deoxygenated medium was prepared by preincuba-
tion for �24 h in the work station. After resuspension, the cultures
were agitated at 30 °C for the indicated times, and 5 � 107 cells of
exponential phase culture were harvested for microsome extrac-
tion or RNA preparation.

Antibodies—We obtained the following antibodies: rabbit
polyclonal anti-calnexin (208880), HRP-conjugated mouse
monoclonal anti-T7 tag (69048), and mouse monoclonal anti-
HSV Tag (69171) from EMD Millipore Chemicals; rabbit poly-
clonal anti-LC3 (PM036) from MBL International Corp.; and

HRP-conjugated donkey anti-mouse and anti-rabbit IgG from
Jackson ImmunoResearch Laboratories. Antisera to S. pombe
Sre1 (11), Scp1 (13), Dsc1, Dsc2, Dsc3, and Dsc4 (12), Dsc5 (14),
hamster S1P (U1683 (15)), hamster SCAP (R139 or 9D5) (16),
hamster SREBP1 (2A4) (17), and hamster SREBP2 (7D4) (18)
have been described previously.

Construction of Inducible SCAP and SREBP2 Expression
Vectors—The expression vector pTetOn_CMV_2C1-SCAP
C-terminal domain (CTD) encodes amino acids 1–29 of cyto-
chrome P450 –2C1 followed by amino acids 731–1276 of ham-
ster SCAP and three tandem copies of the T7 epitope tag
(MASMTGGQQMG). The expression vectors pTetOn_
CMV_HSV-SREBP2 (WT and R519A) encode two copies of the
HSV epitope tag (QPELAPEDPEDC) followed by amino acids
14–1141 of human SREBP2. To generate these plasmids, we first
removed the TurboRFP-shRNA cassette from the shRNA plasmid
pTRIPz (Open Biosystems) by AgeI/MluI digestion and then
ligated into a 250-bp fragment flanked by AgeI and MluI sites con-
taining multiple cloning sites (AgeI/HpaI/ClaI/XhoI/PacI/AscI)
and bovine growth hormone poly(A) signal from pcDNA3.1-
Myc-His A (Invitrogen) to generate the intermediate doxycycline-
inducible protein expression vector pTetOn_CMV. Fragments
flanked by AgeI and XhoI sites encoding 2�HSV-human SREBP
(WT/R519A) were amplified from vectors pTK-HSV-BP2 (WT/
R519A) (19), digested, and inserted into the same sites of pTetOn_
CMV vector to generate pTetOn_CMV_HSV-SREBP2 (WT/
R519A). Fragments flanked by AgeI and XhoI sites encoding 2C1-
SCAP CTD were amplified from vectors P450 TM/SCAP-(731–
1276) (20) and pCMV-SCAP-(732–1276)-T7 (16) respectively,
digested, and inserted into the same sites of pTetOn_CMV vector
to generate pTetOn CMV-2C1-SCAP CTD.

Mammalian Cell Culture—Cells were maintained in mono-
layer culture at 37 °C in 5% CO2. CHO-7 is a Chinese hamster
ovary (CHO) line derived from CHO-K1 selected for growth in
lipoprotein-deficient serum (21). CHO/pS2P cells (22) are a
clone of CHO-7 cells stably expressing human S2P. CHO-7 and
CHO/pS2P cells were maintained in medium A (DMEM/F-12
(1:1) containing 100 units/ml penicillin and 100 �g/ml strepto-
mycin sulfate) supplemented with 5% (v/v) fetal calf serum.
S1P-deficient SRD-12B cells and SCAP-deficient SRD-13A
cells were selected from �-irradiated CHO/pS2P cells (5, 22). In
experiments using SRD-12B or SRD-13A cells, the parental
line, CHO/pS2P, was used as a control. M19 cells are CHO-K1-
derived mutant cells lacking the gene encoding the S2P (23, 24).
SRD12B, SRD-13A, and M19 cells were maintained in medium
B (medium A, 5% (v/v) FCS, 5 �g/ml cholesterol, 1 mM sodium
mevalonate, 20 mM sodium oleate). WSC17 and WSC18 cells
are CHO-7 cells stably transfected with pTetOn_CMV_HSV-
SREBP2 (WT and R519A mutant, respectively). 2C1-SCAP
CTD cells are CHO-7 cells stably transfected with pTetOn_
CMV_2C1-SCAP CTD. These stable lines were maintained in
medium A supplemented with 5% FCS and 9 �g/ml puromycin.
NIH3T3 is a mouse fibroblast cell line (25). COS-7 is a cell line
derived from monkey kidney tissue (26). HEK293 is a cell line
derived from human embryonic kidney (27). Pa03c is a human
pancreatic cancer cell line generously provided by Dr. Anirban
Maitra at Johns Hopkins University (28). NIH3T3, COS-7,
Pa03c, and HEK293 were maintained in medium D (DMEM
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containing 100 units/ml penicillin and 100 �g/ml streptomycin
sulfate) supplemented with 10% fetal calf serum. Atg7�/�

mouse embryonic fibroblasts (MEFs) and corresponding con-
trol wild-type MEFs were kindly provided by Dr. Masaaki Kom-
atsu at Tokyo Metropolitan Institute of Medical Science, Japan
(29). We obtained primary MEFs from Millipore, and primary
mouse hepatocytes were isolated from C57BL/6J mice as
described (30). Animal care and procedures were approved by
the Animal Care and Use Committee of Johns Hopkins Univer-
sity. For sterol depletion treatment, CHO-derived cells were
cultured in medium C (medium A, 5% (v/v) LPDS, 50 �M

sodium compactin, 50 �M sodium mevalonate), and all other
cells were cultured in medium E (medium D, 10% (v/v) LPDS,
50 �M sodium compactin, 50 �M sodium mevalonate). Chemi-
cal inhibitors were dissolved in the following solvents, and con-
trol cells were treated with an equal concentration of vehicle:
PF-429242 in DMSO, fatostatin in DMSO, and MG132 in
DMSO.

RNA Preparation and RT-qPCR Analysis—Total RNA was
isolated from yeast and mammalian cells using RNA STAT-60.
For RT-qPCR analysis of transcript abundance, total RNA (2
�g/sample) was treated with RNase-free DNase I in a total vol-
ume of 10 �l at 20 –25 °C for 15 min. Reactions were stopped by
the addition of 1 �l of 25 mM EDTA. After heating at 65 °C for
10 min, each sample received 4 �l of dNTPs (2.5 mM), 2 �l of
10� RT buffer, 2 �l of primers (oligo d(T)23VN for S. pombe
samples and random primer mix for CHO samples), 1 �l of
RNase inhibitor, and 1 �l of M-MuLV reverse transcriptase.
Reverse transcription was carried out at 25 °C for 5 min fol-
lowed by 42 °C for 60 min and then 80 °C for 10 min. cDNAs of
the tested genes were quantified by real-time PCR using SYBR
Green qPCR master mix. �-Actin (for CHO cells samples) or
tub1� (for S. pombe samples) served as the internal control to
calculate the relative expression across different samples.
Expression was normalized to sterol-depleted CHO-7 cells or
wild-type S. pombe cells cultured in the presence of oxygen.
Error bars represent standard deviation of fold changes from
three biological replicates (mean � S.D.).

Immunoblotting—Protein concentration in nuclear extracts
and membrane fractions was measured using the BCA kit
(Pierce), and the samples were mixed with 5� SDS loading
buffer (150 mM Tris-HCl, pH 6.8, 15% SDS, 25% glycerol, 0.2%
bromphenol blue, and 12.5% �-mercaptoethanol). After heat-
ing at 37 °C for 30 min (membrane fraction) or boiling at 100 °C
for 5 min (nuclear extracts), proteins were subjected to SDS-
PAGE and transferred to nitrocellulose membranes (Amer-
sham Biosciences). The filters were incubated with the antibod-
ies described in the legends for Figs. 1– 6. Bound antibodies
were visualized with peroxidase-conjugated affinity-purified
donkey anti-mouse or anti-rabbit IgG using the ECL substrate
system (Pierce) according to the manufacturer’s instructions.
Filters were exposed to film at room temperature for 2–120 s.
Gels were calibrated with prestained molecular mass markers
(Bio-Rad). Working concentrations of primary antibodies were:
5 �g/ml rabbit polyclonal R139 IgG (against SCAP), 10 �g/ml
mouse monoclonal 9D5 (against hamster SCAP for SCAP ER-
exit assay), 1:250 diluted rabbit anti-serum U1683 (against
S1P), 0.5 �g/ml rabbit polyclonal 208880 (against calnexin), 5

�g/ml mouse monoclonal 2A4 (against SREBP1), 5 �g/ml
mouse monoclonal 7D4 (against SREBP2), 1:5000 diluted HRP-
conjugated mouse monoclonal 69048 (against T7 tag), 1 �g/ml
mouse monoclonal 69171 (against HSV tag), 1:500 diluted
mouse monoclonals 8G4C11, 1G1D6, and 7B4A3 (against
Scp1), 1:5,000 diluted rabbit polyclonal anti-Dsc5 anti-sera, and
1:1000 diluted rabbit polyclonal PM036 (against LC-3).

Mammalian Cell Growth Assay—The growth assay used for
CHO-7 and other stable cell lines has been described previously
(31). Briefly, cells were seeded on day 0 at a density of 3 � 104

cells/well (6-well plate) in medium A supplemented with 5%
(v/v) fetal calf serum. On day 1, cells were refed as indicated in
the figure legends for Figs. 3 and 4. Cells were refed every 2 days.
On day 14, cells were washed with PBS once, fixed in cold meth-
anol at �20 °C for 10 min, and stained with 0.05% crystal violet
at room temperature for 10 min. Plate images were scanned in
transmitted light mode at a resolution of 300 dpi.

Cell Fractionation—Harvested yeast (2.5 � 109) were resus-
pended in 50 �l of B88 buffer (20 mM HEPES-KOH, pH 7.2, 150
mM KOAc, 5 mM MgOAc, and 250 mM sorbitol) with a mixture
of protease inhibitors (10 �g/ml pepstatin A, 20 �g/ml leupep-
tin, and 1 mM PMSF); glass beads were added, and the mixture
was lysed for 10 min at 4 °C using Disruptor Genie. Then, 0.5 ml
of B88 buffer with a mixture of protease inhibitors (5 �g/ml
pepstatin A, 10 �g/ml leupeptin, and 0.5 mM PMSF) was added
to the cell lysates, and all liquid was transferred to a new Eppen-
dorf tube and then centrifuged at 500 � g at 4 °C for 5 min. The
recovered supernatant was then centrifuged at 20,000 � g for 10
min at 4 °C, and the pellet was dissolved in 50 �l of SDS lysis
buffer (10 mM Tris-HCl, pH 6.8, 100 mM NaCl, 1% (v/v) SDS, 1
mM sodium EDTA, and 1 mM sodium EGTA) and designated as
the membrane fraction.

Mammalian cell fractionation has been described previously
(32). Briefly, harvested mammalian cells were allowed to swell
in 0.5 ml of hypotonic buffer A (10 mM HEPES-KOH, pH 7.6, 10
mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium
EGTA, 250 mM sucrose, and a mixture of protease inhibitors (5
�g/ml pepstatin A, 10 �g/ml leupeptin, 0.5 mM PMSF, 1 mM

DTT, and 25 �g/ml ALLN)) for 30 min on ice, passed 30 times
through a 22G1/2-gauge needle, and centrifuged at 890 � g at
4 °C for 5 min to collect the nuclei. The nuclei pellet was resus-
pended in 0.1 ml of buffer C (20 mM HEPES-KOH, pH 7.6, 0.42
M NaCl, 2.5% (v/v) glycerol, 1.5 mM MgCl2, 1 mM sodium
EDTA, 1 mM sodium EGTA, and a mixture of protease inhibi-
tors (5 �g/ml pepstatin A, 10 �g/ml leupeptin, 0.5 mM PMSF, 1
mM DTT, and 25 �g/ml ALLN)). The suspension was rotated at
4 °C for 60 min and centrifuged at 20,000 � g in a microcentri-
fuge for 20 min at 4 °C. The supernatant was designated as
nuclear extract. The supernatant from the original 890 � g spin
was centrifuged at 20,000 � g for 20 min at 4 °C to collect mem-
branes. For subsequent treatment with trypsin/endoglycosi-
dase Hf, this membrane pellet was resuspended in 0.1 ml of
buffer A containing 100 mM NaCl. For subsequent immunoblot
analysis, the pellet was dissolved in 0.1 ml of SDS lysis buffer
and designated the membrane fraction.

SCAP Golgi Transport Assay—ER-to-Golgi transport of
SCAP was monitored by the presence of Golgi-specific oligo-
saccharide modifications on SCAP (10). Briefly, cell mem-
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branes (50 �g) were incubated in the presence of 0.5 �g of
trypsin in a total volume of 29 �l of buffer A containing 100 mM

NaCl for 30 min at 30 °C. Reactions were stopped by the addi-
tion of 1 �l of soybean trypsin inhibitor (200 units). Then indi-
vidual samples received 5 �l of 3.5% (w/v) SDS, 7% (v/v) �-mer-
captoethanol. After heating at 100 °C for 10 min, each sample
received sequential additions of 4.5 �l of 0.5 M sodium citrate, pH
5.5, and 2.5 �l of 17� protease inhibitors (with 1� corresponding
to 10 �g/ml leupeptin, 5 �g/ml pepstatin A, and 2 �g/ml apro-
tinin) followed by 1 �l of endoglycosidase Hf. The reaction was
carried out at 37 °C for 16 h and then stopped by the addition of 10
�l of 5� SDS loading buffer. The mixtures were heated at 100 °C
for 5 min and subjected to 12% SDS-PAGE.

RESULTS

Sterols Regulate SCAP in S1P-deficient CHO Cells—SCAP
plays a central role in the regulation of SREBP activation, but
little is known about the regulation of SCAP expression, either

mRNA or protein. Rawson et al. (5) observed loss of SCAP
when S1P-deficient CHO cells (SRD-12B) were sterol-depleted.
To investigate the mechanism for SCAP loss, we conducted a
similar experiment. Membranes from the parental cell line CHO/
pS2P contained SCAP that was unaffected by the absence or pres-
ence of sterols (Fig. 1B, lanes 1and 2). S1P-deficient SRD-12B cells
had similar amounts of SCAP when incubated in the presence of
sterols, but SCAP was reduced when cells were depleted of sterols
(Fig. 1B, lanes 3 and 4). SCAP-deficient SRD-13A cells served as a
specificity control for SCAP antibody (5). As expected, SREBP2
proteolytic activation was induced in sterol-depleted CHO/pS2P
cells leading to the accumulation of nuclear SREBP2-N, and S1P-
deficient cells failed to activate SREBP2 (Fig. 1B, lanes 3 and 4).
Thus, consistent with the previous report (5), sterols regulated
SCAP expression in S1P-deficient CHO cells.

Sterols Regulate SCAP Post-transcriptionally in Cells Lacking
S1P Activity—SRD-12B cells were generated by �-irradiation
and may contain multiple mutations (22). To test indepen-
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FIGURE 1. Sterols regulate SCAP post-transcriptionally in cells lacking S1P. A, diagram of SREBP-SCAP complex showing sites of S1P and S2P cleavage in
SREBP and the MELADL ER exit sequence in SCAP. B, wild-type CHO cells (CHO/pS2P), S1P-deficient CHO cells (SRD-12B), and SCAP-deficient cells (SRD-13A)
were set up on day 0 at 1.5 � 106 cells/100-mm dish in medium A supplemented with 5% (v/v) FCS (for CHO/pS2P) or medium B (for SRD-12B and SRD-13A).
On day 1, cells were refed medium C in the absence or presence of sterols (1 �g/ml 25-HC, 10 �g/ml cholesterol). After 16 h, ALLN was added to a final
concentration of 25 �g/ml, and cells were harvested 1 h later. C, CHO-7 cells were set up on day 0 at 1.5 � 106 cells/100-mm dish in medium A supplemented
with 5% (v/v) FCS. On day 1, the cells were refed medium C with the addition of sterols (1 �g/ml 25-HC, 10 �g/ml cholesterol) and S1P inhibitor PF-429242 (50
�M) as indicated. After 16 h, ALLN was added to a final concentration of 25 �g/ml, and cells were harvested 1 h later. For B and C, aliquots of membrane (25 �g
protein/lane for SCAP, S1P, calnexin, and SREBP1/2-P) and nuclear extract (40 �g protein/lane for SREBP1/2-N) fractions were immunoblotted as indicated. D,
CHO-7 cells were set up on day 0 at 2 � 105 cells/well (6-well plate) in medium A supplemented with 5% (v/v) FCS. Cells were treated as in described in C. After
16 h, cells were harvested and subjected to RNA preparation and RT-qPCR analysis as described under “Experimental Procedures.” Error bars represent the
standard deviation of fold changes from three biological replicates (mean � S.D.). FASN and LDLR are targets of SREBP1 and SREBP2, respectively. ABCA1 is the
target of nuclear receptor LXR.

SREBP Cleavage Regulates SCAP Recycling

7550 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 11 • MARCH 14, 2014



dently whether the sterol-dependent loss of SCAP resulted
from lack of S1P activity, we treated wild-type CHO cells with
the S1P chemical inhibitor PF-429242 (33). In the absence of
PF-429242, sterol depletion induced cleavage of both SREBP1
and SREBP2 in CHO-7 cells (Fig. 1C, lanes 1 and 2). The addi-
tion of PF-429242 blocked SREBP activation, demonstrating
that PF-429242 inhibits S1P activity (Fig. 1C, lanes 3 and 4). In
vehicle-treated cells, sterols had no effect on SCAP, but
PF-429242 treatment led to a dramatic loss of SCAP in sterol-
depleted cells (Fig. 1C, lanes 1–3). The addition of sterols pre-
vented SCAP loss in PF-429242-treated cells (Fig. 1C, lane 4),
suggesting that SCAP loss required ER exit. Interestingly,
PF-429242 treatment increased the levels of both S1P proen-
zyme and the faster migrating active S1P (S1P blot, Fig. 1C),
demonstrating the existence of an uncharacterized S1P feed-
back mechanism (15). Together, these genetic and pharmaco-
logic data demonstrate that sterols regulate SCAP in cells lack-
ing S1P activity.

To test whether sterols regulate SCAP through changes in
transcription, we quantified SCAP mRNA in CHO-7 cells
under identical conditions. Consistent with the Western results
for SREBP activation in Fig. 1C, expression of FASN (fatty acid
synthase, a SREBP1 target gene) and LDLR (LDL receptor, a
SREBP2 target gene) was induced upon sterol depletion and
was blocked by sterol addition or treatment with PF-429242
(Fig. 1D). Expression of ABCA1, a target of the LXR nuclear
receptor, was stimulated by sterol treatment as expected. SCAP
mRNA expression was unaffected by treatment with either ste-
rols or the S1P inhibitor PF-429242 (Fig. 1D), indicating that
sterols regulate SCAP expression post-transcriptionally.

SCAP Is Degraded in the Lysosome in the Absence of S1P
Activity—Sterol depletion stimulates ER-to-Golgi transport of
SCAP (34). To test whether sterol-dependent loss of SCAP
required its ER exit, we treated cells with fatostatin, a chemical
inhibitor that blocks ER exit of SCAP (35). In sterol-depleted
CHO-7 cells, inhibition of S1P with PF-429242 resulted in
SCAP loss (Fig. 2A, lanes 1 and 2). Treatment with fatostatin
blocked SCAP loss, demonstrating that SCAP loss requires exit
from the ER (Fig. 2A, lane 3). S1P accumulated upon PF-429242
treatment (Fig. 2A, lanes 2 and 3), and fatostatin did not block
S1P accumulation, indicating that fatostatin did not interfere
with S1P inhibition by PF-429242. Fatostatin also prevented
SCAP loss in sterol-depleted SRD-12B cells (data not shown).
These data demonstrate that sterols regulate SCAP degrada-
tion in cells lacking S1P and that SCAP degradation requires
ER-to-Golgi transport.

Cellular protein degradation occurs primarily in the lyso-
some or through the ubiquitin-proteasome pathway (36). We
next tested whether chemical inhibition of these degradative
pathways prevented SCAP loss (Fig. 2B). Ammonium chloride
(NH4Cl) inhibits lysosomal hydrolases by preventing acidifica-
tion of the endosomal/lysosomal compartments (37), and
MG132 blocks the proteasome (38). Treatment of CHO-7 cells
with ammonium chloride, but not MG132, completely pre-
vented sterol-regulated SCAP degradation (Fig. 2B). Peptide
aldehydes, such as MG132, can also inhibit lysosomal proteases
and calpains (39), suggesting that the mild inhibitory effect of
MG132 was due to non-proteasomal effects of this inhibitor. A

second lysosomal inhibitor, monensin, also prevented SCAP
degradation in CHO-7 cells (data not shown) (37). Finally,
ammonium chloride, but not MG132, blocked SCAP degrada-
tion in sterol-depleted, S1P-deficient SRD-12B cells (data not
shown). Collectively, these data demonstrate that in the
absence of S1P activity, SCAP is degraded in the lysosome fol-
lowing ER-to-Golgi transport.

SCAP lysosomal degradation could occur either because of
inappropriate trafficking of SCAP to the lysosome or through
basal autophagy. To test whether SCAP degradation requires
autophagy, we examined SCAP degradation in Atg7�/� MEFs,
which are defective for Atg12 conjugation and the LC3 lipida-
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FIGURE 2. Loss of SCAP requires ER exit and is blocked by ammonium
chloride. A, CHO-7 cells were set up on day 0 at 1.5 � 106 cells/100-mm dish
in medium A supplemented with 5% (v/v) FCS. On day 1, cells were refed
medium C containing PF-429242 (50 �M) and fatostatin (10 �M) as indicated.
B, CHO-7 cells were set up on day 0 at 1.5 � 106 cells/100-mm dish in medium
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indicated. C, MEFs (wild-type control and Atg7�/�) were set up for experi-
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tion required for autophagosome formation (29, 40). Similar to
CHO-7 cells (Fig. 1C), in sterol-depleted wild-type MEFs,
SCAP was degraded upon inhibition of S1P by PF-429242 treat-
ment (Fig. 2C, lanes 1 and 2). In Atg7�/� MEFs, SCAP was also
degraded upon PF-429242 treatment (Fig. 2C, lanes 3 and 4),
indicating that S1P-dependent SCAP degradation does not
require autophagy. Production of lipidated LC3-II was blocked
in Atg7�/� MEFs as expected (Fig. 2C, lanes 1– 4) (40). Based on
our results up to this point, we concluded that in the absence of
S1P activity, SCAP fails to recycle from the Golgi to the ER and
trafficks to the lysosome where it is degraded. SCAP lysosomal
degradation therefore provides an assay for Golgi-to-ER
recycling.

SREBP Binding Prevents SCAP Golgi-to-ER Recycling in the
Absence of S1P—S1P has multiple substrates in addition to
SREBPs, including viral proteins and CREB family transcription
factors such as ATF6 and OASIS (41). To investigate whether
the effects of S1P inhibition on SCAP recycling are direct, we
tested whether SCAP degradation requires binding to SREBP.
Cells lacking all three SREBP isoforms were not available. As an
alternative, we generated 2C1-SCAP CTD CHO cells in which
binding of SCAP to SREBPs is blocked by the doxycycline-reg-
ulated overexpression of the SCAP CTD (amino acids 731–
1276) that mediates SREBP binding (16). Overexpression of
SCAP CTD anchored to the ER membrane by the transmem-
brane segment from cytochrome P450 –2C1 blocks SREBP
cleavage by competing for SREBP binding to full-length SCAP
(42). The SCAP ER exit signal (MELADL) is absent from the
SCAP CTD (Fig. 1A), and thus SREBP bound to SCAP CTD will
be retained in the ER resulting in cholesterol and fatty acid
auxotrophy. Conversely, full-length SCAP not bound to SREBP
will traffick to the Golgi. Consistent with this design, 2C1-
SCAP CTD cells failed to grow in the absence of exogenous
lipids when 2C1-SCAP CTD expression was induced by doxy-
cycline (Fig. 3B). The addition of the SREBP-dependent path-
way products cholesterol, mevalonate, and oleate rescued
growth, indicating that SCAP CTD blocked cell growth by
inhibiting the SREBP pathway.

To test whether the effects of S1P inhibition on SCAP recy-
cling are due to its role in SREBP cleavage, we examined SCAP
degradation in 2C1-SCAP CTD cells. In this experiment, all
cells were treated with PF-429242. In parental CHO-7 cells,
sterol depletion led to SCAP degradation, and doxycycline had
no effect on sterol-regulated SCAP degradation (Fig. 3C, lanes
1– 4). In 2C1-SCAP CTD cells, sterol depletion caused SCAP
degradation in the absence of doxycycline (Fig. 3C, lanes 5 and
6). In the presence of doxycycline, overexpression of 2C1-SCAP
CTD prevented SCAP degradation in sterol-depleted cells (Fig.
3C, lanes 7 and 8). We confirmed that full-length SCAP traf-
ficked to the Golgi normally in 2C1-SCAP CTD cells using an
established assay (10). Under sterol-depleted conditions, SCAP
in both cell lines acquired endoglycosidase H-resistant oligo-
saccharides due to the action of Golgi mannosidase II (Fig. 3D,
lanes 5– 8). Thus, binding of SREBP to SCAP in the absence of
S1P activity prevents SCAP recycling, resulting in its degrada-
tion. These data demonstrate that SREBP controls SCAP recy-
cling and that the effects of S1P inhibition are mediated by its
role in SREBP cleavage.

SCAP Recycling Requires SREBP Cleavage at Site-1—Our
results indicate that inhibition of SREBP cleavage prevents
SCAP Golgi-to-ER recycling and leads to SCAP degradation in
the lysosome. Next, we investigated the mechanism by which
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FIGURE 3. SCAP degradation requires binding to SREBP. A, diagram shows
structure of 2C1-SCAP CTD fusion protein in which the N-terminal 1–29 amino
acids of cytochrome P450 –2C1 are fused to the C-terminal domain of ham-
ster SCAP (amino acids 731–1276) with three repeats of T7 epitope. B, CHO-7
and 2C1-SCAP CTD cells were seeded on day 0 at a density of 3 � 104 cells/
well (6-well plate) in medium A supplemented with 5% (v/v) FCS. On day 1,
cells were refed with medium A supplemented with 5% (v/v) LPDS in the
absence or presence of doxycycline (Dox) (1 �g/ml) or medium B plus doxy-
cycline (1 �g/ml). Cells were refed every 2 days. On day 14, cells were fixed in
cold methanol and stained with 0.05% crystal violet. C, CHO-7 and 2C1-SCAP
CTD cells were set up on day 0 at 1.5 � 106 cells/100-mm dish in medium A
supplemented with 5% (v/v) FCS. On day 1, cells were refed medium C in the
absence or presence of sterols (1 �g/ml 25-HC, 10 �g/ml cholesterol),
PF-429242 (50 �M), or doxycycline (1 �g/ml) as indicated. After 16 h, cells
were fractionated, and membrane fractions (25 �g protein/lane) were sub-
jected to immunoblot analysis with the indicated antibodies and anti-T7 to
detect 2C1-SCAP CTD. D, CHO-7 and 2C1-SCAP CTD cells were set up on day 0
at 1.5 � 106 cells/100-mm dish in medium A supplemented with 5% FCS plus
25-hydroxycholesterol (1 �g/ml). On day 1, cells were refed medium C in the
absence or presence of sterols (1 �g/ml 25-HC, 10 �g/ml cholesterol),
PF-429242 (50 �M), or doxycycline (1 �g/ml) as indicated. After 16 h, cells
were harvested (4 dishes/condition) and subjected to cell fractionation. Ali-
quots of membrane fractions (50 �g) were analyzed using the SCAP endogly-
cosidase H (EndoH) assay described under “Experimental Procedures” and
then subjected to immunoblot analysis with 10 �g/ml anti-SCAP mouse
monoclonal 9D5. Filters were exposed to film at room temperature for 60 s.
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SREBP controls SCAP recycling. The failure of SCAP to recycle
in the absence of S1P could result from either (1) the absence of
active SREBP transcription factors and downstream gene
expression or (2) a failure to cleave the SREBP precursor at
site-1. To test whether a lack of active SREBP transcription
factors prevents SCAP recycling, we examined SCAP regula-
tion in M19 CHO cells that lack site-2 protease (23, 24). In M19
cells, S1P cleaves the SREBP precursor to produce a membrane-
tethered N-terminal SREBP intermediate, but no active SREBP
transcription factor is made. Unlike S1P-deficient SRD-12B
cells (Fig. 1B), sterol depletion of M19 cells had no effect on
SCAP expression (Fig. 4A, lanes 1 and 2). However, inhibition
of S1P with PF-429242 in M19 cells led to sterol-regulated
SCAP degradation as in wild-type CHO cells (Fig. 4A, lanes 3
and 4). Thus, the effects of S1P inhibition on SCAP recycling
are not due to the absence of active SREBP transcription fac-
tors. Rather, SCAP failed to recycle when SREBPs were not
cleaved by S1P.

To test directly whether SCAP recycling requires SREBP
cleavage at site-1, we asked whether binding of non-cleavable
SREBP targets SCAP for degradation in cells with active S1P.
Mutation of SREBP2 in the protease recognition sequence

(R519A) blocks cleavage by S1P (19, 43). We generated induc-
ible CHO-7 lines overexpressing either wild-type HSV-tagged
SREBP2 or S1P-resistant SREBP2 (R519A). Overexpressed
HSV-SREBP2 will compete with endogenous SREBPs for SCAP
binding, causing the majority of SCAP to bind to HSV-tagged
SREBP2. Thus, we expected that overexpression of HSV-
SREBP2 (R519A), but not wild-type HSV-SREBP2, would
inhibit SREBP activation. Wild-type CHO cells and cells over-
expressing HSV-SREBP2 grew normally in the absence of exog-
enous lipids, and doxycycline had no effect on cell growth (Fig.
4B, wells 1 and 2). As expected, overexpression of HSV-SREBP2
(R519A) inhibited growth in lipoprotein-deficient medium,
and the addition of excess cholesterol, mevalonate, and oleate
rescued growth (Fig. 4B, well 3). Thus, overexpression of HSV-
SREBP2 (R519A) competes with endogenous SREBPs for SCAP
binding and prevents SREBP activation.

Having established conditions in which SCAP binds either
HSV-SREBP2 or non-cleavable SREBP2 (R519A), we next
tested the effect on SCAP recycling. In parental CHO-7 cells
and cells overexpressing HSV-SREBP2, sterol depletion and
doxycycline treatment had no effect on SCAP expression (Fig.
4C, lanes 1– 8). Importantly, overexpression of non-cleavable
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HSV-SREBP2 (R519A) led to sterol-regulated degradation of
SCAP (Fig. 4C, lanes 11 and 12). SCAP degradation in sterol-
depleted cells required HSV-SREBP2 (R519A) expression,
because SCAP was stable in the absence of doxycycline treat-
ment. Thus, uncleaved SREBP is sufficient to prevent SCAP
Golgi-to-ER recycling, leading to its degradation in the lyso-
some. These data also demonstrate that the effects observed in
cells lacking S1P activity result from the failure to cleave
SREBPs at site-1 and not through the action of another S1P
substrate.

Mammalian SREBP Regulates SCAP Recycling through a
Common Mechanism—We next tested whether regulation of
SCAP recycling by SREBP is limited to CHO cells or a general
mechanism. We analyzed a range of established tissue culture
cell lines, including mouse embryonic fibroblasts (NIH3T3),
African green monkey kidney fibroblasts (COS-7), human pan-
creatic cancer cells (Pa03c), and human embryonic kidney cells
(HEK293). Like CHO-7 cells (Fig. 1C), SCAP was degraded in
each cell line upon inhibition of S1P by PF-429242 treatment
(Fig. 5, lanes 1– 8). We observed a similar regulation of SCAP
degradation in primary mouse embryonic fibroblasts and pri-
mary mouse hepatocytes (Fig. 5, lanes 9 –12). These data indi-
cate that regulation of SCAP recycling by SREBP cleavage is a
common mechanism conserved across mammals.

Yeast SREBP Regulates SCAP Recycling—Sterol regulation of
the SREBP pathway is conserved in fission yeast S. pombe,
where low oxygen activates SREBP to promote hypoxic adap-
tation (45). Scp1 and Sre1 are the yeast orthologs of mammalian
SCAP and SREBP, respectively (11). Scp1 forms a complex with
Sre1 and transports Sre1 from the ER to the Golgi at a basal rate
in the presence of oxygen (46). Low oxygen inhibits sterol syn-
thesis, increasing Sre1 cleavage and activating hypoxic gene
expression. However, unlike in mammals, Sre1 cleavage does
not require S1P and S2P, which are absent from fission yeast
(47). Rather, Sre1 proteolytic cleavage occurs through a distinct
mechanism that requires the Golgi Dsc E3 ubiquitin ligase
complex and uncharacterized protease(s) (12). To test whether
SREBP regulation of SCAP recycling is conserved in fission
yeast, we examined Scp1 expression in dsc mutants in which
Sre1 cleavage is blocked. Cells lacking each of the four core
subunits of the Dsc E3 ligase (Dsc1–Dsc4) showed a dramatic

reduction in Scp1 (Fig. 6A). Reduced Scp1 expression resulted
from Scp1 degradation in dsc mutants as scp1� mRNA was
unchanged (Fig. 6A, bottom panel). As in mammals, Scp1 deg-
radation was sterol-regulated insomuch as growth under low
oxygen further reduced Scp1 expression with no effect on
scp1� mRNA (Fig. 6B). Finally, SCAP degradation requires
binding to SREBP in mammals (Fig. 3C), and likewise dsc-de-
pendent Scp1 degradation required Sre1. Deletion of dsc2�

decreased Scp1 expression, and deletion of sre1� in dsc2� cells
prevented Scp1 degradation (Fig. 6C). scp1� mRNA was
unchanged in these strains, indicating that changes in Scp1
expression did not result from transcriptional regulation (Fig.
6C, bottom panel). Collectively, these results demonstrated
that despite distinct mechanisms for SREBP cleavage
between yeast and mammals, SREBP regulation of SCAP
recycling is conserved.

DISCUSSION

Mechanisms controlling ER-to-Golgi transport of the SCAP-
SREBP complex and subsequent cleavage of SREBP are under-
stood in detail (48). After transport to the Golgi, SCAP recycles
to the ER for additional rounds of SREBP binding and transport,
but nothing is known about how recycling is regulated (10). In
this study, we identified requirements for SCAP recycling and
revealed the first mechanism controlling SCAP expression.
Upon arrival in the Golgi, S1P initiates SREBP activation by
cleaving it in half at site-1 (Fig. 1A). The N-terminal SREBP
product is subsequently cleaved by S2P to release the active
N-terminal transcription factor from the membrane. We dem-
onstrated that SCAP Golgi-to-ER recycling requires SREBP
cleavage at site-1. If SREBP fails to be cleaved by S1P, SCAP
does not recycle and is ultimately degraded in the lysosome.
Importantly, this mechanism prevents premature return of the
SCAP-SREBP complex to the ER, ensuring that SREBP cleavage
initiates before SCAP recycles for another round of transport.
Conservation of this mechanism in cells from human, monkey,
mouse, and yeast underscores its significance for the fidelity of
the SREBP pathway.

Studies of SCAP ER-to-Golgi transport revealed that sterol-
dependent conformational changes in SCAP control entry into
COPII-coated ER transport vesicles (49, 50). In the absence of
sterols, COPII proteins bind the cytosolic MELADL sequence
and recruit SCAP-SREBP into forming vesicles for Golgi trans-
port (51). Examining the other half of the transport cycle, we
found that SCAP Golgi-to-ER transport requires SREBP cleav-
age at site-1 and that uncleaved SREBP actively blocks recycling
(Fig. 4). SCAP not bound to SREBP cycled normally between
the ER and Golgi (Fig. 3), indicating that SCAP contains an ER
retrieval signal. The best characterized ER retrieval signals are a
dilysine -KKXX sequence at the cytosolic C terminus of ER
membrane proteins and a luminal -KDEL sequence at the C
terminus of both soluble and membrane-bound ER-resident
proteins (52). Neither signal is present in SCAP, suggesting the
existence of a novel ER retrieval signal. Alternatively, SCAP
could bind to an unidentified adaptor protein that contains a
canonical retrieval signal. Current models depict SREBPs as
playing an inert or passive role prior to their proteolytic activa-
tion and downstream transcriptional activity. The discovery
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FIGURE 5. Mammalian SREBP regulates SCAP recycling through a com-
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16 h, cells were fractionated, and membrane fractions (25 �g protein/lane)
were subjected to immunoblot analysis using the indicated antibodies.
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that uncleaved SREBP precursor regulates SCAP recycling
assigns a function to SREBP prior to cleavage.

Understanding exactly how SREBP prevents SCAP recycling
will require additional studies. However, the SCAP membrane
domain forms tetramers, and the SREBP N-terminal basic
helix-loop-helix leucine zipper domains dimerize (53, 54), sug-
gesting that SCAP-SREBP exists as a large hetero-oligomer.
One possibility is that S1P cleavage disrupts SREBP dimers,
altering the oligomeric state of the SCAP-SREBP complex and
revealing an ER retrieval signal. SCAP likely returns to the ER in
COPI-coated vesicles that transport other recycled cargo (55).

The path that SCAP takes to the lysosome and the signals
involved in this transport step are less clear. Notably, lysosomal
transport does not require autophagy because SCAP is
degraded normally in Atg7�/� embryonic fibroblasts blocked
for autophagosome formation (Fig. 2C). Sorting of transmem-
brane proteins from the Golgi to the endosomes-lysosomes is
mediated by signals present within the cytosolic domains of
proteins (44). Well studied signals are the tyrosine-based sort-
ing motif YXX� and dileucine-based motifs (D/E)XXXL(L/I)
and DXXLL. Both dileucine motifs are present in the C-termi-
nal cytosolic domain of SCAP. In addition to peptide motifs,
membrane proteins can be ubiquitinated and sorted to the
endosomal-lysosomal system. Future studies will determine the
signals and sorting machinery required to direct SCAP from
the Golgi to the lysosome.

Synthesis of SCAP is not subject to feedback regulation at
transcription or translation (4). Consequently, whether SCAP
expression can be regulated has been unknown. Here, we show
that S1P activity regulates SCAP expression. In cells with lim-
iting S1P activity, SREBP is not cleaved at site-1, and SCAP is
degraded in the lysosome. This degradative pathway adds
new negative feedback regulation to the SREBP system.
Changes in S1P activity will control the balance between

SCAP recycling and degradation, thereby dictating the
amount of SCAP available for ER-to-Golgi transport and
activation of SREBP. In this way, the flow of SREBP substrate
to S1P can be tuned to S1P activity. S1P has multiple sub-
strates, including viral proteins and cAMP-responsive ele-
ment-binding protein (CREB) family transcription factors.
Substrate competition may limit S1P activity toward
SREBPs, providing a mechanism for cross-talk between the
SREBP pathway and other pathways.

Our finding that SREBP cleavage at site-1 regulates SCAP
Golgi-to-ER recycling identifies a new point of regulation in the
SREBP pathway. Molecular understanding of the signals and
proteins involved in this process will require the development
of a direct assay for Golgi-to-ER recycling as was the case for
ER-to-Golgi transport of SCAP. A detailed view of how SCAP
either recycles to the ER or trafficks to the lysosome for degra-
dation may reveal new opportunities for chemical control of the
pathway and therapeutic regulation of lipogenesis. Given that
Golgi-to-ER transport controls SCAP expression, future stud-
ies of this other half of the SCAP cycle may also uncover new
modes of biological control.
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FIGURE 6. Yeast SREBP regulates SCAP recycling. A, Western blot of membrane fractions from wild-type and the indicated mutant strains probed with
anti-Scp1 IgGs or anti-Dsc5 serum. Expression of scp1� was analyzed by RT-qPCR. B, Western blot of membrane fractions from wild-type and dsc2� mutant cells
grown for 2 h in the presence or absence of oxygen probed with anti-Scp1 IgGs. Expression of scp1� was analyzed by RT-qPCR. C, Western blot of membrane
fractions from wild-type, dsc2�, and dsc2�sre1� mutant strains probed with anti-Scp1 IgGs and anti-Dsc5 serum. Expression of scp1� was analyzed by RT-qPCR.
Error bars represented the standard deviation of fold changes from three biological replicates (mean � S.D.). ND, not detected.
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