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Insig-1 and Insig-2, a pair of ER membrane proteins, mediate feedback control of
cholesterol synthesis through their sterol-dependent binding to two polytopic ER membrane
proteins: SCAP and HMG CoA reductase. Sterol-induced binding of Insigs to SCAP
prevents the proteolytic processing of SREBPs, membrane-bound transcription factors that
enhance the synthesis of cholesterol, by retaining complexes between SCAP and SREBP in
the ER. Sterol-induced binding of Insigs to reductase leads to the ubiquitination and ER-
associated degradation of the enzyme, thereby slowing a rate-controlling step in cholesterol

synthesis. The successful application of somatic cell genetics in unraveling the SREBP
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pathway, merits its use in the dissection of mechanisms for Insig-mediated, sterol-accelerated
degradation of reductase or ER retention of SCAP.

I have designed a genetic screen to isolate mutants of CHO cells that cannot degrade
reductase when presented with sterols. CHO cells were mutagenized and selected for growth
in cholesterol-free medium containing the SR-12813. SR-12813 blocks cholesterol synthesis
by mimicking the action of sterols in accelerating reductase degradation. Using this screen I
have isolated the following mutant cell lines. 1) SRD-14 cells, which do not produce Insig-1
mRNA and protein due to a partial deletion of the Insig-1 gene. Sterols fail to promote
reductase ubiquitination/degradation and the rate at which sterols suppress SREBP
processing is significantly slower in SRD-14 than wild type cells; 2) SRD-15 cells which are
deficient in both Insig-1 and Insig-2. Sterols neither inhibit SREBP processing nor promote
reductase ubiquitination/degradation in SRD-15 even upon prolonged treatment; 3) SRD-16,
-17, and -18 cells contain a point mutation in one reductase allele. Sterols failed to promote
ubiquitination and degradation of these reductase mutants, owing to their decreased affinity
for Insigs; 4) SRD-19 cells have amplified the number of copies of the gene encoding SCAP,
leading to the overproduction of SCAP mRNA and protein. Sterols fail to suppress
processing of SREBPs, even though the cells express normal levels of Insig-2.

These studies demonstrate 1) absolute requirement for Insig proteins in the regulatory
system that mediates lipid homeostasis in animal cells; 2) the importance of interactions
between Insigs and the membrane domain of reductase in feedback control of a rate-
determining step in cholesterol synthesis; 3) the importance of Insig-SCAP ratios in the

normal regulation of SREBP processing.
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INTRODUCTION

The 27-carbon tetracyclic cholesterol is essential for mammalian life as a structural
component of cell membranes. In addition, cholesterol is a precursor of steroid hormones,
bile acids, vitamin D, sex hormones, and lipoproteins (Ikonen, 2006; Russell, 1999).
However, an excess of cholesterol can be toxic not only because it can form crystals that kills
cells but because excess cholesterol promotes atheroma formation in the walls of arteries.
This condition is known as atherosclerosis, the primary cause of coronary heart disease and
other forms of cardiovascular disease in humans (Ikonen, 2006; Libby et al., 2000). Thus,
levels of cholesterol must be properly maintained owing to its key role in cellular and whole-
body physiology. Cholesterol homeostasis is controlled by a feedback regulatory system that
balances of cholesterol-rich low density lipoproteins (LDL) from the plasma via LDL
receptor-mediated endocytosis and de novo synthesis of cholesterol. Cholesterol is
synthesized through the mevalonate pathway and the rate-limiting step is 3-hydroxy-3-
methylglutaryl coenzyme A (HMG CoA) reductase which catalyzes reductaion of HMG CoA
to mevalonate. In addition to cholesterol, nonsterol isoprenoids, which include prenyl groups
that are attached to several proteins, are produced via the mevalonate pathway (Fig. 1). The
synthesis and uptake of cholesterol are coordinately regulated such that excess cellular
cholesterol suppresses expression of cholesterol biosynthetic enzymes and the LDL receptor.
Statins, competitive inhibitors of HMG CoA reductase, trigger reactions that relieve the
negative feedback repression giving rise to an increase in LDL receptors. The increase in
LDL receptors leads to a decrease in the LDL-cholesterol in the blood and to a reduction in

the occurrence of heart attacks (Brown and Goldstein, 1996). However, the effects of statins



are limited because of the HMG CoA reductase regulatory system that comes into play when
the enzyme is inhibited. Operating at transcriptional, and post-transcriptional levels, this
regulatory system leads to a major increase in the amount of reductase enzyme that becomes
progressively harder to inhibit. This invokes the need for higher levels of statins to maintain
their cholesterol-lowering effects. A complete understanding of this regulatory system is
essential; not only for scientific reasons, but also because it is at the center of clinical

medicine.

Regulation of the Mevalonate Pathway

HMG CoA reductase catalyzes the two-step reduction of HMG CoA to mevalonate, a
rate-determining reaction in synthesis of cholesterol and nonsterol isoprenoids (reviewed in
Goldstein and Brown, 1990). HMG CoA reductase, a resident glycoprotein of the
endoplasmic reticulum (ER), is integrated into membranes through a hydrophobic NH»-
terminal domain that contains eight membrane-spanning segments separated by short loops
(Roitelman et al., 1992). The membrane domain of reductase precedes a hydrophilic COOH-
terminal domain that projects into the cytosol and contains all enzymatic activity (Gil et al.,
1985; Liscum et al., 1985). Sterol and nonsterol end-products of mevalonate metabolism
exert stringent feedback control on reductase through multivalent negative feedback
regulation (Brown and Goldstein, 1980; Nakanishi et al., 1988; Roitelman and Simoni,
1992). 1) The coordinate regulation of cholesterol biosynthetic enzymes and LDL receptor is
mediated by sterol-regulated transcription. 2) HMG CoA reductase is also regulated at the

level of its translation and its half-life (Nakanishi et al., 1988). The translational regulation of



HMG CoA reductase is controlled by nonsterol products of mevalonate pathway through an
unknown mechanism thought to be mediated by the complex 5’ untranslated region of the
reductase. 3) The half-life of reductase is regulated by both sterol and nonsterol products and
requires the membrane domain. The central event in this degradation is sterol-induced
binding of reductase to ER membrane proteins called Insig-1 and Insig-2 (Sever et al., 2003a;
Sever et al., 2003b). In sterol-depleted cells, the reductase protein is stable with a half-life of
more than 12 h. The accumulation of sterols in ER membranes triggers binding of reductase
to Insigs, carriers of a membrane-anchored ubiquitin ligase called gp78 that initiates
reductase ubiquitination (Song et al., 2005b). This ubiquitination marks reductase for rapid,
proteasome-mediated degradation with a half-life of less than 1 h and halts production of
mevalonate, hence blunting the rate of cholesterol synthesis. Altogether, these modes of
regulation give rise to a practically all-or-none change in HMG CoA reductase activity.
Another control mechanism is the reversible phosphorylation of HMG CoA reductase
catalytic domain by AMP-dependent kinase, which inactivates the enzyme. AMP-dependent
kinase senses cellular energy levels and inhibits cholesterol synthesis under conditions of low
ATP. This phosphorylation event is not part of the end-product mediated negative feedback
regulation and does not affect the half-life of HMG CoA reductase under any condition (Sato

etal., 1993).

Control of Cholesterol homeostasis
Cholesterol and fatty acids synthesis are controlled by a family of membrane-bound

transcription factors called sterol regulatory element-binding proteins (SREBPs). These were



purified from nuclear extracts of human HeLa cells by virtue of their ability to bind SRE
sequences (Wang et al., 1993). Subsequently, cDNA cloning revealed that mammalian cells
express three closely related isoforms of SREBP, known as SREBP-la, SREBP-Ic, and
SREBP-2. SREBP-1a and -1c are produced from the same gene through the use of different
promoters and alternative splicing. All three SREBPs belong to the basic helix-loop-helix
leucine zipper (bHLH-Zip) family of transcription factors. However, unlike other bHLH-Zip
members, SREBPs are intrinsic membrane proteins of the ER, and share a tripartite structure
that is composed of: 1) an NH,-terminal transcription factor domain of ~480 amino acids; 2)
a membrane anchoring domain of ~80 amino acids that comprises two transmembrane
segments; and 3) a COOH-terminal regulatory domain of ~590 amino acids. Both the NH»-
and COOH- termini domains face the cytosol where these domains are separated by two
membrane-spanning helices of SREBPs project into the ER lumen (Brown and Goldstein,
1997; Goldstein et al., 2006). Newly synthesized SREBPs are translated as inactive
precursors that are immediately inserted into the ER membrane where they constitutively
bind SREBP cleavage activating protein (SCAP).

SCAP is a polytopic ER protein of 1276 amino acids, which can be divided broadly
into two domains (Nohturfft et al., 1998): a hydrophobic NH,-terminal domain with eight
membrane-spanning segments that anchor the proteins to ER membranes; and a large
hydrophilic COOH-terminal domain that projects into the cytosol and mediates complex
formation with the SREBP family of transcription factors (Nohturfft et al., 1998). In sterol
deprived cells, SCAP facilitates the translocation of membrane-bound SREBPs from the ER

to the Golgi through COPII budding vesicle, where NH2-terminal transcription factor domain



of SREBPs is released from membranes through two sequencial cleavages in a process called
Regulated Intermembrane Proteolysis (RIP). From the cytosol, processed SREBPs rapidly
migrate into the nucleus to enhance the transcription of genes encoding reductase and other
cholesterol biosynthetic enzymes. When cells are treated with cholesterol or oxysterols,
SCAP-SREBP complexes are trapped in the ER and SREBP processing is abolished; rates of
SREBP target gene transcription and cholesterol synthesis decline (Hua et al., 1996; Sun et
al., 2005; Yang et al., 2002). The block in ER-to-Golgi transport occurs through sterol-
induced binding of SCAP to Insigs (Yabe et al., 2002a; Yang et al., 2002). This binding is
mediated by a segment of ~170 amino acids in SCAP that constitute transmembrane helices
2—6, which is known as the sterol-sensing domain (Brown and Goldstein, 1999; Kuwabara
and Labouesse, 2002). Point mutations within the sterol-sensing domains of SCAP prevent
their association with Insigs, thereby abolishing the sterol-mediated ER retention of SCAP-
SREBP complexes (Yabe et al., 2002b).

Insig-1 and Insig-2, a pair of ER membrane proteins, mediate feedback control of
cholesterol synthesis through their sterol-dependent binding to SCAP and HMG CoA
reductase. Sterol-induced binding of Insigs to SCAP prevents proteolytic processing of
SREBP by retaining SCAP-SREBP complexes in the ER. Sterol-induced binding of Insigs to
reductase leads to the ubiquitination and ER-associated degradation of the enzyme, thereby
slowing the rate-controlling step in cholesterol synthesis (Fig. 2). Insig-1 and Insig-2 are 59%
identical over their lengths of 277 and 225 amino acids, respectively. Even though they seem
functionally redundant in transfection studies, they are differentially regulated. INSIG-1

(insulin induced gene-1) is an SREBP target gene giving rise to an apparent paradox,



whereby Insig-1 is suppressed by sterols, exactly when it is supposed to exert its action.
Insig-2 has two alternative splice forms, Insig-2a and Insig-2b, which produce identical
proteins (Yabe et al., 2002a). Insig-2a is the liver-specific isoform and is repressed by insulin
whereas Insig-2b is constitutive and the only form expressed in cultured cells.

Gp78 is a 643 amino acid protein with four identifiable domains (Fang et al., 2001;
Shimizua et al., 1999): (1) an NH2-terminal membrane attachment region of 298 amino acids
that binds Insigs; (2) RING finger domain conferring E3 ubiquitin ligase activity; (3) Cuelp
homologous sequence, an ER membrane protein in yeast that serves as a membrane anchor
for Ubc7p, a cytosolic ubiquitin-carrying E2 protein (Ponting, 2000); and (4) VCP (Valosin-
containing protein, also known as p97), an ATPase implicated in the postubiquitination steps
of ER-associated protein degradation (Zhong et al., 2004). The central event in this HMG
CoA reductase degradation is the sterol-induced binding of reductase to Insigs. Formation of
the reductase-Insig complex is mediated by the membrane domain of reductase and results in
the recruitment of gp78. This sterol-induced ubiquitination is an obligatory reaction for the
proteasome-mediated degradation of reductase. Gp78 also served an E3 ligase of Insig-1. In
sterol-depleted cells, a fraction of gp78 is associated with Insig-1, which leads to the
ubiquitination and subsequent proteasomal degradation of Insig-1. When sterol-dependent
stabilization of Insig-1 occurs, Insig-1 and Scap forms a complex, which in turn displaces

gp78, thereby preventing ubiquitination and subsequent degradation of Insig-1.



Somatic Cell Genetics

Somatic cell genetics has been invaluable in illuminating the complex pathway of
lipid homeostasis that is controlled by the SREBP pathway (Goldstein et al., 2002). The
identity and function of the following proteins has been in some way revealed by somatic cell
genetics through studies using mutant Chinese hamster ovary cells; HMG CoA reductase,
HMG CoA synthase, SCAP, SREBP, ACAT, S1P, S2P and others (Chang et al., 1993a; Chin
et al., 1982; Hua et al., 1996; Luskey et al., 1983; Rawson et al., 1999; Rawson et al., 1997;
Sakai et al., 1998). To date, two classes of sterol mutants have been isolated (Fig. 3). Cells in
the first class are cholesterol auxotrophs and isolated by the use of amphotericin B, a polyene
antibiotic that kills the cell by binding to cholesterol and forming pores in the plasma
membrane. These cells cannot process SREBP; therefore, they do not express the cholesterol
biosynthetic enzymes, explaining their survival against a transient treatment with
amphotericin B. The other class is sterol-resistant cells, which fail to properly regulate the
processing of SREBP in response to sterols. They were isolated using the oxysterol:25-HC,
which can suppress SREBP processing but cannot replace cholesterol in the plasma
membrane. Wild type cells die with a chronic treatment of 25-HC due to cholesterol
depletion. Two types of mutations have been observed in sterol-resistant cells. Type 1
mutations occur in the SREBP-2 gene, producing truncated SREBP-2 that terminates before
the first transmembrane segment and constitutively migrates to the nucleus. Type 2 mutations
are point mutations, Y298C, L315F and D443N, which are in the SSD (sterol-sensing
domain) of SCAP and render SCAP insensitive to sterols. These SCAP mutants cannot bind

to Insig-1 or Insig-2; thus, they escort SREBP to the Golgi even in the presence of sterols



explaining the constitutive processing of SREBPs in cells expressing these mutants (Yabe et

al., 2002b).
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EXPERIMENTAL PROCEDURES

Materials. 1 obtained MG-132 from Calbiochem, horseradish peroxidase-conjugated,
donkey anti-mouse and anti-rabbit IgGs from Jackson ImmunoResearch, SR-12813 from
GlaxoSmithKline (Research Triangle Park, NC) or Core Medicinal Chemistry Laboratory,
Department of Biochemistry, University of Texas Southwestern Medical Center, and sterols
(25-HC and cholesterol) from Steraloids, Inc. (Newport, RI). MCD and HPCD were from
Cyclodextrin Technologies Development, Inc. DECA template-p-actin-mouse was from
Ambion. EMS, Mouse monoclonal anti-HA IgG were from Sigma. Rabbit polyclonal anti-
T7-Tag IgG was from Bethyl Laboratories. Mouse monoclonal anti-HA IgG was from
Sigma. [*C] acetate and ['*C] oleate were from American Radiolabeled Chemicals, Inc. (St.
Louis, MO). All other reagents were obtained from previously described sources (DeBose-

Boyd et al., 1999; Rawson et al., 1999; Yabe et al., 2002a; Yang et al., 2002).

Cell Culture. Cells were maintained in monolayer culture at 37 °C in an 8-9% CO,
incubator. CHO-7 cells were maintained in medium A (1:1 mixture of Ham’s F12 medium
and DMEM containing 100 units/ml penicillin and 100 pg/ml streptomycin sulfate)
supplemented with 5% LPDS. SRD-1 cells were maintained in medium A supplemented
with 5% LPDS and 2.5 uM 25-HC. SRD-14, SRD-16, SRD-17, SRD-18 cells were grown in
medium A supplemented with 5% LPDS and 10 uM SR-12813. SRD-15, SRD-19 grown in

medium A containing 5% LPDS and 2.5 uM 25-HC. SRD-13A, CHO-7/plnsig-2 cells were

11
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maintained in medium A supplemented with 5% FCS, 1 mM mevalonate, 20 uM sodium
oleate, 5 ng/ml cholesterol, and 500 pg/ml G418.

Monolayers of SV-589 cells, an immortalized line of human fibroblasts expressing
the SV40 large T antigen (Yamamoto et al., 1984), were grown at 37 °C in 5% CO,. Stock
cultures of SV-589 cells were maintained in medium B (DMEM containing 100 units/ml

penicillin and 100 pg/ml streptomycin sulfate) supplemented with 10% FCS.

Antibodies. Mouse monoclonal anti-T7-Tag (IgGyy,) (Novagen); mouse monoclonal anti-
Myc (IgG fraction) from the culture medium of hybridoma clone 9E10 (American Type
Culture Collection); IgG-A9, a mouse monoclonal antibody against the catalytic domain of
hamster HMG CoA reductase (amino acids 450-887) (Liscum et al., 1983); IgG-1D2, a
mouse monoclonal antibody against the NH; terminus of human SREBP-2 (amino acids 48-
403) (Yabe et al., 2002a); IgG-7D4, a mouse monoclonal antibody against the NH, terminus
of hamster SREBP-2 (Yang et al., 1995); anti-Insig-1, a rabbit polyclonal antibody against
full-length mouse Insig-1 (Engelking et al., 2004); R-139, a rabbit polyclonal antibody
against amino acids 54-207 and 540-707 of hamster SCAP (Sakai et al., 1997); and 1gG-
P4D1, a mouse monoclonal antibody against bovine ubiquitin (Santa Cruz Biotechnology).
Mouse monoclonal antibody IgG-9D5 against hamster SCAP has been described (Sakai et

al., 1997).

Plasmids. The following recombinant plasmids were previously described in the indicated

reference: pCMV-Insig-1-Myc, encoding amino acids 1-277 of human Insig-1 followed by
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six tandem copies of a c-Myc epitope tag under control of the cytomegalovirus (CMV)
promoter (Yang et al., 2002); pCMV-Insig-2-Myc, encoding amino acids 1-225 of human
Insig-2 followed by six tandem copies of a c-Myc epitope tag under control of the CMV
promoter (Yabe et al., 2002a); pCMV-HMG-Red-T7, encoding amino acids 1-887 of
hamster HMG CoA reductase followed by three tandem copies of the T7 epitope tag under
control of the CMV promoter (Sever et al., 2003a); and pCMV-HMG-Red-T7 (TM 1-8),
encoding amino acids 1-346 of hamster HMG CoA reductase followed by three tandem
copies of the T7 epitope tag under control of the CMV promoter (Sever et al., 2003b). The
S60N, G87R, and A333P mutations were introduced into pCMV-HMG-Red-T7 and pCMV-
HMG-Red-T7 (TM1-8) by site-directed mutagenesis using the QuikChange XL kit
(Stratagene) and the following primer pairs:

5'-GAGGAGGATGTATTGAGCAATGACATCATCATCC-3'

S6UN 5'-GGATGATGATGTCATTGCTCAATACATCCTCCTC-3'
5'-CCAGAACTTACGTCAGCTTAGGTCGAAGTATATTTTAGG-3'
G87R 5'-CCTAAAATATACTTCGACCTAAGCTGACGTAAGTTCTGG-3'
5'-GCTTAGCTTTTCTGTTGCCTGTCAAGTACATTTTCTTTG-3'
A333P

5'-CAAAGAAAATGTACTTGACAGGCAACAGAAAAGCTAAGC-3'

The integrity of each plasmid was confirmed by DNA sequencing.

Transient Transfection. Transfections were performed as described (Rawson et al., 1999)
with minor modifications. CHO-7 cells were transfected with 3 ug of DNA per 60-mm dish.
For each transfection, FuUGENE-6 DNA transfection reagent (Roche Diagnostics) was added

to 0.2 ml of medium B at a ratio of 3 ul of FuGENE-6 per 1 ng DNA. Conditions of the
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incubations are described in the figure legends. At the end of the incubations, triplicate

dishes of cells for each variable were harvested and pooled for analysis.

Cell Fractionation and Immunoblot Analysis. The pooled cell pellets from triplicate
dishes of cells were used to isolate 2 x 10*-g membrane fractions and/or nuclear extract
fractions as previously described (Sever et al., 2003a) with a minor modification. The
nuclear extract fractions (300 ul) were precipitated with 1.5 ml acetone for 16 h at —20 °C.
Precipitated material was collected by centrifugation at 2 x 10*-g for 15 min and solubilized
in 100 pl of buffer containing 10 mM Tris-HCI (pH 6.8), 1% (w/v) sodium dodecyl sulfate,
100 mM NaCl, I mM EDTA, and | mM EGTA, mixed with 25 pl of 5X SDS loading buffer,
and boiled for 5 min. Aliquots of nuclear extract and membrane fractions were subjected to

8% SDS-PAGE and immunoblot analysis was carried out as described (Sever et al., 2003a).

Ubiquitination of Endogenous HMG CoA Reductase. Conditions of incubations are
described in the figure legends. At the end of the incubations, the cells were harvested, lysed
in detergent-containing buffer, and immunoprecipitation of reductase from the detergent
lysates was carried out with polyclonal antibodies against the 60-kDa COOH-terminal
domain of human reductase as previously described (Sato et al., 1993; Sever et al., 2003a;
Sever et al., 2003b). Aliquots of the immunoprecipitates were subjected to SDS-PAGE on

6% gels, transferred to nylon membranes, and subjected to immunoblot analysis.
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Ubiquitination Exougenous HMG CoA Reductase. Conditions of incubations are
described in the figure legends. At the end of the incubations, the cells were harvested, lysed
in detergent-containing buffer and immunoprecipitations were carried out with either
polyclonal antibodies against the catalytic domain of human reductase or monoclonal anti-T7
IgG-coupled agarose beads (Novagen) against transfected reductase as described previously

(Sever et al., 2003a).

RNA Interference. Duplexes of small-interfering RNA targeting human Insig-1, human
Insig-2, and an irrelevant control gene, vesicular stomatitis virus glycoprotein (VSV-G) were
synthesized by Dharmacon Research (Lafayette, CO), and RNA interference (RNAi)

experiments were carried out as described previously (Sever et al., 2003a).

Mutagenesis and Isolation of SR-12813-resistant Cells Deficient in Insig-1. On day 0, 2.5
x 10" CHO-7 cells were subjected to y-irradiation as previously described (Rawson et al.,
1998). The cells were immediately plated at 5 x 10° cells/100-mm dish in medium B
supplemented with 5% LPDS. On day 1, the medium was replaced with medium B
containing 5% LPDS and 10 uM SR-12813. Fresh medium was added to the cells every 2
days until colonies formed. On day 29, the surviving colonies were isolated with cloning
cylinders and allowed to proliferate. Of the 50 original dishes, 14 contained SR-12813-
resistant colonies and it was determined that 8 of the colonies lacked expression of Insig-1
mRNA. The most vigorous colony was cloned by limiting dilution and designated SRD-14

cells.
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Mutagenesis and Isolation of 25-HC-resistant SRD-15, and SRD-19 cells. SRD-14 cells
were subjected to y-irradiation and select with medium A supplemented with 5% LPDS and
1.25 uM 25-HC. Of the 50 original dishes, 20 contained 25-HC-resistant colonies, and it was
determined that 19 of the colonies exhibited reduced expression of Insig-2 mRNA as
determined by Northern blot analysis and real time PCR. The most vigorous colony was
cloned by limiting dilution and designated SRD-15 cells. The remaining colony (expressing

normal levels of Insig-2) was cloned by limiting dilution and designated SRD-19.

Mutagenesis and Isolation of SR-12813-Resistant SRD-16, -17-, and -18 Cells. CHO-7 or
CHO-7/pInsig-2 cells were plated on day 0 at 1 x 10° cells/100-mm dish in medium A
supplemented with 5% LPDS. On day 1, cells were refed the identical medium containing
0.3 mg/ml EMS. Following incubation for 16 h at 37 °C, cells were washed twice with PBS,
trypsinized, and split 1:10 in medium A containing 5% LPDS. After 3 days (to allow
expression of altered phenotypes), the cells were washed and refed medium A containing 5%
LPDS and 10 uM SR-12813. The most vigorous SR-12813-resistant colonies were cloned by

limiting dilution and designated SRD-16, -17-, and -18.

Stable cell lines. SRD-14/plnsig-1 and SRD-14/plnsig-2 cells, derivatives of SRD-14 cells
stably expressing Insig-1-Myc or Insig-2-Myc, respectively, were generated as follows. On
day 0, SRD-14 cells were set up at 5 x 10° cells per 60-mm dish in medium A supplemented

with 5% LPDS. On day 1, the cells were transfected with 1 pg of pCMV-Insig-1-Myc or
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pCMV-Insig-2-Myc using the FuGENE 6 transfection reagent as described above. On day 2,
cells were switched to medium A supplemented with 5% LPDS and 700 pg/ml G418. Fresh
medium was added every 2-3 days until colonies formed after about 2 weeks. Individual
colonies were isolated with cloning cylinders, and Insig-1 or Insig-2 expression was assessed
by immunoblot analysis with anti-Myc. Cells from a single colony were cloned by limiting
dilution and maintained in medium A containing 5% LPDS and 500 pg/ml G418 at 37 °C, 8-
9% CO,. SRD-15/plnsig-1, SRD-15/plnsig-2, SRD-19/plnsig-1 and SRD-19/pInsig-2 cells
were generated and maintaining in medium A supplemented with 5% FCS, 5 pg/ml

cholesterol, I mM mevalonate, and 20 uM sodium oleate and 500 pg/ml G418.

Real-Time PCR, Southern, and Northern Blot Analysis. The protocol for real-time PCR
was identical to that described by Liang et al (Liang et al., 2002). Total RNA was isolated
from CHO-7 and mutant cells using the RNeasy Kit (Qiagen) according to the
manufacturer’s instructions and subjected to reverse transcription. Triplicate samples of
reverse-transcribed total RNA were subjected to real-time PCR quantification using forward
and reverse primers for hamster HMG CoA reductase, HMG CoA synthase, LDL receptor,
Insig-1, Insig-2, GAPDH, and B-actin (invariant control). Relative amounts of mRNAs were
calculated using the comparative Ct method.

Probes were prepared by PCR amplification of reverse-transcribed total RNA isolated
from wild type CHO-7 cells using the following forward and reverse primers. In addition,
the PCR products of the Insig-2 reaction were digested with Kpnl and the resulting two

fragments (corresponding to nucleotides 1-216 and 217-678 of the Insig-2 cDNA,
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respectively) were used as probes in Southern blot analyses. The resulting PCR products
were radiolabeled with [a-P]dCTP using the Megaprime DNA Labeling System
(Amersham Pharmacia Biotech). Total RNA and restriction enzyme-digested genomic DNA
was subjected to electrophoresis and transferred to Hybond N™ membranes (Amersham
Pharmacia Biotech), and filters were hybridized at 60-65 °C with radiolabeled probe using
the ExpressHyb Hybridization Solution (CLONTECH) according to the manufacturer’s
instructions. Filters were exposed to film with intensifying screens for the indicated time at -
80 °C.
5’-CCAAGGATCCATGCCCAGGCTGCACGACCAC-3’
Hamster Insig-1
5’-CCAAGCGGCCGCTCAGTCACTGTGAGGCTTTTCCGG-3’
5’-CCAAGGATCCATGCCCAGGCTGCACGACCAC-3’
Hamster Insig-2
5’-CCAAGCGGCCGCTCAGTCACTGTGAGGCTTTTCCGG-3’
5’-GATGTCCATTGTCTTTGGTATCC-3’
Hamster SCAP
5’-AGACCGTCCTCTTCCTTGTG-3’
5’-ATGGACGAGAGCAGCGAGCTGGGCGG-3’

Hamster SREBP-2
5’- ACAGGAGGAGAGTCTGGTTCATC-3’

Synthesis and Pulse-Chase Analysis of HMG CoA Reductase. Cells were pulse-labeled in
methionine/cysteine-free medium A, and pulse-chase analysis was carried out as described
(Sever et al., 2003a). Immunoprecipitation of labeled reductase from detergent lysates was
carried out with polyclonal antibodies against the 60-kDa COOH-terminal domain of human

reductase as described previously (Sato et al., 1993; Sever et al., 2003a).
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Immunoprecipitates were subjected to SDS-PAGE and transferred to Hybond C-extra
nitrocellulose filters. Dried filters were exposed to an imaging plate at room temperature and

scanned in a Molecular Dynamics Storm 820 Phosphorimager (Amersham Biosciences).

PCR amplification and cloning of HMG CoA Reductase cDNA from SRD-16, -17-, and
-18 Cells. Total RNA was isolated from CHO-7, CHO-7/pInsig-2, and SRD cells using the
RNeasy kit (Qiagen) and subjected to reverse transcription reactions. First-strand cDNA was
used to obtain PCR-amplified fragments containing nucleotides 4-823, 599-1597, 871-2418,
and 2353-2661 of the reductase cDNA with the following forward and reverse primers,
respectively: 5’-TTGTCACGACTTTTCCGTATG-3’ and 5’-CTATCCATCGACTGTGAG
CAT-3’; 5’-CTGTGCTTGCCAACTACTTCGTGT-3’ and 5’-TATATCCGATCACATTCT
CACAG-3’; 5>-TTGGGACTGGATGAAGATGTGT-3’ and 5~ ACCACCCACAGTTCCTA
TCTCTAT-3’; and 5’-TGCAGCAAACATCGTCA-3’ and 5’>CCATCAAAGGAGCCCGTA
AAT-3’. PCR-amplified fragments (corresponding to nucleotides 124-327 and 817-1120 of
the reductase cDNA) were generated from genomic DNA isolated from the same cell lines
using the  following sets of forward and reverse  primers: 5’-
AAGATCTGTGGTTGGAATTACGAGTGC-3’ and 5’-GACTGTACTAAAGACAAAACT
TGAG-3’; 5>-TTGGGACTGGATGAAGATGTG T-3’ and 5’GAGGCTCCCGTCTACAAC
AGT. The resulting PCR products were subcloned into the pCRII vector (Invitrogen), and
10-30 individual clones were subjected to DNA sequencing to identify potential mutations in

the reductase.
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Blue Native-PAGE. SRD-13A cells were set up for experiments and transfected as
described in the legend to Figure 3-5, after which they were harvested for preparation of a 1
x 10° g membrane pellet. The membrane pellet was then solubilized in buffer containing 1%
(w/v) digitonin and subjected to centrifugation at 20,000 x g. One aliquot of the resulting
supernatant was mixed with a 6-amino-n-hexanoic acid containing buffer and subjected to
electrophoresis on a 4-16% blue native gel as described (Sever et al., 2003a). A second
aliquot of the supernatant was mixed with SDS-containing buffer and subjected to 8% SDS-

PAGE.

Neutral Lipid Staining of Cells with Oil Red O. On day 0, CHO-7, SRD-14, SRD-15, and
SRD-19 cells were set up for experiments on coverslips as described in the figure legends.
On day 3, the cells were fixed with 10% formalin in PBS for 1 h at room temperature. After
washing three times with deionized water, the cells were processed for Oil red O staining
using the dye at a concentration of 4 pg/ml in isopropyl alcohol. Finally, each coverslip was
washed 10 min with deionized water, stained for 5 min with 17 ug/ml DAPI, and subjected
to another 10 min wash with deionized water. Coverslips were then mounted onto glass slide

and analyzed on a microscope.

Metabolic Assays. CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up for
experiments as described in the figure legends. The incorporation of ['*C]-acetate into
cellular cholesterol and fatty acids and that of ['*C]-oleate into cellular cholesteryl esters and

triglycerides was measured in cell monolayers as previously described (Brown et al., 1978;
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Goldstein et al., 1983). The protein content of cell extracts was determined using the BCA

Protein Assay Reagent (Pierce) according to the manufacturer’s instructions.

Analysis of Lipid Droplets Isolated from Wild type and Mutant CHO Cells. On day 0,
CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up for experiments as described in the
figure legends. On day 1, the cells were labeled with 100 uCi ["*C] acetate for 2 days and
collected by scraping in ice-cold phosphate-buffered saline (PBS) containing a protease
inhibitor cocktail. Lipid droplet fractions were then purified using a previously described
method (Liu et al., 2004). Total lipids were extracted from purified droplet fractions using a
2:1 (v/v) mixture of acetone and CHCls, after which an aliquot of the extracted lipids was
subjected to scintillation counting. The remaining samples (normalized for equal counts
loaded per lane) were separated by thin layer chromatography on Si gel G60 plates
(Whatman) that were developed in a solvent system consisting of 80:20:1 (v/v)
hexane/diethyl ether/ acetic acid. The migration of radiolabeled phospholipids, fatty acids,
triglycerides, ether lipids, and cholesterols were determined by visualizing unlabeled
standards with iodine vapor. The region corresponding to the various lipids were then

collected by scraping and subjected to scintillation counting.

Determination of Cellular Sterol Composition. CHO-7, SRD-14, -15, and -19 cells were
set up for experiments on day 0 as described in the figure legends. On day 3, cell monolayers
were washed with buffer containing 5 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 0.2%

BSA, followed by an additional wash in the identical buffer containing no BSA.
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Subsequently, 1 ml of wash buffer containing no BSA was added to each dish; the cells were
harvested by scraping, transferred to a 1.5 ml eppendorf tube, and subjected to centrifugation
for 5 min at 4,000 rpm at 4°C. After removal of the supernatant, the cell pellets were
resuspended in 1 ml of 0.1 M NaOH and vortexed at room temperature for 30 min. An
aliquot of the resulting cell lysates was used to determine protein concentration as described
above. An ethanolic solution containing the internal standards S«-cholestane (50 pg) and
epicoprostanol (2.5 pg) was added to 200 ul of the remaining cell lysates, and sterols were
hydrolyzed by heating (to 100 °C) in ethanolic KOH (100 mM) for 2 h. Lipids were extracted
in petroleum ether, dried under nitrogen, and derivatized with hexamethyldisilazane-
trimethylchlorosilane. Gas chromatography-mass spectroscopy (GC-MS) analysis was
performed by using a 6890N gas chromatograph coupled to a 5973 mass selective detector
(Agilent Technologies, Palo Alto, CA). Trimethylsilyl-derived sterols were separated on an
HP-5MS 5%-phenyl methyl polysiloxane capillary column (30-m x 0.25-mm inside diameter
x 0.25-pum film) with carrier gas helium at the rate of 1 ml/min. The temperature program was
150 °C for 2 min, followed by increasing the temperature by 20 °C per min up to 280 °C and
holding it for 13 min. The injector was operated in the splitless mode and was kept at 280 °C.
The mass spectrometer was operated in selective ion monitoring mode. The extracted ions
were 458.4 (cholesterol), 343.3 (desmosterol), 458.4 (lathosterol), 441.4 (zymosterol), 393.4

(lanosterol), and 350.4 (7-dehydrocholesterol).
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Cell line Description Source
CHO-K1 Parental cells for all lines used in this study §6T§C No. CRL-
CHO-7 Subline of CHO-K1 cells selected for growth in (Metherall et al.,
lipoprotein-deficient serum 1989)
Mutant CHO-7 cells that express constitutively
SRD-1 active SREBP-2 resulting from genomic (Yang et al., 1994)
rearrangements of the SREBP-2 gene
Mutant CHO/pS2P cells deficient in SCAP. (Rawson et al
SRD-13A Auxotrophic for cholesterol, 1999) ?
mevalonate, and unsaturated fatty acids
SRD-14 Mutant CHO-7 cells lacking Insig-1 (Sever et al., 2004)
SRD-15 Mutant CHO-7 cells lacking Insig-1, and Insig-2 (Lee et al., 2005)
Mutant CHO/pS2P cells has point mutation in HMG
SRD-16 CoA reductase (S6ON) (Lee et al., 2007)
Mutant CHO-7 cells has point mutation in HMG
SRD-17 CoA reductase (GSTR) (Lee et al., 2007)
Mutant CHO-7 cells has point mutation in HMG
SRD-18 CoA reductase (A333P) (Lee et al., 2007)
SRD-19 Mutant CHO-7 cells lacking Insig-1, and amplified Chapter 5.

SCAP gene




CHAPTER 1

ISOLATION OF MUTANT CELLS LACKING
INSIG-1 THROUGH SELECTION WITH SR-
12813, AN AGENT THAT STIMULATES
DEGRADATION OF HMG-COA REDUCTASE
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RESULTS

The experiments shown in Fig. 1-1 were designed to determine whether SR-12813
utilizes mechanisms distinct from those of sterols to accelerate degradation of reductase. SV-
589 cells, a line of transformed human fibroblasts, were depleted of sterols by incubation for
16 h in medium containing LPDS, the reductase inhibitor, compactin (Brown et al., 1978),
and a low level of mevalonate (50 uM), which is the lowest level that assures viability (Fig.
1-1A). Cells were then treated for an additional 5 h with various combinations of SR-12813,
a high level of mevalonate (10 mM), and 30 uM geranylgeraniol (the alcohol derivative of
geranylgeranyl pyrophosphate).  Following treatments, the cells were harvested and
separated into membrane and nuclear extract fractions. Aliquots of the fractions were
subsequently subjected to SDS-PAGE and immunoblotted with anti-reductase and anti-
SREBP-2 monoclonal antibodies. In untreated cells, we observed a full-length band of
reductase that remained unchanged upon treatment of the cells with SR-12813 alone (top
panel, lanes 1 and 2). However, when cells were treated with the combination of SR-12813
and mevalonate or geranylgeraniol, reductase degradation was accelerated as indicated by the
dramatic decrease in the reductase band (top panel, lanes 4 and 6, respectively). These
results indicate that nonsterol mevalonate-derived products or geranylgeraniol can synergize
with SR-12813 to accelerate degradation of reductase. Similarly, we and others have
observed that these nonsterol products of mevalonate metabolism also significantly
contribute to sterol-accelerated degradation of reductase (Nakanishi et al., 1988; Roitelman
and Simoni, 1992; Sever et al., 2003a). In contrast to its effects on the degradation of

reductase, SR-12813 did not alter SCAP activity, as indicated by the persistence of nuclear
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SREBP-2, regardless of treatment conditions (bottom panel, lanes 1-6). These results
indicate that SR-12813 can replace sterols to promote accelerated degradation of reductase,
but the drug can not substitute for sterols in mediating ER retention of the SCAP/SREBP-2
complex. It should be noted that in this and subsequent experiments in this report, regulation
of nuclear SREBP-1 mirrored that of nuclear SREBP-2 (data not shown).

In previous studies, we used RNA interference (RNAi) to demonstrate that sterol-
dependent degradation and ubiquitination of endogenous reductase requires either Insig-1 or
Insig-2 (Sever et al., 2003a). To determine whether Insigs are required for SR-12813-
dependent degradation and ubiquitination of reductase, SV-589 cells were transfected with
duplexes of small interfering RNA (siRNA) targeting the control gene, vesicular stomatitis
virus glycoprotein, which is not expressed in the cells, or the combination of Insig-1 and
Insig-2. For degradation experiments (Fig. 1-1B), cells were treated for 5 h with 10 mM
mevalonate and either sterols or SR-12813. In control transfected cells, sterols and SR-
12813 accelerated the degradation of reductase (lanes 1-3), yet when siRNAs targeting Insig-
1 and Insig-2 were introduced into the cells, both sterol- and SR-12813-dependent
degradation of reductase was severely blunted (lanes 4-6). Similar results were obtained for
reductase ubiquitination (Fig. 1-1C). For ubiquitination experiments, the cells were treated
for 1 h with 10 mM mevalonate, the proteasome inhibitor MG-132, and either sterols or SR-
12813. Following the incubation, the cells were harvested, lysed in detergent-containing
buffer, and subjected to immunoprecipitation with polyclonal anti-reductase antibodies.
Sterols and SR-12813 stimulated ubiquitination of reductase to similar levels in the control

transfected cells, as indicated by the appearance of high molecular weight smears in anti-
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ubiquitin immunoblots of the reductase immunoprecipitates (lanes 1-3). Ubiquitination of
reductase was ablated when the cells received Insig-1 and Insig-2 siRNAs (lanes 4-6).
Together, the results of Figs. 1-1B and C demonstrate that sterols and SR-12813 promote
ubiquitination and degradation of reductase through a shared, Insig-dependent mechanism.

Considering that SR-12813 effectively replaces sterols for Insig-dependent regulation
of reductase degradation, but not ER retention of SCAP (see Fig. 1-1), we reasoned the
specificity of SR-12813 could be exploited to isolate mutant cells which no longer accelerate
degradation of reductase. The experiment of Fig. 1-2, which shows a series of stained Petri
dishes, was designed to determine the effects of SR-12813 on the growth of CHO-7 cells.
The growth of CHO-7 cells tolerated supplementation of LPDS-containing medium with as
much as 2 uM SR-12813. However, the cells failed to proliferate when challenged with 4-10
uM SR-12813, and growth could be restored by the addition of cholesterol (5 pg/ml) to the
culture medium. This indicates that toxicity of SR-12813 is attributable to its ability to
accelerate degradation of reductase, thereby inhibiting cholesterol synthesis, and ultimately
leading to cell death as a result of cholesterol depletion.

Approximately 2.5 x 10’ CHO-7 cells were mutagenized with y-irradiation, and
subjected to selection in 10 uM SR-12813. The most vigorous clone was isolated, expanded,
and designated SRD-14 cells. The growth assay in Fig. 1-3A shows that SRD-14 cells were
resistant to growth in 10 pM SR-12813 and up to 0.1 pg/ml 25-HC. In contrast, the parental
CHO-7 cells were effectively killed by SR-12813 and their growth exhibited a greater
sensitivity (about 3-fold) to 25-HC than that of SRD-14 cells. The resistance of SRD-14

cells to SR-12813 and 25-HC indicates that in these cells, reductase is refractory to
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accelerated degradation. We tested this hypothesis directly by comparing the effects of
sterols and SR-12813 on reductase degradation and SREBP-2 processing in CHO-7 and
SRD-14 cells (Figs. 1-3B and 3C). As shown in Fig. 1-3B, sterols and SR-12813 promoted
the rapid degradation of reductase in parental CHO-7 cells (top panel, lanes 2 and 3), while
the disappearance of nuclear SREBP-2 was only observed upon sterol treatment (bottom
panel, lane 2). However, both SR-12813 and sterols failed to promote degradation of
reductase and sterols did not suppress nuclear SREBP-2 in the mutant SRD-14 cells (top and
bottom panels, lanes 4-6). SCAP appeared to be produced at approximately equivalent levels
in the CHO-7 and SRD-14 cells (second panel, lanes 1-6). Consistent with their inability to
promote reductase degradation in the mutant cells, sterols also failed to promote
ubiquitination of reductase to appreciable levels (Fig. 1-3C, compare lanes 1 and 2 with 3
and 4). Thus, the inability of SRD-14 cells to carry out reductase ubiquitination and
degradation explains their resistance to the growth inhibitory effects of SR-12813.

The failure of sterols to promote reductase degradation and inhibit processing of
SREBP-2 indicated that SRD-14 cells are defective in a common component required for
sterol-regulation of both SCAP and reductase. We reasoned that this defective component
was most likely one of the Insig proteins, considering their participation in sterol regulation
of both proteins. Hence, membranes from CHO-7 and SRD-14 cells were isolated and
subjected to immunoblot analysis with polyclonal anti-Insig-1 antibodies (Fig. 1-4A). To
ensure maximal expression of Insig-1, which is a target gene of SREBP-2 (Yabe et al.,
2002a; Yang et al., 2002), the cells were incubated in sterol-depleting medium for 16 h and

treated for an additional 5 h in the absence or presence of sterols prior to harvesting. Some
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of the dishes of cells also received MG-132 to inhibit the activity of proteasomes. In the
absence of MG-132, Insig-1 was barely detectable in the anit-Insig-1 immunoblots,
regardless of the absence or presence of sterols (lanes 1 and 2). However, treatment of the
cells with MG-132 led to the appearance of two bands at 28 kDa and 25 kDa (lanes 3 and 4),
which likely results from the use of two start sites for translation, as has been reported for the
human Insig-1 protein (Yang et al., 2002). The stabilization of Insig-1 by MG-132 indicates
that the protein is rapidly degraded by proteasomes. In contrast to those from CHO-7 cells,
membranes from the SRD-14 cells lacked detectable Insig-1 when incubated in the absence
or presence of sterols and/or MG-132 (lanes 5-8).

We next conducted a series of experiments designed to assess the nature of the
genetic defect that leads to the absence of Insig-1 protein in SRD-14 cells. Fig. 1-4B shows a
Northern blot, comparing the amounts of Insig-1 mRNA in CHO-7 and SRD-14 cells. Insig-
1 mRNA was present in the parental cells when they were incubated in the absence of sterols
(lane 1), and it declined when the cells were treated with sterols (lane 2), a result of the
sterol-dependent suppression of nuclear SREBP-2. In contrast, Insig-1 mRNA failed to be
detected in SRD-14 cells, regardless of the absence or presence of sterols (lanes 3 and 4).
The absence of detectable Insig-1 mRNA and protein in SRD-14 cells is caused by the a
partial deletion of the Insig-1 gene (data not shown). In previously identified mutant cell
lines, the persistence of nuclear SREBP-2 upon 25-HC treatment was indicative of the ability
of the cells to survive chronic treatment with the oxysterol (Dawson et al., 1991; Hua et al.,
1996; Yabe et al., 2002b; Yang et al., 1995; Yang et al., 1994). However, in the experiment

of Fig. 1-3 we observed that despite their resistance to sterol-mediated suppression of nuclear
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SREBP-2 (Fig. 1-3B), SRD-14 cells were only partially resistant to growth in 25-HC (Fig. 1-
3A). Considering that, in Fig. 1-3B, the extent to which sterols influenced SREBP-2
processing was assessed after treating cells for 5 h, we designed an experiment to compare
the kinetics of sterol-dependent suppression of SREBP-2 processing in CHO-7 and SRD-14
cells (Fig. 1-5A). In the wild type cells, we noticed that sterols suppressed nuclear SREBP-2
in 2 h (bottom panel, lane 2), whereas sterol treatments for 8-16 h was required to block
SREBP-2 processing in SRD-14 cells (bottom panel, lanes 13 and 14). In parallel
experiments, we measured the amounts of mRNAs encoding Insig-1, Insig-2, and three
SREBP-2 target genes; HMG CoA synthase, HMG CoA reductase, and the LDL-receptor, by
quantitative real-time PCR analysis and the results are presented graphically in Fig. 1-5B-F.
The mRNAs encoding SREBP-2 target genes in CHO-7 cells declined with sterol treatment
at rates which mirrored those of nuclear SREBP-2 suppression and again, we found the sterol
response of the SRD-14 cells was markedly delayed. As expected, Insig-lmRNA was not
detected in the mutant cells and exhibited a similar response to sterols as the other SREBP-2
target genes in wild type cells (Fig. 1-5B). Insig-2 mRNA was present at similar levels in
CHO-7 and SRD-14 cells and remained constant throughout the time course in both cell lines
(Fig. 1-5C).

We sought next to determine whether overexpression of Insig-1 or Insig-2 would
restore sterol regulation of reductase ubiquitination/degradation and SREBP-2 processing
after 5 h. SRD-14 cells were transfected with pCMV-Insig-1-Myc and pCMV-Insig-2-Myec,
expression plasmids encoding full-length human Insig-1 and Insig-2 followed by six tandem

copies of the c-Myc epitope, and clones that expressed equivalent levels of the Insig proteins



31

were isolated (Fig. 1-6, bottom panel, lanes 7-12). Fig. 1-6A shows that in CHO-7 cells,
sterols and SR-12813 promoted complete degradation of reductase (top panel, lanes 2 and 3)
and sterols fully suppressed nuclear SREBP-2 (third panel, lane 2). The SRD-14 cells, as
expected, were resistant to both reagents (top and third panel, lanes 4-6). In the SRD-14
cells stably overexpressing Insig-1-Myc or Insig-2-Myc, regulated degradation of reductase
and suppression of nuclear SREBP-2 was completely restored (top three panels, lanes 7-12).
Finally, regulated ubiquitination of reductase was fully restored in the SRD-14 cells upon
overexpression of Insig-1 or Insig-2 (Fig. 1-6B). Considered together, these results
demonstrate that the regulatory defects exhibited by SRD-14 cells can be completely restored

upon stable transfection of either Insig-1-Myc or Insig-2-Myc.
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FIGURE 1-1: SR-12813 mimics sterols in promoting Insig-dependent ubiquitination
and degradation of HMG CoA Reductase.

A, SV-589 cells were set up in medium B containing 10% FCS. On day 2, the cells were
washed with PBS and refed medium B supplemented with 10% LPDS, 50 uM compactin,
and 50 uM mevalonate. After 16 h at 37 °C, cells were switched to medium B containing
10% LPDS and 50 uM compactin in the absence or presence of 10 uM SR-12813, 10 mM
mevalonate, and 30 uM geranylgeraniol as indicated. After incubation at 37 °C for 5 h, the
cells were subjected to fractionation. Aliquots of the membrane (3 pg protein/lane) and
nuclear extract (30 ug protein/lane) were subjected to SDS-PAGE immunoblotted with IgG-
A9 (Reductase) or IgG-1D2 (SREBP-2). B and C, SV-589 cells were set up in medium B
with 10% FCS. On days 1 and 3, cells were transfected with 400 pmol/dish of VSV-G
siRNA (lanes 1-3) or Insig-1 and Insig-2 siRNA (lanes 4-6). After the second transfection
on day 3, cells were incubated for 16 h at 37 °C in medium B containing 10% LPDS, 50 uM
compactin, and 50 uM mevalonate. On day 4, the cells were switched to medium A
containing 10% LPDS, 50 uM compactin, and 10 mM mevalonate in the absence or presence
of sterols (1 pg/ml 25-HC and 10 pg/ml cholesterol) or 10 uM SR-12813, as indicated. In C,
the medium also contained 10 pM MG-132. B, after 5 h at 37 °C, the cells were harvested,
cell fractionation, subjected to SDS-PAGE and immunoblot analysis as in A. C, after 1 h at
37 °C, cells were harvested, lysed, and subjected to immunoprecipitation with polyclonal

anti-reductase. Aliquots of immunoprecipitates were subjected to SDS-PAGE, and

immunoblotted with I[gG-A9 (Reductase) or IgG-P4D1 (Ubiquitin).
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FIGURE 1-2: SR-12813 mediated killing of CHO cells is prevented by cholesterol.

CHO-7 cells were set up on day 0 at 4 x 10* cells per 60-mm dish in medium A containing
5% LPDS. On day 1, the cells were refed medium B supplemented with 5% LPDS and the
indicated concentration of SR-12813 in the absence or presence of 5 pg/ml cholesterol. Cells
were refed every 2-3 days. On day 14, the cells were washed with phosphate-buffered saline,

fixed in 95% ethanol, and stained with crystal violet.
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FIGURE 1-3: Comparison of growth, HMG CoA Reductase degradation/
ubiquitination, and SREBP processing in parental CHO cells and SRD-14 cells treated
with sterols and SR-12813.

A, CHO-7 and SRD-14 cells were set up in medium A containing 5% LPDS. On day 1, the
cells were refed medium A supplemented with 5% LPDS and 10 uM SR-12813 or the
indicated concentration of 25-HC. Cells were refed every 2-3 days. On day 14, the cells
were washed, fixed in 95% ethanol, and stained with crystal violet. B and C, On day 2, the
cells were refed medium B supplemented with 5% LPDS, 10 uM compactin, and 50 uM
mevalonate. B, after 16 h at 37 °C, cells were switched to medium A containing 5% LPDS
and 50 uM compactin in the absence or presence of either sterols (1 pg/ml 25-HC and 10
pg/ml cholesterol) or 10 uM SR-12813 plus 10 mM mevalonate as indicated. After
incubation at 37 °C for 5 h, the cells were harvested and subjected to cell fractionation.
Aliquots of the membrane (5-32 ug protein/lane) and nuclear extract fractions (33 g
protein/lane) were subjected to SDS-PAGE, and immunoblot analysis with IgG-A9
(Reductase), 1gG-R139 (SCAP), or IgG-7D4 (SREBP-2). C, after 16 h at 37 °C, cells were
switched to medium A containing 5% LPDS, 50 uM compactin, and 10 pM MG-132 in the
absence or presence of sterols (1 pg/ml 25-HC and 10 pg/ml cholesterol) plus 10 mM
mevalonate as indicated. After 2 h, the cells were harvested, lysed, and subjected

sequentially to immunoprecipitation and immunoblot analysis with IgG-A9 (Reductase) or

IgG-P4D1 (Ubiquitin).
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FIGURE 1-4: Immunoblot analysis and molecular characterization of Insig-1 mRNA
in parental CHO and mutant SRD-14 cells.

A and B, CHO-7 and SRD-14 cells were set up in medium A containing 5% LPDS. On day 2,
the cells were refed medium A supplemented with 5% LPDS, 10 uM compactin, and 50 uM
mevalonate. After 16 h at 37 °C, cells were switched to medium A containing 5% LPDS and
50 uM compactin in the absence or presence of sterols (1 pg/ml 25-HC and 10 pg/ml
cholesterol) as indicated. After incubation at 37 °C for 5 h, the cells were harvested,
subjected to cell fractionation, and aliquots of the membrane fraction (30 pg protein/lane)
were subjected to SDS-PAGE and immunoblot analysis with a 1:1000 dilution of polyclonal
anti-Insig-1. B, following incubation at 37 °C for 5 h, the cells were harvested and total RNA
was isolated. Aliquots of total RNA (20 ug/lane) were subjected to electrophoresis in a
denaturing (formaldehyde) gel and transferred to a nylon filter by capillary blotting. The
filter was hybridized with a 796-bp **P-labeled probe encoding the open reading frame of

Insig-1. The filter was exposed to film at -80 °C for 16 h.
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FIGURE 1-5: Kinetics of sterol-mediated suppression of nuclear SREBP-2 and
SREBP-target gene expression in parental CHO and mutant SRD-14 cells.

CHO-7 and SRD-14 cells were set up in medium A containing 5% LPDS. On day 2, the
cells were refed medium B supplemented with 5% LPDS, 50 uM compactin, and 50 uM
mevalonate. Some of the cells were refed the same media supplemented with a mixture of
25-HC (1 pg/ml) and cholesterol (10 pg/ml) for the indicated period of time. Sterols were
added in a staggered fashion, such that all of the cells could be harvested together. A, after
incubation, the cells were harvested, subjected to cell fractionation and aliquots of the
membrane (34 pg protein/lane) and nuclear extract (13 ug protein/lane) fractions were
subjected to SDS-PAGE. Immunoblot analysis was subsequently carried out as described in
the legend to Fig. 1-3. B-F, following incubations, the cells were harvested and total RNA
was isolated and subjected to reverse transcription. Aliquots of reverse-transcribed total RNA
were then subjected to real-time PCR analysis using primers specific for the indicated
SREBP-2 target gene. Each value for cells incubated with sterols for the indicated time
represents the amount of target gene expression relative to that in control cells harvested at
time 0. The values for Insig-2 mRNA in the cells represent its expression relative to that in

wild type cells harvested at time 0.
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FIGURE 1-6: Stable transfection of SRD-14 cells with pCMV-Insig-1-Myc or pCMV-
Insig-2-Myc restores regulation of HMG CoA Reductase degradation/ ubiquitination
and SREBP-2 processing mediated by sterols and SR-12813.

CHO-7, SRD-14, SRD-14/plnsig-1, and SRD-14/pInsig-2 cells were set up in medium A
containing 5% LPDS. On day 2, the cells were switched to medium B supplemented with
5% LPDS, 10 uM compactin, and 50 uM mevalonate. A, after 16 h at 37 °C, the cells were
switched to medium B containing 5% LPDS and 50 uM compactin in the absence or
presence of sterols (1 pg/ml 25-HC and 10 pg/ml cholesterol) or 10 uM SR-12813 plus 10
mM mevalonate, as indicated. In C, the medium also contained 10 uM MG-132. Following
incubation at 37 °C for 5 h, the cells were harvested, subjected to cell fractionation and
aliquots of the membrane (4-50 pg protein/lane) and nuclear extract (11-27 pg protein/lane)
fractions were subjected to SDS-PAGE. Immunoblot analysis with [gG-A9 (Reductase), IgG-
7D4 (SREBP-2), and IgG-Myc (Insig-land Insig-2). B, after incubation for 2 h at 37 °C,
cells were harvested, lysed, and sequentially subjected to immunoprecipitation, SDS-PAGE,

and immunoblot analysis with [gG-A9 (Reductase) or [gG-P4D1 (Ubiquitin).
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DISCUSSION

The data presented in the current chapter describe the isolation and characterization of
a new line of mutant CHO cells, designated SRD-14, resistant to chronic selection with the
1,1-bisphosphonate ester, SR-12813. We chose to select mutagenized CHO-7 cells with SR-
12813 for several reasons. 1) SR-12813 replaced sterols in promoting Insig-dependent
degradation and ubiquitination of reductase, but not ER retention of the SCAP/SREBP-2
complex (Fig. 1-1). 2) CHO-7 cells failed to grow in the presence of SR-12813, and this
was overcome by the addition of exogenous cholesterol to the growth medium (Fig. 1-2A).
3) SR-12813 did not influence the stability of degradation-resistant mutant forms of
reductase and consequently, the drug failed to kill cells that expressed the mutant, but not the
wild type form of full-length reductase (data not shown). The mutant cells that survived SR-
12813 selection did so because they failed to accelerate degradation of reductase (Fig. 1-3B
and C), owing to the absence of Insig-1 mRNA and protein that resulted from a partial
deletion of the Insig-1 gene (data not shown). SRD-14 and 7 other lines of Insig-1-deficient
cells were produced from a single round of mutagenesis of approximately 2.5 x 10’ CHO-7
cells, followed by selection in SR-12813. The repeated isolation of Insig-1-deficient cells in
our experiments indicates that CHO-7 cells may only have one functional copy of the Insig-1
gene, thus a single mutagenic event can destroy the single copy of the Insig-1 gene, leading
to Insig-1 deficiency. The failure of SRD-14 cells to degrade reductase in response to SR-
12813 or sterols appears to result from their deficiency in total Insig. This is indicated by the
restoration of regulated ubiquitination and degradation of reductase upon overexpression of

either Insig-1-Myc or Insig-2-Myc in the SRD-14 cells (Fig. 1-6).
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The growth of SRD-14 cells in SR-12813 indicates that Insig-2 alone cannot carry out
reductase degradation, whereas their inability to grow in the presence of 25-HC suggests that
regulation of SREBP processing must be intact upon prolonged sterol treatment (Fig. 1-3A).
Thus, we compared the kinetics of sterol-dependent suppression of SREBP-2 processing in
parental CHO-7 and mutant SRD-14 cells (Figs. 1-5). In the parental cells, sterols rapidly
suppressed SREBP-2 processing and mRNAs encoding Insig-1 and other SREBP-2 target
genes fell accordingly. In the absence of sterols, we approximate that Insig-1 expression
exceeds that of Insig-2 by 10-fold in CHO cells, thus 90% of total Insig is susceptible to
sterol-dependent suppression. As expected, Insig-2 alone mediated sterol suppression of
SREBP-2 processing in SRD-14 cells, although at a slower rate than wild type cells. Thus, it
appears that cells require their total complement of Insigs to carry out sterol-accelerated
degradation of reductase, whereas sterol suppression of SREBP processing can occur at
lower Insig levels. These results are consistent with those we obtained with RNAi
experiments, where transient knockdown of Insig-1 and Insig-2 blocked sterol-accelerated
degradation of reductase, but sterol-mediated suppression of SREBP processing remained
intact (data not shown). This disparity may reflect differences in the affinities of reductase
and SCAP for sterols and/or Insigs. Finally, stable overexpression of Insig-1 or Insig-2 in
SRD-14 cells restored the rapid suppression of SREBP processing (Fig. 1-6), thus reflecting
the redundant role of the two proteins in mediating sterol regulation of SREBP as well as
reductase.

Taken together, the current results provide compelling genetic evidence for the

important role Insig-1 plays in mediating two distinct sterol-regulated reactions: ER
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retention of SCAP and accelerated degradation of reductase. In addition, these data
substantiate previous reasoning for the existence of two Insig isoforms (Yabe et al., 2002a).
In wild type, sterol-deprived cells, SCAP readily enters budding vesicles, en route to carrying
SREBP to the Golgi for proteolytic processing, and reductase is stable and produces
mevalonate. In the nucleus, the processed SREBPs activate transcription of genes encoding
cholesterol biosynthetic enzymes (including reductase), resulting in a rise in the synthesis of
sterols. The combination of sterols and Insig-1 prevents translocation of SCAP to the Golgi,
resulting in the decline of SREBP processing, and promotes accelerated degradation of
reductase. In the absence of nuclear SREBPs, Insig-1 levels diminish and over time, the
level of SCAP should eventually exceed that of Insig-1, permitting its escape from the ER to
activate processing of SREBPs.

The analysis of SREBP processing in SRD-14 cells indicates that because of its
constitutive, SREBP-independent expression, Insig-2 prevents the escape of SCAP from the
ER in cells replete with sterols. We reason that sterols synthesized prior to the fall of Insig-1
sensitize the system such that Insig-2 is sufficient to block SCAP transport and maintain
suppression of SREBP processing as long as intracellular sterols remain high. Considering
that under conditions of sterol-deprivation Insig-1 accounts for 90% of total Insigs, the ability
of SREBPs to modulate levels of its inhibitor provides a reset mechanism which permits cells
to rapidly modulate SREBP processing according to their demands for sterols. When cellular
sterols are high, Insig-2 is the only form of Insig present, thus the cells can respond rapidly to

cholesterol depletion. On the other hand, when SREBPs are actively processed, the Insig-1
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gene is activated, and the increase in total Insigs primes the cells for rapid suppression when
sterol levels rise.

In conclusion, the analysis of regulated SREBP processing and accelerated
degradation of reductase in the Insig-1-deficient SRD-14 cells has revealed an interesting
circuitry underlying sterol regulation; however, the complete resolution of this unique
regulatory system requires the availability of Insig-2 deficient cells, as well as cells lacking

both Insig-1 and Insig-2.
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RESULTS

The oxysterol 25-HC blocks cholesterol synthesis through its potent ability to
simultaneously inhibit SREBP processing and stimulate the ubiquitination and degradation of
reductase. In the absence of exogenous cholesterol, the continual culture of normal cells in
25-HC is toxic because the oxysterol blocks the synthesis of cholesterol, but cannot replace
the structural function of cholesterol in cellular membranes. Thus, to isolate mutant cells
deficient in both Insig-1 and Insig-2, we began by mutagenizing approximately 2.5 x 10’
Insig-1-deficient SRD-14 cells with y-irradiation and subjecting them to chronic selection in
25-HC. The most vigorous clone of mutagenized cells proliferated in 1.25 uM 25-HC, a
concentration previously determined to completely inhibit growth of SRD-14 cells as well as
wild-type cells (Sever et al., 2004). The resistant clone was isolated, expanded, and
designated SRD-15 cells. Fig. 2-1 shows an experiment in which we compared the growth of
wild-type and mutant cells in medium supplemented with lipoprotein-deficient serum and
various concentrations of 25-HC. Wild-type cells were efficiently killed in medium
containing 0.25 uM 25-HC, whereas higher concentrations (0.75 uM) of the oxysterol were
required to block growth of the SRD-14 cells. In contrast, SRD-15 cells were resistant to
culture in 25-HC at concentrations as high as 2.5 uM. Considering that growth of cells in
medium containing lipoprotein-deficient serum renders them dependent upon endogenous
cholesterol synthesis for survival (Metherall et al., 1989), the resistance of SRD-15 cells to
culture in 25-HC indicates that the cells do not suppress cholesterol synthesis in response to

oxysterol treatment.
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In Chapter 1, we found that sterols blocked the accumulation of nuclear SREBPs in
SRD-14 cells only after prolonged treatment (up to 16 h) (Sever et al., 2004). In light of this,
we compared the sterol regulation of SREBP processing in wild-type CHO-7, Insig-1-
deficient SRD-14, and SRD-15 cells (Fig. 2-2). We depleted the cells of sterols by incubating
them in medium containing lipoprotein-deficient serum, the reductase inhibitor compactin
(Brown et al., 1978), and the lowest level of mevalonate (50 uM) that ensures viability.
Some of the cells also received various concentrations of 25-HC. After 5 h or 16 h, the cells
were harvested, separated into membrane and nuclear extract fractions, and aliquots of the
fractions were subjected to SDS-PAGE. Subsequently, immunoblot analysis of the fractions
was carried out with anti-SREBP-1 (Fig. 2-2A, top panel) and anti-SREBP-2 (Fig. 2-2A,
bottom panel) antibodies. In untreated cells, bands corresponding to the processed, nuclear
forms of SREBP-1 and SREBP-2 were observed at the 5 h and 16 h time points (top and
bottom panels, lanes 1, 5, 9, 13, 17, and 21). In CHO-7 cells, 25-HC caused the
disappearance of both nuclear SREBP-1 and SREBP-2 in a dose-dependent manner after 5 h
and 16 h of treatment (top and bottom panels, lanes 2-4 and 14-16). After 5 h of treatment,
25-HC did not appreciably reduce nuclear SREBP-1 and SREBP-2 levels in either SRD-14
or SRD-15 cells (top and bottom panels, lanes 6-8; 10-12). At the 16 h time point, 25-HC
completely blocked processing of both SREBPs in CHO-7 and SRD-14 cells (lanes 14-16;
18-20), whereas SREBP processing in the SRD-15 cells was fully resistant to oxysterol-
mediated suppression (top and bottom panels, lanes 22-24).

In addition to inhibition by 25-HC, SREBP processing is inhibited by high

concentrations of cholesterol added in MCD (Adams et al., 2004). The experiment of Fig. 2-



51

2B shows that SRD-15 cells are resistant to cholesterol as well as 25-HC. When delivered to
CHO-7 cells as complexes with MCD, 25-HC at 2.5 uM and cholesterol at 25 uM inhibited
accumulation of nuclear SREBP-2 (lanes 3, 4, and 7), whereas no such effect was seen in
SRD-15 cells (lanes 10, 11, and 14).

We next compared the steady state levels of endogenous reductase and nuclear
SREBP-2 in CHO-7 and SRD-15 cells incubated in LPDS with or without compactin
supplementation for 16 h. Immunoblotting membranes with anti-reductase revealed that in
the absence of compactin, the steady state level of reductase was low in wild-type CHO-7
cells (Fig. 2-3A, top panel, lane a), and this rose with compactin treatment in a dose-
dependent fashion (lanes b-d). This finding is consistent with previous observations which
demonstrated that blocking mevalonate metabolism reduces regulatory molecules that
normally govern the reductase regulatory system, resulting in a compensatory increase of the
enzyme in ER membranes (Kita et al., 1980). In untreated SRD-15 cells, the steady-state
levels of reductase were equal to that of compactin-treated CHO-7 cells (compare lanes d and
e) and failed to be increased by compactin (lanes f-h). Nuclear SREBP-2 followed a similar
pattern to that of reductase (bottom panel). Compactin treatment led to an increased nuclear
accumulation of SREBP-2 in the wild-type cells (lanes a-d), whereas the drug had no effect
on the elevated levels of nuclear SREBP-2 in SRD-15 cells (lanes e-h). In parallel
experiments, we isolated total RNA from the treated cells and measured the levels of mRNAs
for SCAP, reductase, HMG CoA synthase, and the LDL-receptor by quantitative real-time
PCR. As expected, SCAP mRNA was constant in CHO-7 and SRD-15 cells, regardless of

the absence or presence of compactin. In CHO-7 cells, compactin treatment led to a dose-
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dependent increase in the expression reductase, HMG CoA synthase, and LDL-receptor
mRNAs. These mRNAs were somewhat elevated to varying degrees in SRD-15 cells, but
compactin had no effect on their expression.

In the experiment of Fig. 2-3B, we compared the rate of reductase synthesis in CHO-7
and SRD-15 cells. Following incubation for 16 h in the absence or presence of compactin,
the cells were pulse-labeled with a mixture of **S-methionine plus cysteine for increasing
periods of time, after which they were harvested, lysed in detergent-containing buffer, and
immunoprecipitated with polyclonal antibodies against reductase. CHO-7 (lanes a-e; k-0)
and SRD-15 (lanes f-j; p-t) cells incorporated **S-radioactivity into reductase protein in a
similar manner that increased with time. Notably, quantification of the gels revealed that the
rate of reductase synthesis was marginally higher in the SRD-15 cells than in CHO-7 cells.

The experiment of Fig. 2-3C was designed to compare the rate of sterol-regulated
turnover of reductase in CHO-7 and SRD-15 cells. Cells were depleted of sterols for 16 h
by incubating them in LPDS containing compactin. Subsequently, the cells were pulse-
labeled for 30 min with **S-methionine, after which they were washed and switched to
medium containing an excess of unlabeled methionine and cysteine in the absence of sterols
plus high levels (10 mM) of mevalonate (Sever et al., 2003a). In the absence of sterols, the
amount of *>S-labeled reductase in CHO-7 cells declined during the 6 h chase period (lanes
b, d, and f), and this decline was accelerated by the addition of sterols plus mevalonate to the
chase medium (lanes c, e, and g). In contrast, accelerated degradation of reductase was
refractory to sterol regulation in SRD-15 cells, as indicated by the identical rate of decline in

radiolabeled reductase in the absence or presence of sterols plus mevalonate (lanes i-n).
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The failure of SRD-15 cells to respond to 25-HC and cholesterol suggested that these
cells were deficient in Insig-2 as well as Insig-1. To test this hypothesis, we pretreated CHO-
7, SRD-14, and SRD-15 cells in the absence and presence of sterols for 16 h (Fig. 2-4A) and
isolated total RNA. Northern blotting with a radiolabeled Insig-1 cDNA probe revealed the
presence of Insig-1 mRNA in untreated CHO-7 cells (top panel, lane 1) which declined when
the cells were treated with sterols (lane 2), a result of the sterol-dependent reduction in
nuclear SREBPs. As expected, Insig-1 was not detected in SRD-14 and SRD-15 cells (lanes
3-6). CHO-7 and SRD-14 cells expressed approximately equivalent levels of Insig-2 mRNA,
regardless of sterol treatment (middle panel, lanes 1-4). However, the level of Insig-2
mRNA in SRD-15 cells was markedly reduced in comparison to that in the parental SRD-14
and wild-type CHO-7 cells (lanes 5-6). To quantify the amount of Insig-2 mRNA remaining
in SRD-15 cells, we subjected total RNA to reverse transcription reactions and quantitative
real-time PCR analysis (Fig. 2-4B). Consistent with the observation in Fig. 2-4A, Insig-1
mRNA was only detected in wild-type CHO-7 cells and its level was suppressed by sterols.
The mRNAs encoding reductase, HMG CoA synthase, and LDL-receptor were similarly
suppressed by sterols in CHO-7 and SRD-14 cells, but not in the SRD-15 cells. Insig-2
mRNA was present in the CHO-7 and SRD-14 cells at approximately equivalent levels.
However, in the SRD-15 cells, Insig-2 mRNA was reduced to less than 20% of that in CHO-
7 and SRD-14 cells. The Insig-2 mRNA that remained in the SRD-15 cells had a normal
sequence as shown by cDNA cloning and sequencing. We also observed an 80% decrease of

Insig-2 mRNA in 18 independent isolates from the mutagenesis experiment that yielded
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SRD-15 cells. Moreover, this phenotype of the SRD-15 cells has been determined to be
stable over a 6-month period.

The finding of some normal Insig-2 mRNA in SRD-15 cells indicates that at least one
copy of the gene is intact. To determine whether the other copy of the Insig-2 gene is deleted
or rearranged, we subjected genomic DNA isolated from SRD-14 and SRD-15 cells to
Southern blot analysis (Fig. 2-4C). Restriction enzyme digested DNA from SRD-14 and
SRD-15 cells was hybridized with four radiolabeled probes corresponding to: 1) the entire
open reading frame of Insig-2 (nucleotides 1-678, lanes 1-6); 2) nucleotides 1-216 of the
Insig-2 ¢cDNA (lanes 7-12); 3) nucleotides 217-678 of the Insig-2 cDNA (lanes 13-18); and
4) nucleotides 1-697 of the SCAP cDNA (lanes 19-24) as a loading control. All of the bands
observed in SRD-14 cells were also observed in SRD-15 cells and no novel bands appeared
in the SRD-15 digests (lanes 1-18). However, the intensity of several bands was reduced in
the SRD-15 digests in comparison to identical digests of SRD-14 genomic DNA, indicating
that one copy of the Insig-2 gene has undergone a partial deletion. The other copy is
presumably intact, but its transcription is somehow compromised. The net result is an 80%
reduction in Insig-2 mRNA.

We sought next to determine whether overexpression of Insig-1 or Insig-2 would
restore sterol regulation of SREBP-2 processing after 5 h and 16 h treatments (Fig. 2-5).
SRD-15 cells were transfected with pCMV-Insig-1-Myc and pCMV-Insig-2-Myc, expression
plasmids encoding full-length human Insig-1 and Insig-2 followed by six tandem copies of
the c-Myc epitope. We isolated clones that expressed equivalent levels of the Insig proteins

(bottom panel, lanes 1-12). As expected, processing of SREBP-2 in the SRD-15 cells was
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fully resistant to sterols after 5 h or 16 h treatments (top panel, lanes 1-2). Overexpression of
Insig-1 or Insig-2 in SRD-15 cells restored a full response to sterols at both time points (lanes
3-6). Overexpression of either Insig in SRD-15 cells also restored sterol-mediated
suppression of SREBP-1 processing (data not shown).

We next determined whether sterol-dependent ubiquitination and degradation of
reductase was restored by the overexpression of Insig-1 or Insig-2 in SRD-15 cells (Fig. 2-6).
In the experiment of Fig. 2-6A, sterol-depleted cells were incubated for 5 h with sterols and
10 mM mevalonate, after which the cells were harvested, subjected to fractionation, and
aliquots of the membrane fractions were immunoblotted with anti-reductase. In the SRD-15
cells, reductase was refractory to sterol-accelerated degradation (top panel, lanes 1 and 2).
Overexpression of either Insig-1-Myc or Insig-2-Myc restored rapid degradation of the
enzyme (lanes 3-6). To assay reductase ubiquitination, sterol-depleted cells were treated for
1 h with sterols and the proteasome inhibitor MG-132 to prevent degradation of ubiquitinated
reductase. The cells were harvested, lysed, and subjected to immunoprecipitation with
polyclonal anti-reductase antibodies. After electrophoresis of the immunoprecipitates, the
membranes were blotted with antibodies against reductase or ubiquitin (Fig. 2-6B). Sterols
stimulated ubiquitination of reductase in CHO-7 cells as indicated by the appearance of high
molecular weight smears in the anti-ubiquitin immunoblots of the reductase
immunoprecipitates (top panel, compare lanes 1 and 2). As expected, reductase
ubiquitination was not stimulated by sterols in the SRD-14 or SRD-15 cells (lanes 3-6).
Ubiquitination of reductase was restored in the SRD-15 cells when they overexpressed either

Insig-1 or Insig-2 (lanes 7-10).
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FIGURE 2-1: Growth of parental and mutant cells in the absence and presence of 25-
HC.

CHO-7, SRD-14, SRD-1, and SRD-15 cells were set up medium A supplemented with 5%
LPDS. On day 1, the cells were washed with PBS and refed medium A supplemented with
5% LPDS and the indicated concentration of 25-HC. Cells were refed every 2 days. On day

10, the cells were washed, fixed in 95% ethanol, and stained with crystal violet.
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FIGURE 2-2: Proteolytic processing of SREBPs is refractory to sterol regulation in
SRD-15 cells.

A, CHO-7, SRD-14, and SRD-15 cells were set up in medium A supplemented with 5%
LPDS. On day 2, the cells were refed medium A containing 5% LPDS, 10 uM sodium
compactin, and 50 pM sodium mevalonate. Some of the cells received the same medium
supplemented with the indicated concentration of 25-HC. Sterols were added to the cells in a
staggered fashion, such that all of the cells could be harvested together after incubations for 5
or 16 h at 37 °C. After the incubations, the cells were harvested and subjected to cell
fractionation. Aliquots of the membrane (40 pg protein/lane) and nuclear extract (32 pg
protein/lane) fractions were subjected to SDS-PAGE, and immunoblot analysis with IgG-
2179 (SREBP-1) or IgG-7D4 (SREBP-2). B, CHO-7 and SRD-15 cells were set up and refed
as in A. On day 3, the cells were incubated for 1 h in medium A supplemented with 5%
LPDS, 50 uM compactin, 50 uM mevalonate, and 1% (w/v) HPCD. Subsequently, the cells
were washed with PBS and subjected to an additional 6 h incubation at 37 °C in medium A
containing 5% LPDS, 50 uM compactin, 50 uM mevalonate, and the indicated concentration
of 25-HC (lanes 1-4, 8-11) or cholesterol (lanes 5-7, 12-14) complexed with MCD.
Following the incubation, the cells were harvested and subjected to cell fractionation and

immunoblot analysis as in A.
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FIGURE 2-3: Comparison of HMG CoA Reductase synthesis and sterol-regulated
turnover in CHO-7 and SRD-15 cells.

A, Cells were set up in medium A with 5% LPDS. On day 2, cells were refed medium A
containing 5% LPDS and the indicated concentration of compactin. After 16 h at 37 °C, the
cells were harvested for cell fractionation or total RNA. Aliquots of the membrane (10 pg
protein/lane) and nuclear extract (40 pg protein/lane) were subjected to SDS-PAGE and
immunoblots analysis was carried out with IgG-A9 (Reductase) and 1gG-7D4 (SREBP-2).
Reverse-transcribed total RNA were then subjected to quantitative real time PCR analysis.
Each value represents the amount of the indicated mRNA relative to that of SCAP in CHO-7
cells incubated in the absence of compactin. B and C, on day 2, cells were switched to
medium A containing 5% LPDS with or without 10 uM compactin and 50 uM mevalonate as
indicated. In B, cells were incubated in medium supplemented with LPDS, 10 uM compactin,
and 50 uM mevalonate. After 16 h, the cells were preincubated for 1 h in methionine/
cysteine-free medium A supplemented with 5% LPDS and 10 uM compactin. Cells were
pulse labeled with 100 pCi/ml **S-methionine in methionine/cysteine-free medium A
supplemented with 5% LPDS and 10 uM compactin. B, following the indicated time of
pulse, cells were harvested, and subjected to immunoprecipitation with polyclonal anti-
reductase antibodies. Aliquots of immunoprecipitates (normalized for equal protein/lane)
were subjected to SDS-PAGE and transferred to nylon membranes. C, after pulse labeling
for 30 min at 37 °C, the cells were then chased in medium A supplemented with 5% LPDS,
10 uM compactin, 0.5 mM unlabeled methionine, and 1 mM unlabeled cysteine in the
absence or presence of sterols (1 pug/ml 25-HC) plus 10 mM mevalonate. After the indicated
time of chase, the cells were harvested, and subjected to immunoprecipitation and SDS-
PAGE as described in B. Filters were exposed for 12 h to an imaging plate at room
temperature and scanned in a Molecular Dynamics Storm 820 Phosphorimager, and the

image photographed.
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FIGURE 2-4: Molecular characterization of Insig-2 mRNA and genomic DNA in CHO,
SRD-14, and SRD-15 cells.

A and B, CHO-7, SRD-14, and SRD-15 cells were set up in medium A supplemented with
5% LPDS. On day 2, the cells were switched to medium A containing 10 uM compactin and
50 uM mevalonate in the absence or presence of sterols (2.5 uM 25-HC and 25 uM
cholesterol) as indicated. After incubation at 37 °C for 16 h, the cells were harvested and
total RNA was isolated. A, aliquots of total RNA (15 pg/lane) were subjected to
electrophoresis in a denaturing gel and transferred to a nylon filter by capillary blotting. The
filter was hybridized with indicated **P-labeled probe and exposed to film at -80 °C for 6 h
(B-actin) and 48 h (Insig-2). B, total RNA was subjected to reverse transcription reactions,
after which aliquots of the resulting first-strand cDNA was subjected to quantitative real time
PCR using specific primers for the indicated genes. The relative amount of mRNA in each
condition was normalized to an internal control gene (GAPDH). C, aliquots of genomic DNA
(20 pg/lane) from SRD-14 and SRD-15 cells were digested with the indicated restriction
enzyme, subjected to electrophoresis on 0.8% agarose gel, and transferred to nylon filters.
Hybridizations were carried out with **P-labeled cDNA probes corresponding to the full-
length hamster Insig-2 cDNA (nucleotides 1-678, lanes 1-6) or 5’- (nucleotides 1-216, lanes
7-12) and 3’- (nucleotides 217-678, lanes 13-18) Kpnl-restriction fragments of the Insig-2
cDNA as indicated. A fragment of the hamster SCAP cDNA, corresponding to nucleotides
1-697 (lanes 19-24), was utilized as a loading control. The filters were exposed to film at -80

°C for 16 h (Insig-1 and Insig-2 probes) and 6 h (SCAP probe).
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FIGURE 2-5: Stable transfection of SRD-15 cells with pCMV-Insig-1-Myc or pCMV-
Insig-2-Myc restores regulation of SREBP-2 processing mediated by sterols.

Cells were set up in medium A supplemented with 5% LPDS. On day 2, the cells were
switched to medium A containing 5% LPDS, 10 uM compactin, and 50 uM mevalonate.
Some of the cells received the same medium supplemented with a mixture of 25-HC (2.5
uM) and cholesterol (25 uM) as indicated. Sterols were added to the cells in a staggered
fashion, such that all of the cells could be harvested together after incubations for 5 or 16 h at
37 °C. Following the incubations, the cells were harvested, subjected to cell fractionation,
and aliquots of the membrane (40 pg protein/lane) and nuclear extract (32 pg protein/lane)
fractions were subjected to SDS-PAGE. Immunoblot analysis with IgG-7D4 (SREBP-2) or

anti-Myc IgG (against Insig-1 and Insig-2).
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FIGURE 2-6: Stable transfection of SRD-15 cells with pCMV-Insig-1-Myc or pCMV-
Insig-2-Myc restores sterol regulation of HMG-CoA Reductase ubiquitination and
degradation.

A, Cells were set up in medium A supplemented with 5% LPDS. On day 2, the cells were
switched to medium A containing 5% LPDS, 10 uM compactin, and 50 uM mevalonate.
After 16 h at 37 °C, the cells were switched to medium A containing 50 uM compactin in the
absence or presence of sterols (2.5 uM 25-HC and 25 pM) plus 10 mM mevalonate, as
indicated. In B, the medium also contained 10 uM MG-132. A, Following incubation at 37 °C
for 5 h, the cells were harvested, cell fractionation, subjected to SDS-PAGE and Immunoblot
analysis with IgG-A9 (Reductase). B, following incubation for 1 h at 37 °C, the cells were
harvested, lysed, and subjected to immunoprecipitation with polyclonal anti-reductase.
Aliquots of the immunoprecipitates were subsequently subjected to SDS-PAGE, and

immunoblotted with I[gG-A9 (Reductase) or IgG-P4D1 (Ubiquitin).
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DISCUSSION

The data presented here provide compelling genetic evidence for a requirement of
both Insigs in the normal regulation of cholesterol metabolism in cultured cells. This
conclusion was drawn from the characterization of a new line of mutant CHO cells,
designated SRD-15, with genetic deficiencies in both Insig-1 and Insig-2. SRD-15 cells were
produced by mutagenesis of Insig-1-deficient SRD-14 cells, followed by selection for growth
in the presence of 25-HC. It was previously determined that SREBP processing in SRD-14
cells remained sensitive to prolonged treatment with 25-HC, despite their Insig-1 deficiency.
As a result, SRD-14 cells will not grow indefinitely in the presence of 25-HC. We reasoned
that this residual sterol regulation was attributable to the remaining Insig-2 in SRD-14 cells
and this hypothesis was substantiated in the current studies by two observations. First, SRD-
15 cells grow in concentrations of 25-HC that kill SRD-14 cells (Fig. 2-1). Second, SREBP
processing in the SRD-15 cells is completely refractory to sterol regulation, even after
prolonged treatments (Fig. 2-2), and elevated in SRD-15 in comparison to CHO-7 cells (Fig.
2-3). Moreover, the steady-state levels of reductase were also increased in the mutant SRD-
15 cells compared to their wild-type counterparts (Fig. 2-3). The sterol regulation of SREBP
processing, as well as sterol-induced ubiquitination and degradation of reductase, was
restored in SRD-15 cells by the overexpression of either Insig-1 or Insig-2 (Figs. 2-5 and 2-
6). This indicates that the sterol-resistant phenotype of SRD-15 cells results from their
deficiency in the amount of total Insig. This conclusion is supported by our failure to find
mutations in any of the other genes known to participate in the SREBP pathway (SREBP-1,

SREBP-2, and SCAP) as determined by cDNA cloning and sequencing (data not shown).
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Considered together with previous observations in SRD-14 cells (Sever et al., 2004),
the current data have implications regarding the role of Insigs in regulating the processing of
SREBPs and the degradation of reductase. First, it seems that the initial response of cells to
sterols requires high levels of total Insig and is characterized by the rapid suppression of
SREBP processing and the stimulation of reductase degradation. This follows from the
observation that within 5 h of addition to sterol-depleted cells, sterols neither suppressed
SREBP processing nor accelerated reductase degradation in Insig-1-deficient SRD-14 cells,
even though the cells possess normal levels of Insig-2. This indicates that in wild-type cells,
these rapid sterol-mediated reactions are primarily mediated by Insig-1, which we estimate
accounts for 90% of total Insig. Moreover, the rapid response can be restored by the
overexpression of either Insig-1 or Insig-2 in the SRD-14 cells.

Another implication relates to the delay in sterol-mediated inhibition of SREBP
processing in SRD-14 cells (Fig. 2-2). This delay may indicate that the SCAP-SREBP
complex binds with higher affinity to sterols and/or Insigs than reductase. When Insig-1 is
present (as in sterol-depleted cells), SCAP-SREBP binding occurs rapidly upon sterol
addition, and nuclear SREBP declines within 5 h. When Insig-1 is selectively absent (as in
SRD-14 cells), the cells require a longer time in which to accumulate sufficient sterols to
trigger binding to Insig-2. Hence, nuclear SREBP-2 does not disappear until 16 h after sterol
addition. The conclusion that this delayed inhibition of SREBP cleavage is supported by the
finding that the delayed response is abolished in SRD-15 cells, which have a severe reduction
in Insig-2 as well as Insig-1. Since they lack both rapid and delayed responses, the SRD-15

cells (unlike the SRD-14 cells) are able to grow continuously in the presence of 25-HC (see
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Fig. 2-1) and accumulate lipids when cultured in the absence of cholesterol-carrying
lipoproteins (Fig. 2-2).

Until now, two types of mutant CHO cells have been classified as resistant to 25-HC
in that they fail to suppress cholesterol synthesis under conditions of sterol overload and
survive chronic oxysterol treatment (Goldstein et al., 2002). Type 1 mutants express
truncated forms of SREBP-2 that constitutively migrate to the nucleus and activate gene
transcription, regardless of sterol treatment. Study of the Type 1 mutants revealed the central
role of SREBP-2 in cholesterol homeostasis and provided genetic evidence for the regulated
proteolytic pathway by which SREBP activation is controlled (Yang et al., 1994). Type 2
sterol-resistant CHO cells harbor activating point mutations in the sterol-sensing domain of
SCAP. These mutations render mutant SCAP refractory to sterol regulation; therefore it
escorts SREBPs from the ER to the Golgi even when the cells are overloaded with sterols.
Studies of the Type 2 mutants revealed the existence of SCAP and identified its activity as
the target of sterol-mediated regulation of SREBP processing (Hua et al., 1996). It should be
noted that both Type 1 and Type 2 sterol-resistant mutants exhibit a dominant phenotype.

Data in the current paper demonstrate that the SRD-15 cells represent a new type of
mutant CHO cells designated as Type 3 sterol-resistant mutants. The underlying defect that
renders SRD-15 cells Type 3 sterol-resistant mutants has been traced to their deficiencies in
Insig-1 and Insig-2 and the current studies establish an essential role for both Insig-1 and
Insig-2 in the sterol regulation of SREBP processing and reductase degradation. However,
unlike other sterol-resistant mutants, the phenotype of the Type 3 mutants is recessive due to

their lack of both Insig-1 and Insig-2. Future studies with these cells may provide valuable
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insights into other aspects of the cellular maintenance of lipid homeostasis. For example, the
SRD-15 cells provide an ideal context in which to evaluate the possible participation of

Insigs in the action of other sterol-sensing domain-containing proteins.



CHAPTER3 MUTATIONS WITHIN THE MEMBRANE
DOMAIN OF HMG-COA REDUCTASE
CONFER RESISTANCE TO STEROL-
ACCELERATED DEGRADATION
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RESULTS
CHO-7 and CHO-7/pInsig-2 cells (CHO-7 cells expressing multiple copies of an

Insig-2 ¢cDNA) were mutagenized with EMS and subjected to selection for 4 weeks in
medium containing LPDS and 10 uM SR-12813. Three SR-12813-resistant clones were
isolated, expanded, and designated SRD-16, -17, and -18. SRD-16 cells were derived from
CHO-7/plInsig-2 cells, while SRD-17 and -18 cells resulted from mutagenesis and selection
of CHO-7 cells. Fig. 3-1A shows that growth of parental CHO-7 and CHO-7/plnsig-2 cells,
but not that of the mutant cells, was prevented when LPDS-containing culture medium was
supplemented with 10 uM SR-12813. The addition of cholesterol restored growth of
parental cells in SR-12813, indicating that cell death was caused by cholesterol depletion.

In the experiment of Fig. 3-1B, wild type and mutant cells were incubated for 16 h in
medium containing LPDS, the reductase inhibitor compactin, and a low level of mevalonate,
the product of reductase. The low level of mevalonate permits synthesis of nonsterol
mevalonate-derived products, such as the prenyl groups that are found attached to many
cellular proteins, but it is not sufficient to produce normal amounts of cholesterol (Brown and
Goldstein, 1980). The resultant sterol-depleted cells were then subjected to 5 h treatments
with SR-12813 or 25-HC, after which they were harvested and separated into membrane and
nuclear extract fractions. Aliquots of each fraction were subjected to SDS-PAGE and
immunoblotted with antibodies against reductase and SREBP-2, the SREBP family member
that is most dedicated to cholesterol synthesis (Horton et al., 2002). Treatment of CHO-
7/plnsig-2 and CHO-7 cells with either 25-HC or SR-12813 decreased the amount of

reductase in membranes (top panel, lanes 1-3; 7-9), indicative of accelerated degradation of
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the enzyme. In contrast, neither 25-HC nor SR-12813 stimulated degradation of the
reductase in SRD-16, -17, or -18 cells (lanes 4-6; 10-15). Treatment with 25-HC caused the
disappearance of nuclear SREBP-2 in parental and mutant cells (bottom panel, lanes 2, 5, 8,
11, and 14). On the other hand, SR-12813 failed to block SREBP-2 processing in any of the
cell lines (lanes 3, 6, 9, 12, and 15).

The experiment of Fig. 3-1C was designed to determine the ubiquitination state of
reductase in wild type and mutant cells treated with 25-HC. Sterol-depleted cells were
subjected to 25-HC treatment in the presence of MG-132, a proteasome inhibitor that blocks
degradation of ubiquitinated proteins. Following treatments, cells were harvested, detergent
lysates were prepared, and subsequently immunoprecipitated with polyclonal antibodies
against reductase. Immunoblotting with anti-ubiquitin revealed the accumulation of high
molecular weight material in reductase immunoprecipitates from CHO-7/plnsig-2 and CHO-
7 cells subjected to 25-HC treatment (top panel, lanes 2 and 6), indicating that reductase had
become ubiquitinated. This 25-HC-dependent ubiquitination of reductase was markedly
diminished in SRD cells (lane 4, 8, and 10), a result consistent with their inability to degrade
reductase in the presence of the sterol (Fig. 3-1B).

Considering that reductase degradation, but not SREBP-2 processing, is resistant to
25-HC-mediated regulation in SRD cells and the propensity of EMS mutagenesis to generate
point mutations, we hypothesized that this resistance was a consequence of mutation(s) in
reductase. Thus, total RNA was isolated from SRD cells and used to synthesize first strand
cDNA from which the cDNA encoding reductase was amplified by PCR. The resulting

products were subcloned and 10-30 individual clones were subjected to DNA sequencing,
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which revealed a G-to-A or -C substitution in reductase mRNAs from each cell line. These
substitutions resulted in changes of Ser-60 (AGT) to Asn (AAT), Gly-87 (GGG) to Arg
(AGG), and Ala-333 (GCT) to Pro (CCT) for SRD-16, -17, and -18 cells, respectively. The
frequency of these changes in the randomly sequenced cDNA clones was close to 50% (8/16,
SRD-16; 8/12, SRD-17; and 13/30, SRD-18). This strongly indicates that each of the SRD
cell lines is heterozygous for their respective mutations. This 50% frequency was confirmed
by sequencing multiple clones of PCR-amplified fragments from genomic DNA that
included each codon (5/14, SRD-16; 6/10, SRD-17; and 5/10, SRD-18). As shown in Fig. 3-
2A, Ser-60 and Ala-333 localize to transmembrane helices 2 and 8 of reductase, respectively;
Gly-87 lies within the cytosolic loop that separates helices 2 and 3. The amino acid sequence
alignment in Figure 2B shows that Ser-60, Gly-87, and Ala-333 are conserved between
hamster, human, xenopus, zebrafish-1, and sea urchin reductase. Notably, Ser-60 is not
conserved in zebrafish-2 reductase, one of two reductase isozymes expressed in zebrafish
(Thorpe et al., 2004). Gly-87 is also present in the Drosophila reductase. Even though Ser-
60 and Gly-87 localize to the sterol-sensing domain of reductase, neither amino acid is
present in the corresponding region of SCAP’s sterol-sensing domain.

Experiments were next designed to directly demonstrate that the S60N, G87R, and
A333P mutations impart resistance of reductase to sterol-stimulated ubiquitination (Fig. 3-3)
and degradation (Fig. 3-4A and B). CHO-7 cells were transfected with wild type or mutant
versions (G87R, A333P, or S60N) of pCMV-HMG-Red-T7, an expression plasmid that
encodes full-length reductase followed by three copies of a T7 epitope tag (Sever et al.,

2003a). The sensitivity of ubiquitin detection was enhanced by the additional transfection of
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pEFla-HA-ubiquitin, which encodes human ubiquitin with an NH,-terminal tag consisting of
two copies of the HA epitope. Following sterol depletion, the cells were subjected to
treatments with MG-132 and various concentrations of 25-HC. Transfected reductase was
immunoprecipitated from detergent lysates using anti-T7 coupled agarose beads and the
resulting precipitates were immunoblotted with antibodies against T7 and HA for reductase
and ubiquitin, respectively. When transfected alone, wild type, S60N, G87R, and A333P
reductase failed to become ubiquitinated in the presence of 2.5 uM 25-HC (Fig. 3-3A-C, top
panel, lanes a and b; g and h). Dose-dependent, 25-HC-induced ubiquitination of wild type
reductase was restored upon the co-expression of pCMV-Insig-1-Myc, which encodes human
Insig-1 followed by six copies of the c-Myc epitope (lanes d-f). Regulated ubiquitination
was nearly absent for the G87R and A333P versions of reductase and S60N reductase only
became ubiquitinated with the highest level (2.5 uM) of 25-HC (lanes j-1).

Similar results were obtained for reductase degradation (Figs. 3-4A and B). In these
experiments, sterol-depleted CHO-7 cells transfected with wild type or mutant reductase
were incubated with various amounts of 25-HC (Fig. 3-4A) or lanosterol (Fig. 3-4B), a
cholesterol synthesis intermediate that stimulates degradation of endogenous reductase (Song
et al., 2005a). When transfected alone, degradation of wild type, S60N, G87R, or A333P
reductase was not accelerated by 25-HC (top panel, lanes a and b; g and h) or lanosterol
(lanes m and n; s and t). Co-expression of pPCMV-Insig-1-Myec restored degradation of wild
type reductase in the presence of 25-HC (lanes d-f) or lanosterol (lanes p-r), but G87R,

A333P, and S60N reductase remained largely resistant to degradation (lanes j-1 and v-x).
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Fig. 3-4C shows a growth experiment designed to determine whether the S60N,
G87R, and A333P mutations in reductase confer an SR-12813-resistant phenotype. CHO-7
cells were transfected with wild type or mutant versions of pCMV-HMG-Red-T7. The
plasmids also encode neo, a gene that confers resistance to G418. Following transfection and
selection of transformants with G418, the cells were grown for an additional 2 weeks in
medium containing LPDS in the absence or presence of SR-12813. Transfection of the
control plasmid or wild type reductase did not permit the cells to grow in medium containing
SR-12813, whereas transfection of the mutant forms of reductase allowed cell growth in the
presence of the drug.

In previous studies, blue native-polyacrylamide gel electrophoresis (BN-PAGE) was
employed to visualize sterol-dependent complexes between Insig-1 and the membrane
domain of reductase, which is necessary and sufficient for regulated degradation (Gil et al.,
1985; Sever et al., 2003a; Skalnik et al., 1988). Considering the results of Figs. 3-3 and 3-4,
which show Ser-60, Gly-87, and Ala-333 in reductase are essential for Insig-mediated
ubiquitination and degradation, we used BN-PAGE to determine whether the most robust
mutation (G87R) decreases binding between the membrane domain of reductase and Insig-1.
In Fig. 3-5, SCAP-deficient SRD-13A cells were transfected with various combinations of
pCMV-Insig-1-Myc and wild type or mutant versions of pCMV-HMG-Red-T7 (TM 1-8),
which encodes a truncated reductase that contains the entire membrane domain (see Figure 3-
2A), but lacks the catalytic domain. Following sterol depletion with hydroxypropyl-f-
cyclodextrin and pretreatment with MG-132, the cells were subjected to an additional

incubation in the absence or presence of 25-HC. The cells were subsequently harvested;
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membrane fractions were isolated and solubilized with digitonin. Soluble material was
mixed with Coomassie Blue and 6-amino-n-hexanoic acid (to impart a negative charge and
prevent precipitation of proteins), subjected to PAGE, and immunoblotted with antibodies
against the T7 and Myc epitopes. The anti-T7 immunoblot of the native gel revealed that
when transfected alone, the membrane domain of reductase appeared as a single band in the
absence or presence of 25-HC (top panel, lanes 3 and 4). This band was designated unbound
reductase. When Insig-1 was co-expressed, some of the reductase migrated more slowly
(lane 5), and this band was designated as the reductase-Insig-1 complex. With 25-HC
treatment, unbound reductase almost completely disappeared and the amount of reductase in
complex with Insig-1 increased (lanes 6 and 7). In contrast, migration of the G87R version
of the reductase membrane domain was not retarded in the presence of Insig-1 and sterols
(lanes 8-10). A similar result was observed in the anti-Myc blots of the native gel (second
panel). 25-HC caused a complete disappearance of unbound Insig-1 upon co-expression of
wild type, but not the G87R mutant of the reductase membrane domain (lanes 8-10).
Immunoblots of SDS-PAGE gels revealed constant expression of Insig-1, wild type
reductase, and mutant G87R reductase, regardless of the absence or presence of 25-HC
(bottom two panels). Taken together, these results indicate that the G87R mutation disrupts
binding of reductase to Insigs, thereby rendering the enzyme resistant to sterol-regulated

ubiquitination and degradation.
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FIGURE 3-1: Characterization of mutant CHO cells resistant to SR-12813.

A, CHO-7, CHO-7/plnsig-2, SRD-16, -17, and -18 cells were set up in medium A
supplemented with 5% LPDS. On day 1, cells were washed with PBS and refed medium A
containing 5% LPDS in the absence or presence of 10 uM SR-12813. Some of the SR-
12813-treated cells also received 25 uM cholesterol. Cells were refed fresh medium every 2
days. On day 10, cells were washed, fixed, and stained with crystal violet. B, CHO-7 cells
were set up in medium A containing 5% LPDS. On day 2, cells were refed medium A
supplemented with 5% LPDS, 10 uM sodium compactin, and 50 pM sodium mevalonate.
After 16 h at 37 °C, cells were switched to medium A containing 5% LPDS and 10 uM
compactin in the absence or presence of either 25-HC or SR-12813 plus 10 mM mevalonate
as indicated. After 5 h at 37 °C, the cells were harvested and subjected to subcellular
fractionation. Aliquots of the membrane (13 pg of protein/lane) and nuclear extract fractions
(15 pg of protein/lane) were subjected to SDS-PAGE and immunoblot analysis with IgG-A9
(Reductase) or IgG-7D4 (SREBP-2). C, Sterol-depleted cells were subsequently switched to
medium A containing 5% LPDS, 10 uM compactin, and 10 uM MG-132 in the absence or
presence of 2.5 uM 25-HC plus 10 mM mevalonate as indicated. After 2 h, the cells were
harvested, lysed, and subjected to immunoprecipitation with anti-reductase polyclonal

antibodies. Immunoblot analysis with IgG-A9 (Reductase) or IgG-P4D1 (Ubiquitin).
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FIGURE 3-2: Localization and conservation of amino acid residues in HMG CoA
Reductase membrane domain.

A, Amino acid sequence and topology of the membrane domain of hamster HMG CoA
reductase. The amino acid residues that are mutated in SRD-16, -17-, and -18 cells are
enlarged, shown in red, and denoted by arrows. B, comparison of amino acid residues in
hamster, human, xenopus, zebrafish-1, zebrafish-2, sea urchin, and drosophila HMG CoA
reductase surrounding Ser-60, Gly-87, and Ala-333 (shown in red). GenBank accession
numbers are P00347, NP000850, P20715, XP684400, AI497311, NP999724, and P14773,

respectively. Residues that are identical in all six proteins are highlighted in black.
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FIGURE 3-3: Ubiquitination of S60N, G87R, and A333P versions of HMG CoA
Reductase.

CHO-7 cells were set up in medium A containing 5% LPDS. On day 1, the cells were
transfected with 1 pg of wild type, S60N, G87R, or A333P versions of pCMV-HMG-Red-T7
together with 0.1 pg pEFla-HA-ubiquitin in 2 ml of medium A containing 5% LPDS. The
total DNA in each dish was adjusted to 3 pg by the addition of pcDNA3 mock vector. Six
hours after transfection, the cells were depleted of sterols by the direct addition of 2 ml
medium A containing 5% LPDS, 10 uM compactin, and 50 uM mevalonate (final
concentrations). After 16 h at 37 °C, cells were switched to medium A containing 5% LPDS,
10 uM compactin, 10 uM MG-132, and the indicated concentration of 25-HC. Following
incubation for 2 h at 37 °C, the cells were harvested, lysed, and subjected sequentially to
immunoprecipitation with anti-T7 coupled agarose beads and SDS-PAGE. Immunoblot

analysis with I[gG-HA (Ubiquitin) or anti-T7 IgG (Reductase).
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FIGURE 3-4: Properties of S60N, G87R, and A333P HMG CoA Reductase in
transfected cells.

A and B, CHO-7 cells were set up and transfected with 1 pg of wild type, S60N, G87R, or
A333P versions of pPCMV-HMG-Red-T7 in the absence or presence of 30 ng pCMV-Insig-1-
Myec. After sterol depletion for 16 h at 37 °C, cells were switched to medium A containing
5% LPDS, 10 uM compactin, and the indicated concentration of 25-HC (B) or lanosterol (C)
plus 10 mM mevalonate. Following incubation for 5 h at 37 °C, cells were harvested,
membrane fractions were prepared, and aliquots (3—6 pg) were subjected to SDS-PAGE.
Immunoblot analysis with anti-T7 IgG and IgG-9E10. C, CHO-7 cells were set up in
medium A containing 5% LPDS. On day 1, the cells were transfected with 1 ug of either
pcDNA3 (Mock) or wild type, S60N, G87R, or A333P versions of pPCMV-HMG-Red-T7.
All of the plasmids contained the G418 resistance gene neo. On day 2, the cells were
switched to medium A containing 5% LPDS and 0.7 mg/ml G418 and refed every 2 days. No
cells survived in control dishes that did not receive any plasmid during transfection. On day
12, the surviving cells were trypsinized, pooled, and triplicate sets of dishes were set up in
medium A containing 5% LPDS. On day 13, cells were switched to identical medium in the

absence or presence of 10 pM SR-12813. On day 22, cells were fixed and stained.
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FIGURE 3-5: Introduction of the G87R mutation into membrane domain of HMG
CoA Reductase impairs binding to Insig-1 in the presence of 25-HC.

SRD-13A cells were set up for experiments on day 0 at 7 x 10° cells per 100-mm dish. On
day 2, the cells were transfected in medium A containing 5% FCS as described in the legend
to Fig. 3 with 60 ng of pCMV-Insig-1-Myc in the absence or presence of 4 nug wild type or
G87R versions of pPCMV-HMG-Red-T7(TM1-8) as indicated. After incubation for 16 h at
37 °C, cells were switched to medium A containing 5% LPDS, 1% HPCD, and 10 uM
compactin and incubated for 1 h at 37 °C. The cells were then washed; switched to identical
medium (without HPCD) supplemented with 10 uM MG-132, and incubated for 1 h at 37 °C.
This was followed by incubation for an additional 1 h in the same medium with or without 1
pg/ml 25-HC plus 10 mM mevalonate as indicated. The cells were subsequently harvested
and subjected to subcellular fractionation. Aliquots of the 1 x 10° g membrane pellet were
solubilized in 1% digitonin and subjected to BN- (Upper two panels) or SDS- (Lower two

panels) PAGE. Immunoblot analysis with anti-T7 IgG (Reductase) and IgG-9E10 (Insig-1).
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DISCUSSION

The current data document the isolation of three independently derived lines of
mutant CHO cells resistant to SR-12813, which inhibits cholesterol synthesis by stimulating
Insig-dependent ubiquitination and degradation of HMG CoA reductase. Neither SR-12813
nor the oxysterol 25-HC stimulated degradation and ubiquitination of endogenous reductase
in the mutant cells (Fig. 3-1B and C), which are designated SRD-16, -17, and -18. DNA
sequencing revealed that SRD-16, -17, and -18 cells exhibit a G-to-A or -C substitution in
codons 60, 87, and 333 of reductase, respectively, that result in changes of Ser-60 to Asn,
Gly-87 to Arg, and Ala-333 to Pro. Transient transfection assays revealed that the S60N,
G87R, and A333P mutations render reductase refractory to Insig-mediated, sterol-accelerated
ubiquitination (Fig. 3-3) and degradation (Fig. 3-4A and B). Moreover, overexpression of a
cDNA encoding full-length S60N, G87R, or A333P reductase allowed growth of wild type
cells in SR-12813-supplemented medium (Fig. 3-4C). Considered together, these results
identify Ser-60, Gly-87, and Ala-333 as key residues for regulated ubiquitination and
degradation of reductase and demonstrate that their mutation confers a dominant, SR-12813-
resistant phenotype.

The determining factor for degradation of reductase is sterol-induced binding of the
enzyme to Insigs, which are carriers of the membrane-anchored gp78 ubiquitin ligase that
facilitates reductase ubiquitination (Song et al., 2005b). Interactions between reductase and
Insigs are mediated entirely by the membrane domain of reductase (Sever et al., 2003b),
which may explain the high degree of conservation observed in the region across species

(Fig. 3-2B). Indeed, sterol-regulated formation of the reductase-Insig complex is blocked by
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mutation of a YIYF tetrapeptide sequence that is located in the second membrane-spanning
region of reductase (Sever et al., 2003a). Similarly, Ser-60, Gly-87, and Ala-333 localize to
the membrane domain of reductase (Fig. 3-2A), and introducing the G87 mutation into the
membrane domain of reductase impaired sterol-regulated complex formation with Insig-1
(Fig. 3-5). It should be noted that native gels revealed that the A333P and S60N mutations in
the membrane domain of reductase similarly disrupted reductase-Insig binding; however, the
effect was not as pronounced as that observed with the G87R mutant.

The selection for SR-12813 resistance employed in the current study is unbiased.
This selection produced three resistant cell lines with point mutations in the membrane
domain of reductase, and all three mutations conferred resistance to sterol-stimulated, Insig-
dependent ubiquitination. These findings provide strong and unbiased support for the
conclusion that reductase degradation absolutely requires reductase-Insig interaction through
the membrane domains of the two proteins. The predominance of reductase mutations found
in the current study, and the isolation of Insig mutants in previous mutagenesis experiments
(i.e., SRD-14 and SRD-15; (Lee et al., 2005; Sever et al., 2004)) strongly suggests that the
number of other proteins required specifically for reductase degradation is limited and that

our understanding of this process is relatively complete.
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RESULTS
SRD-14 are Insig-1 deficient cells derived from CHO-7 cells by mutagenesis with y-

irradiation and selection with SR-12813 (Sever et al., 2004). SRD-15 and SRD-19 cells were
derived from SRD-14 cells by mutagenesis with y-irradiation and selection with 1.25 uM 25-
HC. SRD-15 cells were previously shown to be deficient in Insig-2 as well as Insig-1 (Lee et
al., 2006) and as a result, neither stimulate ubiquitination/degradation of reductase nor
suppress processing of SREBPs in response to treatment with 25-HC. SRD-19 cells were not
previously characterized. Fig. 4-1 shows the growth pattern of wild type and mutant cells in
medium supplemented with lipoprotein-deficient serum and various concentrations of 25-
HC. As expected, wild type CHO-7 cells were killed when cultured in medium containing
0.25 uM 25-HC, whereas higher levels of the sterol (0.75 uM) were required to kill SRD-14
cells. In contrast, SRD-15, SRD-19, and SRD-1 cells (which express constitutively active
SREBP-2) were resistant to culture in medium containing up to 2.5 uM 25-HC.

We next compared lipid synthesis in wild type and mutant cells by metabolically
labeling them with ['*C]-acetate for 2 h and subsequently measuring incorporation of the
radiolabel into cellular cholesterol and fatty acids. As shown in Table II, SRD-14 cells
incorporated ~2.5-fold more ['*C]-acetate into cholesterol than wild type CHO-7 cells; the
rate of ['*C]cholesterol synthesis was even more elevated in SRD-15 and SRD-19 cells (4.8
and 6.8-fold, respectively). In a similar manner, ['*C]-acetate labeling of fatty acids was
elevated in SRD-14 (1.35-fold), SRD-15 (3.4-fold), and SRD-19 cells (4.6-fold) relative to

that in CHO-7 cells.
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The results of Table II led us to next compare the sterol composition of wild type
CHO-7 and mutant SRD cells. The cells were cultured for 3 days in lipoprotein-deficient
serum, after which they were harvested and lysed. The resulting cell lysates were mixed with
internal standards and the sterols were hydrolyzed. Lipids were then extracted in petroleum
ether and derivatized with trimethylsilane for gas chromatography-mass spectroscopy
analysis, which revealed total sterol levels of 38, 70, 117, and 110 pg/mg protein for CHO-7,
SRD-14, SRD-15, and SRD-19 cells, respectively (Fig. 4-2A). As expected, cholesterol was
the most abundant sterol in each cell line (>70% of total sterol content) and levels of the
sterol were elevated 2-4 fold in the mutant cells (Fig. 4-2B). The cholesterol synthesis
intermediate 7-dehydrocholesterol was similarly elevated in SRD-15 and SRD-19 cells,
whereas lathosterol and zymosterol levels remained unchanged. Lanosterol, the first sterol in
the cholesterol synthetic pathway, was dramatically elevated in SRD-15 cells (>10-fold) and
to a lesser extent (~5-fold) in SRD-19 cells. The level of desmosterol was also elevated in
SRD-15 cells, but not to the magnitude as that of lanosterol.

Lipid droplets, also termed lipid particles, lipid bodies, or adiposomes (Liu et al.,
2004), are generally regarded as storage depots for neutral lipids, such as triglycerides and
cholesterol esters. To determine whether the increase in cholesterol synthesis and total sterol
content of SRD-14, SRD-15, and SRD-19 cells correlated with an increase in lipid droplet
formation, cells were stained with the lipid-specific dye, Oil Red O. Fig. 4-3A shows that
CHO-7 cells accumulated lipid droplets of varying size after 3 days of culture in lipoprotein-
deficient serum. The number and size of lipid droplets markedly increased in SRD-14, SRD-

15, and SRD-19 cells. Although the mutant cells accumulated roughly equivalent numbers
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of lipid droplets, their size was significantly increased in SRD-15 and SRD-19 cells in
comparison to SRD-14 cells (Fig. 4-3B).

We next conducted a compositional analysis of lipid droplet fractions isolated from
CHO-7, SRD-14, SRD-15, and SRD-19 cells. The cells were labeled for 2 days with
['“Clacetate, harvested, and the lipid droplet fractions were isolated using a standard
procedure developed previously (Liu et al., 2004). Equal amounts of ['“C]-labeled lipids
extracted from the resulting fractions were then subjected to thin layer chromatography and
incorporation of radiolabel into various lipids was determined by scintillation counting. Fig.
4-4A shows that >50% of ["*Clacetate was incorporated into cholesterol esters in CHO-7
cells; about 30% of the radiolabel appeared in triglycerides. The percentage of ['*Clacetate
incorporation into cholesterol esters was elevated approximately 14%, 29%, and 11% in
SRD-14, SRD-15, and SRD-19 cells, respectively. Conversely, incorporation of radiolabel
into triglycerides was reduced 5-20% in the mutant cell lines. In Fig. 4-4B, we labeled CHO-
7, SRD-14, SRD-15, and SRD-19 cells with [14C]oleate and subsequently measured
formation of cholesteryl ['*CJoleate and '*C-labeled triglycerides in the absence and presence
of low-density lipoprotein (LDL) or 25-HC. SRD-15 and SRD-19 cells exhibited a slightly
elevated level of basal cholesteryl ['*Cloleate formation, which likely results from the
increased levels of cholesterol in the cells (Fig. 4-2A). In all of the cell lines, LDL and 25-
HC stimulated incorporation of ['*CJoleate into cholesteryl ['*Cloleate in a dose-dependent
fashion. The incorporation of ['*C]oleate into '*C-labeled triglycerides in CHO-7 cells was
not responsive to the addition of LDL or 25-HC and the reaction was essentially normal in all

of the mutant cell lines.
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The resistance of SRD-19 cells to culture in 25-HC (Fig. 4-1), coupled with elevated
cholesterol synthesis and overaccumulation of sterols (Table II and Fig. 4-2) indicates the
cells do not suppress cholesterol synthesis in response to 25-HC treatment. Thus, we next
compared sterol regulation of SREBP processing in CHO-7, SRD-14, SRD-15, SRD-19, and
SRD-1 cells. In the experiment of Fig. 4-5, the cells were incubated in medium containing
lipoprotein-deficient serum, the reductase inhibitor compactin, and 50 uM mevalonate to
assure cell viability. Some of the dishes also received 1.25 uM 25-HC. After 16 h, the cells
were harvested and separated into membrane and nuclear extract fractions. Immunoblot
analysis of the fractions was subsequently carried out with antibodies against SREBP-1 (Fig.
4-5, top panel), SREBP-2 (middle panel), and SCAP (bottom panel). Bands corresponding
to the processed forms of SREBP-1 and SREBP-2 were observed in nuclear extracts from
untreated CHO-7, SRD-14, SRD-15, and SRD-19 cells (top and bottom panels, lanes 1, 3, 5,
and 7). In CHO-7 and SRD-14 cells, 25-HC inhibited processing of both SREBPs after the
16 h incubation (lanes 2 and 4), whereas SREBP processing in SRD-15 and SRD-19 cells
was fully resistant to oxysterol-mediated inhibition (lanes 6 and 8). A 25-HC resistant,
truncated form of nuclear SREPB-2 was observed in the absence of nuclear SREBP-1 for
SRD-1 cells (lanes 9 and 10). The absence of nuclear SREBP-1 in SRD-1 cells is attributable
to the constitutively active SREBP-2 that stimulates overproduction of cholesterol, which in
turn prevents SCAP-mediated processing of the membrane-bound SREBP-1 precursor (Yang
et al., 2002).

The membrane fractions from CHO-7, SRD-14, SRD-15, and SRD-1 cells contained

similar amounts of SCAP that were not affected by the absence or presence of 25-HC (Fig. 4-
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5, bottom panel, lanes 1-6, 9, and 10). However, a marked increase in SCAP protein was
observed in SRD-19 cells (lanes 7 and 8). These results led us to conduct a set of
experiments to determine the molecular defect that leads to the accumulation of SCAP
protein in SRD-19 membranes. Fig. 4-6A shows a Northern blot comparing the amount of
SCAP mRNA in CHO-7, SRD-14, SRD-15, SRD-19, and SCAP-deficient SRD-13A cells.
The amount of SCAP mRNA was elevated in SRD-19 cells in comparison to wild type CHO-
7 and the other SRD cell lines; the levels of SCAP mRNA was not influenced by the
presence of 25-HC. Quantitative real-time PCR revealed that SRD-19 cells express >4.5-fold
more SCAP mRNA than their wild type CHO-7 counterparts and ~3-fold more than parental
SRD-14 cells (Fig. 4-6B). In the experiment shown in Fig. 5-6C, restriction enzyme-digested
genomic DNA from CHO-7 and SRD-19 cells was subjected to agarose gel electrophoresis,
transferred to nylon membranes, and hybridized with radiolabeled SCAP (top panel) or
SREBP-2 (bottom panel) cDNA probes. Each restriction enzyme digest of CHO-7 and SRD-
19 genomic DNA produced fragments of identical size that hybridized with the SCAP and
SREBP-2 probes, but the intensities of SCAP-hybridizing fragments were markedly
increased in the SRD-19 digests (top and bottom panels, lanes 1-16). The intensities of
fragments hybridized to the SREBP-2 probe were similar in enzyme-digested genomic DNA
from CHO-7 and SRD-19 cells (bottom panel). In Fig. 4-6D, various amounts of enzyme
digested DNA from CHO-7 and SRD-19 cells were hybridized with radiolabeled SCAP and
SREBP-2 cDNA probes. By densitometric scanning, we calculated about a 4-fold increase in

the amount of hybridizable reductase DNA in SRD-19 cells as compared to CHO-7 cells.
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These results indicate that the SCAP gene is amplified in SRD-19 cells, which likely
accounts for the overproduction of SCAP mRNA and protein in the mutant cells.

When transfected cells overexpress SCAP, the Insig proteins become saturated, and
25-HC can no longer inhibit SREBP processing. Oxysterol-mediated inhibition can be
restored by co-expression of either Insig-1 (Yang et al., 2002) or Insig-2 (Yabe et al., 2002a).
If SCAP overexpression is the primary defect in SRD-19 cells, the regulatory effects of 25-
HC should be restored by overexpressing Insig-1 or Insig-2. Thus, SRD-19 cells were
transfected with pCMV-Insig-1-Myc or pCMV-Insig-2-Myec, expression plasmids encoding
human Insig-1 and Insig-2, respectively, followed by six tandem copies of the c-Myc epitope.
Clones that expressed equivalent levels of the Myc-tagged Insig proteins were isolated (Fig.
4-7, bottom panel) and analyzed further. As expected, SREBP-2 processing was sensitive to
25-HC in wild type CHO-7 cells (top panel, lanes 1 and 2), and resistant to sterol treatment
in mock-transfected SRD-19 cells (lanes 3 and 4). Overexpression of Insig-1-Myc or Insig-
2-Myc in SRD-19 cells restored a complete response to 25-HC (lanes 5-8). Overexpression
of either Insig in SRD-19 cells also restored 25-HC-mediated suppression of SREBP-1

processing (data not shown).
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TABLE II. Incorporation of [*C] acetate into [**C] cholesterol and **C-labeled fatty
acids in parental cells and mutant cells resistant to 25-HC

On day 0, monolayers of cells were set up for experiments at 1 x 10° cells per 60-mm dish in
medium A supplemented with 5% LPDS. On day 2, the cells were refed the identical
medium containing 10 pCi/dish ['*C] Acetate. After incubation at 37°C for 2 h, the cells
were harvested for measurement of the cellular content of ['*C] Cholesterol and 14C-fatty
acids. A blank value, representing the amount of ['C] Acetate incorporated into ['“Cl-
cholesterol (0.15 nmol/h/mg) and '*C-fatty acids (0.03 nmol/h/mg) in each cell line that was

incubated for 2 h at 4°C was subtracted from each value. Each value is the mean of triplicate

incubations.
Incorporation of ['*C] Acetate
Cell Lines
['“C] Cholesterol 14C-Fatty Acids
nmol / h / mg protein
CHO-7 0.159 0.278
SRD-14 0.396 0.375
SRD-15 0.777 0.937

SRD-19 1.076 1.271
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FIGURE 4-1: Growth of parental and mutant cells in the absence and presence of 25-
HC.

CHO-7, SRD-14, SRD-15, SRD-19, and SRD-1 cells were set up in medium A supplemented
with 5% LPDS. On day 1, the cells were washed with PBS and refed medium containing 5%
LPDS and the indicated concentration of 25-HC. Cells were refed every 2 days. On day 10,

the cells were stained with crystal violet.
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FIGURE 4-2: Sterol content of wild type CHO-7 and mutant SRD-14, SRD-15, and
SRD -19 cells.

CHO-7, SRD-14, -15, and -19 cells were set up in medium A supplemented with 5% LPDS.
On day 3, the cells were harvested, lysed and subjected to GC-MS analysis. In A, each sterol
is reported as a percentage of total sterols in the various cell lines. In B, the values for each

sterol are reported relative to those in parental CHO-7 cells, which are arbitrarily set at 1.
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FIGURE 4-3: Accumulation of neutral lipids in CHO-7, SRD-14, SRD-15, and SRD-19
cells as revealed by Oil Red O.

A, on day 0, CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up in medium A
supplemented with 5% LPDS. On day 3, the cells were fixed and double stained with DAPI
for nuclei (blue) and Oil red O for lipid droplets (red). B, images were analyzed using NIH
IMAGE 1] software to determine the average size of lipid droplets in each cell line. Values
were calculated by dividing the number particles (representing lipid droplets) by the total

number of pixels (representing the total are of lipid droplets).
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FIGURE 4-4: Analysis of lipid isolated from parental CHO-7 and mutant SRD-14,
SRD-15, and SRD-19 cells.

A, on day 0, CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up in medium A
containing 5% FCS. On day 1, the cells were refed the identical medium containing 100 puCi
['*Clacetate and incubated for an addition 2 day at 37 °C. The cells were subsequently
harvested, lysed, and lipid droplet fractions were isolated and analyzed by thin layer
chromatography. The percentage of ['*Clacetate incorporated into the indicated lipids were
determined by scintillation counting. B, on day 0, cells were set up at 1 x 10° cells per 60-
mm dish in medium A containing 5% LPDS. On day 2, the cells were switched to medium A
containing 5% LPDS, 50 uM sodium compactin, and 50 uM sodium mevalonate. On day 2,
the cells were refed the identical medium with either no addition or the indicated
concentrations of LDL or 25-HC. After incubation for 5 h at 37 °C, cells were pulsed for 2 h
with 0.2 mM ["*C]oleate/albumin (10 dpm/nmol), after which the cells were harvested for
measurement of their content of cholesteryl ['*Cloleate and *C-labeled triglycerides. Each

value is the mean of triplicate incubations.
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FIGURE 4-5: Sterol regulation of SREBP processing in wild type and mutant cells.

On day 0, CHO-7, SRD-14, SRD-15, SRD-19, and SRD-1 cells were set up in medium A
supplemented with 5% LPDS. On day 2, the cells were switched to medium A containing
5% LPDS, 10 uM compactin, and 50 uM mevalonate in the absence or presence of 2.5 uM
25-HC. After incubation for 16 hr at 37 °C, the cells were harvested and subjected to cell
fractionation. Aliquots of membrane (27 pg protein/lane) and nuclear extract (15 pg
protein/lane) fractions were subjected to SDS-PAGE and Immunoblot analysis with IgG-7D4

(SREBP-2), IgG-2179 (SREBP-1), and IgG-9D5 (SCAP).
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FIGURE 4-6: Molecular characterization of SCAP mRNA and genomic DNA in
parental CHO-7 and mutant SRD-19 cells.

A and B, CHO-7, SRD-14, SRD-15, SRD-19, and SRD-13A cells were set up in medium A
supplemented with 5% LPDS. On day 2, the cells were switched to medium A containing 10
UM compactin and 50 pM mevalonate in the absence or presence of 2.5 uM 25-HC as
indicated. After incubation for 16 hr at 37 °C, the cells were harvested for isolation of total
RNA. A, aliquots of total RNA (20 pg/lane) were subjected to electrophoresis in a
denaturing (formaldehyde) gel and transferred to a nylon filter by capillary blotting. The
filters were hybridized with the indicated **P-labeled probe and exposed to film at -80 °C for
4 h (SCAP) and 24 h (GAPDH). B, total RNA was subjected to reverse transcription
reactions, after which aliquots of the resulting first-strand cDNA was subjected to
quantitative real time PCR using specific primers for the indicated genes. The relative
amount of mRNA under each condition was normalized to an internal control gene
(GAPDH). C and D, aliquots of genomic DNA (20 pg/lane) in C; the indicated amount in D)
from CHO-7 and SRD-19 cells were digested with the indicated restriction enzyme,
subjected to electrophoresis on a 1.0% agarose gel, and transferred to nylon filters.
Hybridizations were carried out with **P-labeled cDNA probes corresponding to SCAP
(nucleotides 1-697) or SREBP-2 (nucleotides 1-460). The filters were exposed to film at -80

°C for 24 hr (SCAP) and 48 hr (SREBP-2).
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FIGURE 4-6
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FIGURE 4-7: Stable transfection of pCMV-Insig-1-Myc or pCMV-Insig-2-Myc
restores sterol-mediated suppression of SREBP-2 processing in SRD-19 cells.

Cells were set up in medium A supplemented with 5% LPDS. On day 2, the cells were
switched to medium A containing 5% LPDS, 10 uM compactin, and 50 uM mevalonate in
the absence or presence of 2.5 uM 25-HC. After incubation for 16 h at 37 °C, the cells were

harvested; membrane and nuclear extract fractions were prepared and subjected to

immunoblot analysis with IgG-7D4 (SREBP-2) and IgG-9E10 (Insig-1 or Insig-2).
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FIGURE 4-7
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DISCUSSION

The current data describe the characterization of SRD-19 cells, a line of mutant CHO
cells that were produced by mutagenesis of Insig-1 deficient SRD-14 cells (Lee et al., 2005),
followed by selection for growth in 25-HC (Fig. 4-1). Because of their resistance to 25-HC,
SRD-19 cells fail to suppress proteolytic activation of SREBPs upon prolonged treatment
with the sterol (Fig. 4-5). This resistance is accompanied by the amplification of the gene
encoding SCAP (Fig. 4-6C and D), which leads to the overproduction of SCAP mRNA and
protein (Fig. 4-5 and 4-6). Although the number of copies of the SCAP gene is apparently
increased in SRD-19 cells, the gene does not appear to have undergone any gross structural
rearrangements, at least at the level that is detectable by the cDNA probe used in the current
study.

A reasonable explanation for resistance of SRD-19 cells to 25-HC is that excess
SCAP saturates the remaining Insig-2 in the mutant cells. As a result, SREBPs continue to
be processed and cholesterol synthesis is not inhibited, even in the presence of 25-HC.
Accordingly, SRD-19 cells are resistant to chronic culture in the oxysterol. Evidence in
support of this conclusion is provided by the experiment of Fig. 4-7, which shows that
overexpression of cDNAs encoding either Insig-1 or Insig-2 restores normal sterol regulation
of SREBP processing in SRD-19 cells. Our finding that SCAP overproduction causes
resistance of SRD-19 cells to culture in 25-HC is analogous to the resistance of UT-1 cells to
growth in the HMG CoA reductase inhibitor compactin. UT-1 cells, a line of mutant CHO

cells isolated in 1982 (Chin et al., 1982), grow in the presence of compactin owing to the
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>100-fold overproduction of reductase, which results from the amplification and enhanced
transcription of the gene encoding the enzyme (Luskey et al., 1983).

Consistent with the partial (SRD-14) and complete (SRD-15 and SRD-19) resistance
to 25-HC, rates of cholesterol and fatty acid synthesis were markedly elevated in the mutant
cells (Table II). Moreover, an accumulation of total sterol (Fig. 4-2) and neutral lipid content
(as determined by Oil Red O staining; Fig. 4-3) was observed in SRD-14, SRD-15, and SRD-
19 cells in proportion to their resistance to 25-HC (Fig. 4-5). GC-MS analysis revealed that
cholesterol was the most abundant sterol in CHO-7, SRD-14, SRD-15, and SRD-19 cells;
levels of the sterol were elevated 2-4 fold in the mutant cells as compared to wild type cells
(Fig. 4-2). Several intermediates in the cholesterol biosynthetic pathway were only elevated
in SRD-15 and SRD-19 cells. Specifically, lanosterol, the first sterol intermediate in
cholesterol synthesis, was elevated 11-fold in SRD-15 and 5-fold in SRD-19 cells. This is an
interesting finding with regards to results from a previous study, which suggested that
production of lanosterol is a key focal point of the sterol regulatory system (Song et al.,
2005a). In normal cells, lanosterol triggers ubiquitination and rapid degradation of HMG
CoA reductase, thereby reducing carbon flow through the cholesterol synthetic pathway.
Inappropriate accumulation of lanosterol is prevented owing to its inability to block SREBP
processing by inhibiting the activity of SCAP. Thus, mRNAs encoding enzymes that catalyze
reactions subsequent to lanosterol remain elevated, and lanosterol is metabolized to
cholesterol. The accumulation of cholesterol triggers the ER retention of SCAP-SREBP
complexes, which leads to the inhibition of SREBP processing and ultimately shuts down the

entire cholesterol synthetic pathway. In SRD-15 and SRD-19 cells, this feedback regulation
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is lost and as a result, cholesterol and its sterol precursors accumulate inappropriately. It
should be noted that C-14 demethylation, the initial step in conversion of lanosterol to
cholesterol, has been implicated as a rate-limiting step in cholesterol synthesis. This might
help to explain the selective increase in the level of lanosterol in SRD-15 and SRD-19 cells.
Alternatively, Insigs (whose activities are reduced in SRD-15 and SRD-19 cells) may
directly or indirectly participate in the demethylation of lanosterol. Future studies will be
aimed toward resolving these issues.

Three types of mutant CHO cells have been classified as resistant to 25-HC owing to
their failure to suppress cholesterol synthesis under conditions of sterol overload (Goldstein
et al., 2002; Lee et al., 2005). Type 1 mutants express truncated forms of SREBP-2 that
migrate to the nucleus and activate gene transcription regardless of sterol treatment. Type 2
mutants express forms of SCAP that harbor point mutation in the sterol-sensing domain that
prevents binding to Insigs. These mutant forms of SCAP continue to transport SREBPs to the
Golgi even when cells are overloaded with sterols. Type 3 mutants have deficiencies in Insig-
1 and Insig-2 and as a result, both reductase and SCAP are refractory to sterol regulation.
Data from the current study demonstrate that SRD-19 cells represent a fourth type of 25-HC-
resistant cells. SRD-19 cells have exploited the stoichiometric relationship between Insigs
and their targets (reductase and SCAP) by overproducing SCAP. The overexpressed SCAP
saturates the remaining Insig-2 in SRD-19 cells, rendering them refractory to sterol
regulation. The other 19 cells lines isolated in the same mutagenesis/selection experiment
that yielded SRD-19 cells were deficient in Insig-1 and Insig-2. Considering that 1) the other

19 cell lines isolated in the same mutagenesis/selection experiment that yielded SRD-19 cells
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were deficient in Insig-1 and Insig-2; and 2) the unbiased selection for 25-HC resistance in
these experiments, it is likely that the spectrum of proteins participating in Insig-mediated
regulation of sterol metabolism is known and our knowledge of mechanism underlying the

process is near completion.



CONCLUSION AND PERSPECTIVE

Somatic cell genetics has proven invaluable in illuminating the complex pathway for
lipid homeostasis that is controlled by the SREBP pathway (Goldstein et al., 2002). The
identity and function of the following proteins has been in some way revealed by somatic cell
genetics through studies using mutant Chinese hamster ovary cells; HMG CoA reductase,
HMG CoA Synthesis, SCAP, SREBP, ACAT, S1P, S2P and others (Chang et al., 1993a;
Chin et al., 1982; Hua et al., 1996; Luskey et al., 1983; Rawson et al., 1999; Rawson et al.,
1997; Sakai et al., 1998).

In the past, mutagenized CHO cells were selected by chronic treatment in the presenc of 25-
HC, a potent inhibitor of cholesterol synthesis because of its ability to accelerate degradation
of reductase and block proteolytic activation of SREBPs (Brown and Goldstein, 1999;
Nohturftt et al., 2000; Wang et al., 1994). The oxysterol is toxic to wild type cells because it
cannot substitute for cholesterol as a structural membrane component, and cells die unless a
source of cholesterol is supplied exogenously. Mutant cells survive chronic 25-HC treatment
because they do not turn off cholesterol synthesis in the presence of oxysterols, forming the
genetic basis for their isolation. However, the sterol-resistant mutants isolated to date either
harbored point mutations in the sterol-sensing domain of SCAP or produced abnormal
truncated versions of SREBP-2 that enter the nucleus without requiring proteolysis (Dawson
et al., 1991; Hua et al., 1996; Yabe et al., 2002b; Yang et al., 1995; Yang et al., 1994). Thus,
to facilitate the isolation of mutant cells incapable of accelerating reductase degradation,
selection of mutagenized cells was carried out with a reagent that replaces sterols to promote

reductase degradation but not ER retention of SCAP. The hypocholesterolemic
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activity of 1,1-bisphosphonate esters such as SR-12813, and its structurally related analog,
Apomine, has been well documented (Berkhout et al., 1997; Berkhout et al., 1996; Roitelman
et al., 2004). In cultured cells, these drugs decrease reductase activity by accelerating
degradation of the enzyme, which triggers an increase in the expression of LDL receptors,
thus explaining the hypocholesterolemic activity of the drugs when administered orally to
animals. The effects of SR-12813 on reductase appear similar to those of oxysterols;
however, unlike oxysterols, SR-12813 treatment does not reduce but rather enhances mRNAs
for reductase and the LDL receptor. In the current studies, we evaluated the utility of SR-
12813 as a selecting agent in mutagenesis experiments aimed toward isolating mutant cells
incapable of accelerating reductase degradation but having normal regulation of SREBP
processing.

In Chapter 1, SRD-14 cells were produced by y-irradiation of CHO cells, followed by
selection in medium supplemented with SR-12813. SRD-14 was found to harbor a partial
deletion of the INSIG-1 gene. SRD-14 cells cannot accelerate reductase degradation in
response to sterols or SR-12813, and the rate of sterol-mediated suppression of SREBP
processing in the cells is dramatically reduced. Resistance to SR-12813 and 25-HC was
completely corrected by the overexpression of either Insig-1 or Insig-2. The experiments
with the SRD-14 cells provide formal genetic proof of the essential role Insigs play in not
only reductase degradation but also the ER retention of SCAP-SREBP. Although 25-HC did
block SREBP processing, which effect required a longer exposure to the oxysterol in SRD-14

cells as compared with wild-type cells. Considering that in wild-type CHO cells Insig-1
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accounts for ~90% of total Insigs, we proposed that the remaining Insig-2 was sufficient to
maintain partial sterol regulation of SCAP-SREBP but not reductase.

In Chapter 2, I describe the generation, isolation, and characterization of mutagenized
SRD-14 cells that are totally resistant to 25-HC. This cell line, designated SRD-15, was
found to harbor a deletion of one allele of the INSIG-2 gene, and Insig-2 mRNA expression
was reduced to less than 20% of wild-type cells. As a result of their combined deficiencies in
Insig-1 (100% deficiency) and Insig-2 (80% deficiency), SRD-15 cells were completely
refractory to sterol-mediated actions on SREBP processing, as well as reductase degradation.
The experiments with the SRD-15 cells provide genetic proof that cells require at least one
Insig protein in order to exhibit normal feedback regulation of cholesterol metabolism.
Twenty sterol-resistant cell lines were obtained through this procedure; 19 of them were
deficient in Insig-2 and one was designated SRD-15. The remaining cell line, which
produced normal levels of Insig-2, was not further characterized.

In Chapter 3, I describe the characterization of three mutant SR-12813-resistant CHO
cell lines, in which reductase is resistant to ubiquitination and degradation mediated not only
by SR-12813 but by sterols as well. In contrast, the mutant cells retain their sensitivity to the
sterol-mediated suppression of SREBP processing. In all three mutant cell lines, resistance
was traced to point mutations within the membrane domain of reductase that resulted in
substitutions of aspartate for serine-60, arginine for glycine-87, and proline for alanine-333.
Overexpression of the S60N, G87R, or A333P versions of reductase conferred the resistance
of wild-type cells to chronic culture in SR-12813, demonstrating the dominant nature of each

mutation. Moreover, all three mutant forms of reductase were refractory to sterol-mediated
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ubiquitination and degradation, owing to decreased affinity for Insigs. These results highlight
the importance of interactions between Insigs and the membrane domain of reductase in the
feedback control of a rate-determining step in cholesterol synthesis.

In Chapter 4, I characterized the remaining 25-HC-resistant CHO cell line, derived
from mutagenesis and selection of SRD-14 cells, which continue to produce Insig-2. This
cell line, designated SRD-19, was found to have exploited the stoichiometric requirement of
Insigs by overproducing SCAP. Indeed, the SCAP gene is amplified and the mRNA is
overproduced 4-fold in SRD-19 cells.

These studies demonstrate 1) absolute requirement for Insig proteins in the regulatory
system that mediates lipid homeostasis in animal cells; 2) the importance of interactions
between Insigs and the membrane domain of reductase in feedback control of a rate-
determining step in cholesterol synthesis; 3) SCAP-Insig ratios are key for normal regulated
processing of SREBPS.

Until now, two types of mutant CHO cells have been classified as resistant to 25-HC
in that they fail to suppress cholesterol synthesis under conditions of sterol overload and
survive chronic oxysterol treatment (Goldstein et al., 2002). Type 1 mutants occur in the
SREBP-2 gene, producing truncated SREBP-2 that terminates before the first transmembrane
segment and therefore constitutively travels to the nucleus. Type 2 mutants are point
mutations, Y298C, L315F and D443N, which are in the sterol-sensing domain of SCAP.
These mutations render mutant SCAP refractory to sterol regulation; therefore it escorts
SREBPs from the ER to the Golgi even when the cells are overloaded with sterols. It should

be noted that both Type 1 and Type 2 sterol-resistant mutants exhibit a dominant phenotype.



121

Data in the current studies demonstrate that the SRD-14 and SRD-15 cells represent a
new type of mutant CHO cells designated as Type 3 sterol-resistant mutants. Type 3 sterol-
resistant mutants have been traced to their deficiencies in either Insig-1 or both Insigs.
However, unlike other sterol-resistant mutants, the phenotype of the Type 3 mutants is
recessive due to their lack of both Insig-1 and Insig-2.

So far, recessive mutant cells have been difficult to characterize due to the lack of
available compounds to carry out appropriage screens. One candidate compound is
Amphotericin B, which is a polyene antibiotic that kills the cells by binding to cholesterol
and forming pores in the plasma membrane (Cadigan et al., 1988). The cellular levels of
cholesterol content in mutant cells that survive in 25-HC or SR-12813 are higher than in
wild-type cells and rendered more sensitive to amphotericin B cytoxicity. Cell fusion studies
can determine the dominant or recessive phenotype. For instance, SR-128313 selected
mutant cells stably transfected with neo can be fused to wild-type cells stably transfected
with zeo and select with neo, zeo with or without SR-12813. Dominant cells can survive in
the presence of SR-123813 while recessive cells cannot. Based on this strategy, recessive
cells can be stably transfected with wild-type expression library and selected by amphotericin
B treatment. However, this method has been limited because 1) chronic treatment also kills
wild-type cells, 2) cells differ in kinetic response to amphotericin B, and 3) the difficulty of
isolating the complementation gene.

Perhaps the use of retrovirus system such as the ROSA B-geo retroviral promoter trap
(Friedrich and Soriano, 1991; Zambrowicz et al., 1997) can overcome the difficulty fo

isolating the complementation gene. Gene traps are based on the integration of a reporter
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gene, -galactosidase (B-gal), lacking a promoter into the genome and its expression from a
tagged endogenous promoter (Fig. 4). The vectors appear to be effective mutagens. Single
gene mutation frequencies are 100—1000 fold higher in cells isolated after gene trap selection
than in cells containing randomly integrated retroviruses (Chang et al., 1993b). When a gene
trap vector integrates into expressed genes, insertional mutants can be easily selected by a
selectable phenotype conferred by the gene trap vector. The fusion transcript also serves as
the template for PCR-based cloning by 5’-RACE. To date, a number of mutant cells have
been isolated with gene trap mutagenesis. For instance, OVCALI, a tumor suppressor gene,
has been identified as a component of the biosynthetic pathway of diphthamide, which is a
target of bacterial ADP-ribosylating toxins (Nobukuni et al., 2005). Also, another study
demonstrated elongation factor 1A1-1 plays a critical role in oxidative and ER stress during
fatty acids overload-induced death in cardiomyocytes (Borradaile et al., 2006). These studies
encourage us to apply gene trap mutagenesis and selection with SR-12813 or 25-HC to

identify additional regulatory proteins of the cholesterol biosynthetic pathway.

Gene Trap Retrovirus LTR LTR

Genomic Locus — NSNS == -

Gene Trap Insertion = — LTR LTR — —_— -
Fusion mRNA \rAAAAAAAAAAAAAA

Fusion Protein Bgeo

FIGURE 4: Gene Trap Vector.
Slice Acceptor (SA), Long Terminal Repeat (LTR), PBgeo (encodes a Pgalactosidase-
neomycin phosphotransferase fusion protein), polyadenylation (bpA)
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