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 Insig-1 and   Insig-2, closely related membrane proteins 
of the endoplasmic reticulum (ER), control cholesterol 
synthesis in mammalian cells through their regulated 
binding to the membrane proteins SREBP cleavage-acti-
vating protein (Scap) and HMG-CoA reductase ( 1 ). Scap 
mediates the activation of sterol-regulatory element bind-
ing proteins (SREBPs), membrane-bound transcription 
factors that enhance transcription of genes encoding cho-
lesterol biosynthetic enzymes ( 2 ). In sterol-deprived cells, 
Scap escorts SREBPs from the ER to Golgi, where active 
fragments of SREBPs become released from membranes 
by proteolysis ( 3, 4 ). Sterol accumulation causes Insigs to 
bind Scap, which traps the protein in the ER and prevents 
delivery of its associated SREBP to the Golgi for proteolytic 
release. In the absence of this release, expression of SREBP 
target genes falls and cholesterol synthesis declines. HMG-
CoA reductase catalyzes conversion of HMG-CoA to me-
valonate, a rate-determining step in synthesis of cholesterol 
and nonsterol isoprenoids ( 5 ). Excess sterols trigger bind-
ing of Insigs to reductase, resulting in recruitment of a 
membrane-bound ubiquitin ligase called gp78 that initi-
ates ubiquitination and subsequent proteasomal degrada-
tion of reductase from ER membranes ( 6, 7 ). This 
sterol-accelerated degradation markedly slows the rate at 
which mevalonate is produced. Insig-mediated regulation 
of Scap and reductase ensures that essential nonsterol iso-
prenoids derived from mevalonate are constantly supplied 
without risking overproduction of cholesterol. 

       Abstract   Sterol-induced binding of endoplasmic reticulum 
(ER) membrane proteins Insig-1 and Insig-2 to SREBP 
cleavage-activating protein (Scap) and HMG-CoA reductase 
triggers regulatory events that limit cholesterol synthesis in 
animal cells. Binding of Insigs to Scap prevents proteolytic 
activation of sterol-regulatory element binding proteins 
(SREBPs), membrane-bound transcription factors that en-
hance cholesterol synthesis, by trapping Scap-SREBP com-
plexes in the ER. Insig binding to reductase causes 
ubiquitination and subsequent proteasome-mediated degra-
dation of the enzyme from ER membranes, slowing a rate-
limiting step in cholesterol synthesis. Here, we report the 
characterization of mutant Chinese hamster ovary cells, 
designated SRD-20, that are resistant to 25-hydroxycholes-
terol, which potently inhibits SREBP activation and stimu-
lates degradation of reductase. SRD-20 cells were produced 
by mutagenesis of Insig-1-defi cient SRD-14 cells, followed 
by selection in 25-hydroxycholesterol. DNA sequencing re-
veals that SRD-20 cells harbor a point mutation in one In-
sig-2 allele that results in production of a truncated, 
nonfunctional protein, whereas the other allele contains a 
point mutation that results in substitution of glutamic acid 
for glycine-39. This glycine residue localizes to the fi rst 
membrane-spanning segment of Insig-2 and is also present 
in the corresponding region of Insig-1. Mutant forms of In-
sig-1 and Insig-2 containing the Glu-to-Gly substitution fail 
to confer sterol regulation upon overexpressed Scap and 
reductase.   These studies identify the intramembrane gly-
cine as a key residue for normal sterol regulation in animal 
cells. —Lee, P. C. W., and R. A. DeBose-Boyd.  Intramem-
brane glycine mediates multimerization of Insig-2, a require-
ment for sterol regulation in Chinese hamster ovary cells.  J. 
Lipid Res.  2010.  51:  192–201.  
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dation, which leads to the massive overproduction of cho-
lesterol and sterol synthesis intermediates ( 26 ). 

 In this study, we describe the characterization of SRD-20 
cells, which were produced by mutagenizing Insig-1-defi -
cient SRD-14 cells with ethylmethane sulfonate (EMS), fol-
lowed by selection in 25-HC. Consistent with the propensity 
of EMS to generate point mutations ( 27 ), the 25-HC resis-
tance of SRD-20 cells was traced to a point mutation in one 
Insig-2 allele that results in production of a truncated, 
nonfunctional protein. Another point mutation was found 
in the other Insig-2 allele that resulted in the substitution 
of glutamic acid for glycine-39, which localizes to the fi rst 
membrane segment of Insig-2 and is present in the corre-
sponding region of Insig-1 (G95). Overexpression of In-
sig-2 (G39E) or Insig-1 (G95E) failed to confer regulation 
upon overexpressed Scap and reductase, indentifying the 
intramembrane glycine as a key residue for sterol-medi-
ated regulation in animal cells. 

 MATERIALS AND METHODS 

 Materials 
 We obtained sterols (25-HC and cholesterol) from Steraloids 

(Newport, RI); MG-132, digitonin, and Nonidet P-40 from Cal-
biochem; EMS from Sigma; protein A/G-coupled agarose beads 
from Santa Cruz Biotechnology; 2-hydroxypropyl- � -cyclodextrin 
from Cyclodextrin Technologies Development; polyclonal anti-
Myc from Bethyl Laboratories; and donkey anti-mouse and anti-
rabbit IgGs from Jackson ImmunoResearch. Lipoprotein-defi cient 
serum (LPDS) ( d  > 1.215 g/ml) was prepared from newborn calf 
serum by ultracentrifugation. Other reagents were obtained from 
sources described previously ( 4 ). 

 Cell culture 
 All cell lines used in this study were grown in monolayer cul-

ture at 37°C in 8–9% CO 2 . CHO-7 cells are a subline of CHO-K1 
cells selected for growth in LPDS ( 28 ). SRD-13A (Scap defi cient), 
SRD-14 (Insig-1 defi cient), and SRD-15 (Insig-1 and Insig-2 defi -
cient) are mutant cells derived from CHO-7 cells ( 24, 25, 29 ). 
Stock cultures of CHO-7 cells were maintained in medium A (a 
1:1 mixture of Ham’s F-12 medium and DMEM containing 100 
units/ml penicillin and 100  � g/ml streptomycin sulfate) supple-
mented with 5% (v/v) LPDS. SRD-13A cells were maintained in 
medium A containing 5% fetal calf serum, 5 µg/ml cholesterol, 
1 mM sodium mevalonate, 20 µM sodium oleate, and 0.5 mg/ml 
G418 ( 29 ). SRD-14 and SRD-15 cells were grown in medium A 
supplemented with 5% LPDS and 10 µM SR-12813 or 2.5 µM 
25-HC, respectively ( 24, 25 ). 

 Mutagenesis and isolation of 25-HC-resistant SRD-20 cells 
 SRD-14 cells (2.5 × 10 7 ) were plated on day 0 at 1 × 10 6  cells/100 

mm dish in medium A supplemented with 5% LPDS. On day 1, 
the medium was replaced with fresh medium A supplemented 
with 0.3 mg/ml EMS. After 16 h, the cells were washed twice with 
PBS, trypsinized, and split 1:10 in medium A supplemented with 
5% LPDS. The cells were cultured for 3 days to allow expression 
of altered phenotypes. On day 5, cells were washed and refed 
medium A containing 5% LPDS and 2.5 µM 25-HC. Fresh me-
dium was added to the cells every 2 days until colonies formed. 
On day 30, the surviving colonies were isolated with cloning cyl-
inders and allowed to proliferate. Seven 25-HC-resistant colonies 

 Scap and reductase are comprised of a hydrophobic 
NH 2 -terminal domain that spans the ER membrane eight 
times and a hydrophilic COOH-terminal domain that 
projects into the cytosol ( 8–10 ). The COOH-terminal do-
main of Scap mediates association with SREBPs ( 11 ), 
whereas the COOH-terminal domain of reductase exerts 
catalytic activity ( 12 ). The membrane domains of Scap 
and reductase exhibit signifi cant amino acid identity, es-
pecially within a region known as the sterol-sensing do-
main that comprises transmembrane helices 2–6 of both 
proteins ( 13, 14 ). The sterol-sensing domain mediates 
sterol-induced binding of Scap and reductase to Insigs; 
mutations within the region disrupt Insig binding and pre-
vent sterol-mediated ER retention of Scap-SREBP and ste-
rol-induced ubiquitination of reductase ( 15–18 ). 

 The two human Insig proteins are very hydrophobic; to-
pology studies indicate they consist of six membrane-span-
ning segments separated by extremely short loops ( 19 ). The 
membrane domains of Insig-1 and Insig-2 are 85% identical 
in amino acid sequence. Despite the redundant roles of In-
sigs in mediating sterol regulation of Scap and reductase, 
their regulation is strikingly different ( 20, 21 ). The Insig-1 
gene is a target of nuclear SREBPs. Thus, Insig-1 mRNA is 
only produced when cells are deprived of sterols and de-
clines under conditions of sterol overload. On the other 
hand, Insig-2 mRNA is produced constitutively in cultured 
cells and is not regulated by SREBPs ( 21 ). The level of 
Insig-1 protein contrasts that of its mRNA, owing to gp78-
mediated ubiquitination and subsequent proteasomal deg-
radation in sterol-depleted cells ( 22, 23 ). Sterols stabilize 
Insig-1 by causing the protein to bind to Scap, which dis-
places gp78 and prevents Insig-1 ubiquitination. In contrast, 
the Insig-2 protein is stable due in part to its reduced affi nity 
for gp78 as compared with that of Insig-1 ( 22 ). 

 The necessity of both Insigs for normal sterol regulation 
of Scap and reductase has been revealed through the study 
of mutant Chinese hamster ovary (CHO) cells. We recently 
characterized a mutant CHO cell line, designated sterol 
regulatory defi cient (SRD)-14, that harbors a partial dele-
tion in the Insig-1 gene causing defi ciencies in Insig-1 
mRNA and protein levels ( 24 ). As a result of their Insig-1 
defi ciency, SRD-14 cells fail to ubiquitinate and degrade re-
ductase in the presence of the regulatory oxysterol 25-hy-
droxycholesterol (25-HC). However, processing of SREBPs 
in SRD-14 cells is sensitive to 25-HC, although the effect re-
quires extended exposure to the oxysterol compared with 
wild-type cells. We proposed that the remaining Insig-2 in 
SRD-14 cells (which accounts for 10% of total Insig in wild-
type cells) was suffi cient to maintain this residual sterol 
regulation. This hypothesis was examined by subjecting 
SRD-14 cells to an additional round of mutagenesis, fol-
lowed by selection for growth in cholesterol-free medium 
containing a high level of 25-HC that blocks growth of 
SRD-14 cells through accelerating degradation of reductase 
and blocking processing of SREBPs. Through this proce-
dure, we isolated SRD-15 cells, which are defi cient in Insig-2 
as well as Insig-1 ( 25 ). As a result of their combined Insig 
defi ciency, SRD-15 cells resist 25-HC-mediated suppression 
of SREBP processing and acceleration of reductase degra-
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mented with 5% LPDS as described above. Conditions of incuba-
tion are described in the fi gure legends. At the end of the 
incubations, cells were harvested and lysed in 1 ml of PBS 
containing either 1% digitonin (for reductase immuno-
precipitations) or 0.1% Nonidet P40 (for Scap and Insig immuno-
precipitations) supplemented with 5 mM EDTA, 5 mM EGTA, 
20 µM leupeptin, 25 µg/ml  N -acetyl-leucinal-leucinal-norleuci-
nal, 5 µg/ml pepstatin A, and 2 µg/ml aprotinin and clarifi ed by 
centrifugation at 100,000  g  for 10 min at 4°C. Immunoprecipita-
tion with anti-T7-coupled agarose beads or 20 µg anti-Myc poly-
clonal antibody, together with 100 µl of protein A/G agarose 
beads (Scap), was carried out as described previously ( 6 ). 

 RESULTS 

 To identify amino acids in Insig-2 that are important for 
sterol-mediated effects on Scap and reductase, Insig-1-de-
fi cient SRD-14 cells were mutagenized with EMS, followed 
by selection for growth in medium containing 5% lipopro-
tein-defi cient serum and 1  � g/ml 25-HC. This procedure 
yielded seven 25-HC-resistant colonies, one of which was 
isolated, expanded, and designated SRD-20.   Figure 1A   
compares levels of nuclear SREBP-2 [the SREBP isoform 
that preferentially activates genes encoding cholesterol 
biosynthetic enzymes ( 32 )] in wild-type CHO-7, Insig-1-
defi cient SRD-14, Insig-1- and Insig-2-defi cient SRD-15, 
and SRD-20 cells. The cells were incubated in sterol-de-
pleting medium containing lipoprotein-defi cient serum, 
the reductase inhibitor compactin, and a low level of me-
valonate that permits synthesis of essential nonsterol iso-
prenoids, but not cholesterol ( 33 ). Some of the dishes also 
received 1  � g/ml 25-HC. Following incubation for 16 h, 
the cells were harvested, lysed, and subjected to cell frac-
tionation to generate membrane and nuclear extract frac-
tions. Aliquots of each fraction were subjected to SDS-PAGE 
and immunoblotted with antibodies against Scap and 
SREBP-2. Processed forms of SREBP-2 accumulated in the 
nuclear extracts of sterol-depleted CHO-7, SRD-14, 
SRD-15, and SRD-20 cells (top panel, lanes 1, 3, 5, and 7, 
respectively). The addition of 25-HC blocked the appear-
ance of nuclear SREBP-2 in CHO-7 and SRD-14 cells (lanes 
2 and 4) but not in SRD-15 and SRD-20 cells (lanes 6 and 
8, respectively). Suppression of SREBP processing in 
SRD-14 cells following extended sterol treatment (>16 h) 
is consistent with our previous fi ndings ( 24 ). All of the 
cells produced similar amounts of Scap protein in mem-
branes, regardless of the absence or presence of 25-HC 
(bottom panel). 

 The failure of SRD-20 cells to respond to the suppres-
sive effects of 25-HC treatment suggested they may be de-
fi cient in Insig-2 as well as Insig-1. Thus, total RNA was 
isolated from SRD-14 and SRD-20 cells and subjected to 
reverse transcription reactions. PCR amplifi cation of fi rst-
strand cDNA from SRD-14 cells produced a single 678 bp 
band for Insig-2 ( Fig. 1B ). A band of similar size was gener-
ated from SRD-20 fi rst-strand cDNA, but an additional 368 
bp band was also observed. Both forms of the Insig-2 cDNA 
from SRD-20 cells were subcloned, and 10–30 individual 
clones were subjected to DNA sequencing, which revealed 
the 678 bp fragment corresponds to full-length Insig-2 

were isolated; one colony was cloned by limiting dilution and des-
ignated SRD-20 cells. 

 PCR amplifi cation and cloning of Insig-2 from SRD-20 
RNA and genomic DNA 

 Total RNA was isolated from SRD-14 and SRD-20 cells using 
the RNeasy kit (Qiagen) according to the manufacturer’s instruc-
tions and subjected to reverse transcription reactions. First-strand 
cDNA was used to obtain PCR-amplifi ed Insig-2 cDNA with the 
following primers: 5 ′ -ATGGCAGAAGGAAAGACCGAGTCAC-3 ′  
and 5 ′ -TTCTTGATGAGATTTTTCAGGAATAAC-3 ′ . The result-
ing PCR products (full-length and truncated Insig-2) were sub-
cloned into the pCRII vector (Invitrogen), and nine individual 
clones were subjected to DNA sequencing to identify potential 
mutations in Insig-2. Two forms of Insig-2 were also confi rmed 
from genomic DNA isolated from the same cell lines. 

 Plasmids 
 The following recombinant expression plasmids have been de-

scribed in the indicated reference: pCMV-Scap, which encodes 
hamster Scap under transcriptional control of the cytomegalovirus 
(CMV) promoter ( 16 ); pCMV-HMG-Red(TM 1-8)-T7, which en-
codes transmembrane 1-8 hamster HMG-CoA reductase followed 
by three tandem copies of the T7 epitope tag under control of the 
CMV promoter ( 6 ); pCMV-Insig-1-Myc and pCMV-Insig-1-T7, 
which encode human Insig-1, followed by six tandem copies of a 
c-Myc epitope tag or three copies of a T7 epitope tag under control 
of the CMV promoter ( 15, 23 ); pCMV-Insig-2-Myc or pCMV-Insig-
2-T7, encoding human Insig-2, followed by six tandem copies of a 
c-Myc epitope tag or three copies of a T7 epitope tag under control 
of the CMV promoter ( 21, 30 ). Point mutations in Insig-1 and In-
sig-2 proteins were generated by site-directed mutagenesis using 
the QuikChange kit (Stratagene). The coding regions of all plas-
mids were verifi ed by DNA sequencing prior to use. 

 Transient transfection 
 Cells were transiently transfected with FuGENE 6 reagent 

(Roche Applied Science) according to the manufacturer’s proto-
col. The total amount of DNA in each transfection was adjusted 
to 3 µg per dish with pcDNA3 (Invitrogen). Conditions of the 
incubations are described in the fi gure legends. At the end of the 
incubations, triplicate dishes of cells for each variable were har-
vested and pooled for analysis. 

 Cell fractionation and immunoblot analysis 
 Triplicate dishes of cells were used to isolate membrane frac-

tions and nuclear extract fractions as described previously ( 6 ). 
Aliquots of nuclear extract and membrane fractions were sub-
jected to 8% SDS-PAGE; the proteins were transferred to Hy-
bond-C extra nitrocellulose fi lters (Millipore), and immunoblot 
analysis was carried out as described ( 6 ). Primary antibodies used 
for immunoblotting are as follows: IgG-7D4, a mouse monoclo-
nal antibody against hamster SREBP-2 (amino acids 32–250) 
( 31 ); IgG-9D5, a mouse monoclonal antibody against amino 
acids 54–207 of hamster Scap and IgG-R139, a rabbit polyclonal 
antibody against amino acids 54–207 and 540–707 of hamster 
Scap ( 11 ); IgG-9E10, a mouse monoclonal antibody against 
c-Myc purifi ed from the culture medium of hybridoma clone 9E10 
(American Type Culture Collection); IgG-2b, mouse monoclonal 
anti-T7-Tag (IgG2b) (Novagen); and IgG-HSV, mouse monoclo-
nal antiherpes simplex virus (Novagen). 

 Immunoprecipitation 
 SRD-13A (HMG-CoA reductase and Scap) or CHO-7 and 

SRD-15 (Insigs) cells were transfected in medium A supple-
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  Fig.   1.  Characterization of 25-HC-resistant SRD-20 cells. A: CHO-7, SRD-14, SRD-15, and SRD-20 cells were set up on day 0 at 5 × 10 5  cells 
per 100 mm dish in medium A containing 5% LPDS. On day 2, cells were switched to medium A supplemented with 5% LPDS, 10 µM so-
dium compactin, and 10  � M sodium mevalonate in the absence or presence of 2.5 µM 25-HC. After incubation at 37°C for 16 h, cells were 
harvested and subjected to cell fractionation as described in Experimental Procedures. Aliquots of the membrane (25 µg of protein/lane) 
and nuclear extract fractions (12 µg of protein/lane) were subjected to SDS-PAGE, the proteins were transferred to nylon membranes, and 
immunoblot analysis was carried out with 5 µg/ml IgG-7D4 (against SREBP-2) and 5 µg/ml IgG-9D5 (against Scap). Filters were exposed to 
fi lm for 5 s to 1 min at room temperature. B: Aliquots of total RNA isolated from SRD-14 and SRD-20 cells were subjected to reverse tran-
scription reactions; the resulting fi rst-strand cDNA was used to amplify the Insig-2 cDNA. PCR products were subjected to electrophoresis 
on an agarose gel, which was subsequently stained with ethidium bromide and photographed. C: Amino acid sequence and membrane to-
pology of human Insig-2. Glycine 39, which is found mutated to glutamic acid in SRD-20 cells, is highlighted in red. D: Comparison of amino 
acid residues in hamster, human, rat, mouse, xenopus, and zebrafi sh Insig-2. Identical residues are highlighted in black, and the conserved 
glycine-39 residue is highlighted in red. The lower shows the amino acid alignment between human Insig-1 and Insig-2. The residue in hu-
man Insig-1 corresponding to Gly-39 in human Insig-1 is Gly-95. All sequence alignments were performed using the CLUSTALW method 
(DNASTAR). GenBank accession numbers are as follows: AY112745 (human Insig-1); AF527632 (human Insig-2); AF527631 (mouse In-
sig-2); AF527629 (hamster Insig-2); AF527627 (zebrafi sh Insig-2); AY152392 (rat Insig-2); and NM_001011169 (xenopus Insig-2).   
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codes amino acids 1–81 of Insig-2, followed by 22 novel 
amino acids and a stop codon; this fusion protein is likely 
nonfunctional. 

 In the experiment of   Fig. 2A,  B , CHO-7 cells were trans-
fected with wild-type or mutant versions (G95E for Insig-1 
and G39E for Insig-2) of pCMV-Insig-1/-2-Myc, expression 
plasmids that encode full-length human Insig-1 or Insig-2 
followed by six copies of a c-Myc epitope. Following sterol 
depletion, the cells were incubated for 5 h in the absence 
or presence of 25-HC, after which they were harvested and 
subjected to cell fractionation. Immunoblots of the result-

containing a G-to-A substitution that changes Gly-39 to 
Glu. It should be noted that the G-to-A substitution was 
not present in the Insig-2 cDNA from SRD-14 cells. As 
shown in  Fig. 1C , Gly-39 is predicted to lie in the middle of 
the fi rst of six transmembrane helices of Insig-2 ( 19 ). Se-
quence alignments revealed that Gly-39 is completely con-
served in hamster, human, mouse, rat, xenopus, and 
zebrafi sh Insig-2 ( Fig. 1D ); it is also present in human In-
sig-1. DNA sequencing revealed that the 386 bp fragment 
encodes a splice variant of Insig-2 in which Exon 2 is fused 
to Exon 5, creating a frame shift. The resulting cDNA en-

  Fig.   2.  Expression of Insig-2 (G39E) and Insig-1 (G95E) in transfected CHO cells. A, B: CHO-7 cells were set up on day 0 at 5 × 10 5  cells 
per 60 mm dish. On day 1, the cells were transfected with the indicated amount of wild-type or mutant Insig-1 and Insig-2 in 2 ml of medium 
A containing 5% LPDS. The total DNA in each dish was adjusted to 3 µg by the addition of pcDNA3 empty vector. Six hours after transfec-
tion, the cells were depleted of sterols by the direct addition of medium A containing 5% LPDS, 10 µM compactin, and 50 µM mevalonate 
(fi nal concentrations). After 16 h at 37°C, cells were switched to medium A containing 5% LPDS and 10 µM compactin in the absence or 
presence of 2.5 µM 25-HC. Following incubation for 5 h, the cells were harvested and aliquots of the resulting membrane fractions (18 µg) 
were subjected to SDS-PAGE, and immunoblot analysis was carried out with 1 µg/ml monoclonal IgG-Myc (against Insigs). C: On day 0, 
SRD-13A cells were set up at 7 × 10 5  cells per 60 mm dish. On day 1, the cells were transfected in 3 ml medium A containing 5% LPDS with 
2 µg of pCMV-Scap and 0.1 µg of wild-type or 0.3 µg of mutant pCMV-Insig-2-Myc. After sterol depletion for 16 h at 37°C, the cells were 
switched to medium A containing 5% LPDS in the absence or presence of 2.5 µM 25-HC; some of the dishes also received 10 µM MG-132. 
Following incubation for 5 h, the cells were harvested, lysed, and subjected to SDS-PAGE. Immunoblot analysis was carried out with 1  � g/
ml monoclonal IgG-9E10 and 1  � g/ml polyclonal IgG-R139 to detect Insig-2 and Scap, respectively. D, E: SRD-13A cells were set up on day 
0 as in C and transfected on day 1 with 0.8 µg of pCMV-Scap and 0.05 µg of wild-type or 0.1 µg of mutant pCMV-Insig-1-Myc (E) 1.0 µg of 
wild-type or 3.0 µg of mutant pCMV-Insig-2-Myc (D). After incubation for 6 h 37°C, the cells were depleted of sterols. After 16 h, the cells 
were switched on day 2 to medium A containing 5% LPDS in the absence or presence of 1.25 µM 25-HC. After incubation for 5 h, cells were 
harvested, lysed, and immunoprecipitated with polyclonal anti-Myc as described in Experimental Procedures to precipitate Insig-1. Ali-
quots of the pellet (P; representing 0.25 dish of cells) and supernatant (S; representing 0.05 dish of cells) fractions of the immunoprecipi-
tate were subjected to SDS-PAGE, and immunoblot analysis was carried out with 1  � g/ml polyclonal IgG-R139 (against Scap) and 1  � g/ml 
monoclonal IgG-9E10 (against Insig-1). All fi lters were exposed to fi lm at room temperature for 3 s to 3 min.   
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G39E Insig-2 was detected in sterol-depleted cells and ex-
pression was marginally increased in the presence of 25-
HC (lanes 12 and 13). 

 We next conducted an experiment to determine 
whether Scap mediates sterol-dependent expression of 
G39E Insig-2 ( Fig. 2C ). Scap-defi cient SRD-13A cells ( 29 ) 
were transfected with low levels of G39E Insig-2 in the ab-
sence or presence of an expression plasmid encoding 
hamster Scap (pCMV-Scap). Following sterol depletion, 
some of the cells were treated with 25-HC or the protea-
some inhibitor MG-132 and harvested for cell fraction-
ation after 5 h. Immunoblotting revealed constant 

ing membrane fractions with anti-Myc revealed dose-
dependent expression of wild-type and mutant Insig-1; 
similar amounts of expression were observed in the ab-
sence and presence of 25-HC ( Fig. 2A , compare lanes 2–7 
with 8–13). We observed similar dose-dependent expres-
sion of wild-type Insig-2-Myc ( Fig. 2B , lanes 2–7), but a dif-
ferent result was obtained for the G39E mutant. At low 
plasmid levels (0.03  � g), G39E Insig-2 was not detected in 
membranes (lanes 8 and 9). However, the mutant protein 
was visualized when 0.1  � g plasmid was transfected, but 
only when the cells were treated with 25-HC (compare 
lanes 10 and 11). At the highest level of plasmid (0.3  � g), 

  Fig.   3.  Insig-1 (G95E) and Insig-2 (G39E) mediate sterol-regulated inhibition of SREBP-2 processing but not sterol-accelerated degrada-
tion of HMG-CoA reductase. A, B: SRD-13A cells were set up on day 0 as in  Fig. 2  and transfected on day 1 with 0.5 µg of pCMV-Scap and 2 
µg of pTK-HSV-SREBP-2. Cells in A were also transfected with either wild-type (0.1 µg) or mutant (0.2 µg) pCMV-Insig-1-Myc; cells in B were 
transfected with either wild-type (1 µg) or mutant (3 µg) pCMV-Insig-2-Myc in medium A containing 5% LPDS. The total DNA in each lane 
was adjusted to 5.5 µg per dish by the addition of pcDNA3 empty vector. On day 2, cells were switched to medium A containing 5% LPDS, 
10 µM compactin, and 1% hydroxypropyl- � -cyclodextrin. After 1 h at 37°C, cells were washed twice with PBS and switched to medium A 
supplemented with 5% LPDS and 10 µM compactin in the absence or presence of 2.5 µM 25-HC. After 5 h, the cells were harvested, and 
membrane and nuclear extract fractions were prepared and subjected to SDS-PAGE followed by immunoblot analysis with 3 µg/ml mono-
clonal IgG-Myc (against Insig-1 or Insig-2) and 5 µg/ml IgG-9D5 (against Scap). The nuclear extract fractions were immunoblotted with a 
1:10,000 dilution of monoclonal anti-HSV. Filters were exposed to fi lm at room temperature for 1 to 15 s. C, D: CHO-7 cells were set up on 
day 0 as in  Fig. 2  and transfected on day 1 with 1 µg of pCMV-HMG-Red-T7 (TM1-8) together with the indicated amount of wild-type and 
mutant pCMV-Insig-1-Myc (C) or pCMV-Insig-2-Myc (D). Six hours after transfection, cells were depleted of sterols for 16 h and subse-
quently switched to medium A containing 5% LPDS and 10 µM compactin in the absence or presence of 2.5 µM 25-HC plus 10 mM me-
valonate. After 5 h, the cells were harvested; membrane fractions were isolated and subsequently immunoblotted with 1 µg/ml monoclonal 
IgG-T7 (against reductase) and 3 µg/ml monoclonal IgG-Myc (against Insig-1 or Insig-2). E: SRD-13A cells were set up on day 0 as in C and 
transfected on day 1 with 1 µg of pCMV-HMG-Red-T7 (TM1-8) and 0.01 µg of wild-type or 0.02 µg of mutant pCMV-Insig-1-Myc. After 6 h 
at 37°C, cells were depleted of sterols for 16 h. Following this incubation, the cells were switched to medium A containing 5% LPDS and 10 
µM compactin in the absence or presence of 2.5 µM 25-HC plus 10 mM mevalonate; some of the cells also received 10 µM MG-132. After 
incubation for 20 min at 37°C, cells were harvested and lysed, and HMG-CoA reductase was immunoprecipitated with polyclonal anti-T7 
coupled agarose beads as described in Experimental Procedures. Aliquots of the pellet (P; representing 0.25 dish of cells) and supernatant 
(S; representing 0.05 dish of cells) fractions of the immunoprecipitate were subjected to SDS-PAGE, and immunoblot analysis was carried 
out with 1  � g/ml anti-T7 (against HMG-CoA reductase) and 1  � g/ml monoclonal IgG-9E10 (against Insig-1). Filters were exposed to fi lm 
at room temperature for 5 to 30 s.   
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degradation upon overexpressed reductase (compare lanes 
3–6 with lanes 7–10 for Insig-1 and lanes 7–14 for Insig-2). 
The failure of the mutant Insigs to mediate reductase deg-
radation is consistent with the coimmunoprecipitation ex-
periment of  Fig. 3E . CHO-7 cells transfected with the 
membrane domain of reductase together with either wild-
type or G95E Insig-1 were subjected to a brief 25-HC treat-
ment in the absence or presence of MG-132. Subsequently, 
the reductase membrane domain was immunoprecipitated 
from detergent lysates. Immunoblots of precipitated mate-
rial revealed the presence of wild-type, but not G95E, In-
sig-1 in untreated and MG-132-treated cells (compare lanes 
2 and 5 with 3 and 6). 

 Results presented thus far present an interesting conun-
drum in that G95E Insig-1 and G39E Insig-2 retain the ca-
pacity to mediate sterol regulation of Scap-SREBP, but not 
reductase. A recent study reported that purifi ed Insigs 
bind to 25-HC as a dimer ( 34 ), which raises the question as 
to whether the proteins act as dimers (or multimers) in 
intact cells to regulate SREBP processing. Thus, we next 
conducted a coimmunoprecipitation experiment to probe 
for Insig multimerization in CHO-7 and SRD-15 cells, 
which provide the Insig-null background that is required 
to test our hypothesis (  Fig. 4  ). For this purpose, the cells 
were transfected with various combinations of wild-type 
and mutant Insig-1 plasmids that encoded proteins fused 
to either T7 or Myc epitope tags. We used Insig-1 rather 
than Insig-2 to avoid effects that may be caused by Scap-
dependent stabilization of mutant Insig-2 (see  Fig. 2 ). Fol-
lowing transfection, detergent lysates were prepared and 

expression of wild-type Insig-2 that was not infl uenced by 
the presence of 25-HC or MG-132 ( Fig. 2C , top panel, 
lanes 1–3); coexpression of Scap had little effect on this 
expression (top and bottom panels, lanes 7–9). In the ab-
sence of Scap, G39E Insig-2 was not detected in untreated 
cells or cells treated with 25-HC (lanes 4 and 5); however, 
the protein was readily visualized upon the addition of 
MG-132 (lane 6). With Scap coexpression, the mutant In-
sig protein was stabilized to a similar extent by the addi-
tion of 25-HC or MG-132 (lanes 10–12). These fi ndings 
indicate that G39E Insig-2 undergoes proteasome-medi-
ated degradation in sterol-depleted cells and becomes sta-
bilized upon sterol repletion, which likely results from 
sterol-induced binding of the protein to Scap. This conclu-
sion is supported by the coimmunoprecipitation experi-
ment of  Fig. 2D  in which SRD-13A cells were transfected 
with Scap and either wild-type or G39E Insig-2. After sterol 
depletion for 16 h, the cells were then incubated in the 
absence or presence of 25-HC, after which detergent 
lysates were prepared and transfected Insig was immuno-
precipitated with anti-Myc. Immunoblotting of the result-
ing pellet and supernatant fractions of the precipitation 
revealed that both wild-type and mutant Insig-2 form a 
sterol-induced complex with Scap (lanes 5 and 7, respec-
tively). Similar results were obtained for wild-type and mu-
tant versions of Insig-1 ( Fig. 2E ). 

 Considering that the Gly to Glu mutants of Insigs con-
tinue to bind Scap in the presence of 25-HC, we next de-
signed an experiment to determine whether these mutants 
are capable of mediating sterol regulation of SREBP pro-
cessing and reductase degradation. SRD-13A cells were 
transfected with wild-type or mutant Insig-1 and Insig-2, 
Scap, and pTK-HSV-SREBP-2, which encodes human 
SREBP-2 preceded by three copies of an HSV epitope. The 
cells were acutely depleted of sterols in medium containing 
LPDS, compactin, and hydroxypropyl cyclodextrin, a re-
agent that removes cholesterol from the plasma membrane 
of intact cells. The cells were then further incubated in the 
absence or presence of 25-HC for 5 h prior to harvesting 
and cell fractionation. In the absence of wild-type Insig-1 or 
Insig-2, we observed a band for processed, nuclear SREBP-2 
that persisted in the presence of 25-HC (  Fig. 3A , B , top 
panel, lanes 1 and 2). The coexpression of wild-type Insig-1 
or Insig-2 led to the disappearance of this band upon 25-
HC treatment (lanes 3 and 4); similar results were obtained 
with the Gly to Glu mutants of both Insigs (lanes 5 and 6). 
In contrast, G95E Insig-1 and G39E Insig-2 failed to medi-
ate sterol-accelerated degradation of reductase as shown in 
 Fig. 3C, D . CHO-7 cells were transfected with pCMV-HMG-
Red-T7 (TM1-8), which encodes transmembrane helices 
1–8 of hamster reductase (amino acids 1–348) followed by 
three copies of the T7 epitope; this region of reductase has 
been shown to be both necessary and suffi cient for Insig-
mediated degradation ( 6, 17 ). The membrane domain of 
reductase was completely refractory to sterol-induced deg-
radation when transfected alone, owing to the saturation of 
endogenous Insigs ( Fig. 3C, D , top panel, lanes 1 and 2). 
Coexpression of increasing amounts of wild-type, but not 
the Gly to Glu mutants of Insigs, restored sterol-accelerated 

  Fig.   4.  Glycine-39 is required for the Insig-Insig coimmunopre-
cipitation. CHO-7 (left panel) or SRD-15 (right panel) cells were 
set up on day 0 at 5 × 10 5  cells per 60 mm dish in medium A con-
taining 5% LPDS. On day 1, the cells were transfected with various 
combinations of wild-type (0.1 µg) or mutant (0.4 µg) pCMV-Insig-
1-Myc and pCMV-Insig-1-T7 in medium A supplemented with 5% 
LPDS. After incubation for 16 h at 37°C, the cells were harvested, 
lysed, and immunoprecipitated with polyclonal anti-T7 beads. The 
pellet (P; representing 0.25 dish of cells) and supernatant (S; rep-
resenting 0.05 dish of cells) fractions of the immunoprecipitate 
were subjected to SDS-PAGE, and immunoblot analysis was carried 
out with 1 µg/ml monoclonal IgG-T7 and 3 µg/ml monoclonal 
IgG-Myc. Filters were exposed to fi lm for 1 to 3 s.   
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pare lanes 1 and 2 with 3–6 for Insig-1 and lanes 11 and 12 
with 13–16 for Insig-2). However, sterols failed to block 
processing of SREBP-2 in transfected SRD-15 cells when 
the Gly to Glu mutants of Insigs were coexpressed (lanes 
7–10 for Insig-1 and 17–20 for Insig-2). Similar to the re-
sults in CHO-7 cells, the mutant forms of both Insigs did 
not mediate sterol-accelerated degradation of the re-
ductase membrane domain in SRD-15 cells (data not 
shown). In the experiment of  Fig. 5B , SRD-15 cells were 
transfected with pTK-HSV-SREBP-2 and either a low level 
(10 ng) of wild-type Insig-1 plasmid or a high level (0.2 
 � g) of the inactive mutant. Both forms of Insig-1 failed to 
mediate sterol suppression of nuclear SREBP-2 when 
transfected alone (top panel, lanes 3–6); however, coex-
pression of as little as 3 ng of wild-type Insig-1 together 
with the inactive mutant led to 25-HC-mediated inhibition 

subjected to immunoprecipitation with anti-T7 antibody. 
Immunoblot analysis of the resulting pellet fractions with 
anti-T7 and anti-Myc antibodies revealed that the wild-type 
and mutant Insig-1-Myc coprecipitated with both version 
of Insig-1-T7 in CHO-7 cells (  Fig. 5B  , lanes 4–7). In SRD-
15 cells, wild-type Insig-1-T7 precipitated both versions of 
the Myc-tagged protein (lanes 10 and 11). Similarly, the 
G95E Insig-1-T7 protein formed a complex with wild-type 
Insig-1-Myc (lane 12); however, it failed to associate with 
the G95E mutant (lane 13). 

 To correlate Insig-Insig coimmunoprecipitation shown 
in  Fig. 4  with sterol-regulated processing of SREBP-2, we 
conducted the experiments shown in  Fig. 5 . The results of 
 Fig. 5A  show that as expected, wild-type forms of Insig-1 
and Insig-2 conferred sterol regulation upon processing of 
overexpressed SREBP-2 in SRD-15 cells (top panel, com-

  Fig.   5.  Insig-1 (G95E) and Insig-2 (G39E) are defective in mediating sterol regulation of Scap and HMG-
CoA reductase in SRD-15 cells. A: SRD-15 cells were set up on day 0 at 5 × 10 5  cells per 60 mm dish in medium 
A supplemented with 5% LPDS. On day 1, cells were transfected with 0.5 µg of pCMV-Scap, 2 µg of pTK-HSV-
SREBP-2, and either 0.1 µg wild-type pCMV-Insig-1-Myc, 0.2µg mutant pCMV-Insig-1-Myc, 1 µg wild-type 
pCMV-Insig-2-Myc, or 3 µg mutant pCMV-Insig-2-Myc in 5% LPDS as indicated. The total DNA in each lane 
was adjusted to 5.5 µg per dish by the addition of pcDNA3 empty vector. After 6 h at 37°C, cells were changed 
to sterol-depleting medium. On day 2, cells were switched to medium A containing 5% LPDS, 50 µM com-
pactin, and 1% hydroxypropyl- � -cyclodextrin. After 1 h at 37°C, cells were washed twice with PBS and 
switched to medium A with 5% LPDS, 10 µM compactin, and the indicated concentration of 25-HC. After 
incubation for 5 h, cells were harvested and fractionated into membrane and nuclear extract fractions, 
which were subsequently subjected to SDS-PAGE. Immunoblot analysis was carried out with 3 µg/ml mono-
clonal IgG-Myc (against Insig-1 and Insig-2) and 5 µg/ml IgG-9D5 (against Scap). The nuclear extracts were 
immunoblotted with a 1:1,000 dilution of monoclonal anti-HSV IgG. Filters were exposed to fi lm at room 
temperature for 3 to 15 s. B: SRD-15 cells were set up on day 0 and transfected on day 1 as described in A 
with 0.5 µg pCMV-Scap, 2 µg of pTK-HSV-SREBP-2, and the indicated amount of wild-type and/or mutant 
pCMV-Insig-1-Myc. Following sterol depletion for 16 h at 37°C, the cells were switched to medium A contain-
ing 5% LPDS, 50 µM compactin, and 1% hydroxypropyl- � -cyclodextrin. Following incubation for 1 h at 
37°C, the cells were washed twice with PBS and switched to medium A with 5% LPDS and 50 µM compactin 
in the absence or presence of 25-HC. After 5 h, the cells were harvested; membrane and nuclear extract frac-
tion were prepared and subsequently subjected to SDS-PAGE. Immunoblot analysis was carried out with 3 
µg/ml monoclonal IgG-Myc (against Insig-1 and Insig-2) and 5 µg/ml IgG-9D5 (against Scap). The nuclear 
extract fractions were immunoblotted with a 1:10,000 dilution of monoclonal anti-HSV IgG. Filters were 
exposed to fi lm at room temperature for 3 to 15 s.   
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ated degradation of reductase and did not bind the en-
zyme in the presence of sterols ( Fig. 3C–E ). A plausible 
explanation for this discrepancy can be provided by the 
recent fi nding that purifi ed Insig-2 binds 25-HC as a dimer 
( 34 ). Thus, we postulated that when overexpressed, the 
mutant Insigs can associate with their endogenous equiva-
lent to form active complexes capable of sterol-induced 
binding to Scap. When experiments were conduct in 
SRD-15 cells, both mutant Insigs failed to mediate sterol 
regulation of Scap and reductase ( Fig. 4 ). However, sterol 
regulation of SREBP processing was restored in SRD-15 
cells when substoichiometric amounts of wild-type Insig-1 
were coexpressed with the inactive mutant ( Fig. 5A ). 
Coimmunoprecipitation experiments indicate that G95E 
Insig-1 can only form a multimeric complex in the pres-
ence of wild-type Insig-1 ( Fig. 5B ). These fi ndings indicate 
that Insigs function as multimers to mediate sterol regu-
lated processing of SREBPs and that one member of the 
complex must contain a glycine residue at position 39. 

 Although the combination of wild-type and mutant In-
sigs can bind Scap in the presence of sterols and prevent 
SREBP processing, the complex cannot bind reductase 
and accelerate its degradation. Although Insigs bind to 
both Scap and reductase, the current data suggest that for-
mation of these sterol-dependent complexes occur 
through distinct sites on Insigs. It is notable that the Scap 
and reductase binding sites on Insigs exhibit some degree 
of overlap as indicated by the inhibition of reductase deg-
radation by overexpression of the Scap sterol-sensing do-
main ( 6 ). However, complete resolution of this requires 
comparisons of detailed structural analyses of the sterol-
dependent reductase-Insig and Scap-Insig complexes.  
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