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Amplification of the gene for SCAP, coupled with Insig-1
deficiency, confers sterol resistance in mutant Chinese

hamster ovary cells
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Abstract The endoplasmic reticulum membrane proteins
Insig-1 and Insig-2 limit cholesterol synthesis, in part through
their sterol-dependent binding to sterol-regulatory element
binding protein (SREBP) cleavage-activating protein (SCAP).
This binding prevents proteolytic processing of SREBPs,
membrane-bound transcription factors that enhance choles-
terol synthesis. We report here the characterization of mutant
Chinese hamster ovary (CHO) cells, designated SRD-19, that
are resistant to 25-hydroxycholesterol, a potent inhibitor of
SREBP processing. SRD-19 cells were produced by mutagene-
sis of Insig-1-deficient SRD-14 cells, followed by selection in
high levels of 25-hydroxycholesterol. 25-Hydroxycholesterol
fails to suppress SREBP processing in SRD-19, even though
they express normal levels of Insig-2. The number of copies
of the gene encoding SCAP was found to be increased by
4-fold in SRD-19 cells compared with wild-type CHO cells,
leading to the overproduction of SCAP mRNA and protein.
Our data indicate that overproduced SCAP saturates the
remaining Insig-2 in SRD-19 cells, thus explaining their re-
sistance to 25-hydroxycholesterol. Consistent with this con-
clusion, regulated SREBP processing is restored in SRD-19
cells upon transfection of plasmids encoding either Insig-1
or Insig-2.Hf These results highlight the importance of
SCAP/Insig ratios in normal sterol-regulated processing of
SREBPs in cultured cells.—Lee, P. C. W., P. Liu, W-P. Li,
and R. A. DeBose-Boyd. Amplification of the gene for SCAP,
coupled with Insig-1 deficiency, confers sterol resistance in
mutant Chinese hamster ovary cells. J. Lipid Res. 2007. 48:
1944-1954.

Supplementary key words cholesterol homeostasis * endoplasmic
reticulum-Golgi translocation * ubiquitination * somatic cell genetics *
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binding protein cleavage-activating protein

Sterol-induced retention of sterol-regulatory element
binding protein (SREBP) cleavage-activating protein
(SCAP) in the endoplasmic reticulum (ER) and sterol-
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accelerated degradation of ER-bound HMG-CoA reductase
constitute two mechanisms by which animal cells limit the
synthesis of cholesterol. Remarkably, both mechanisms
are mediated by sterol-regulated binding of SCAP and re-
ductase to polytopic ER membrane proteins called Insig-1
and Insig-2. In sterol-depleted cells, SCAP transports
membrane-bound transcription factors called SREBPs
from the ER to the Golgi, where the SREBPs are processed
to forms that activate cholesterol synthesis (1). When cho-
lesterol accumulates in ER membranes, the sterol binds to
SCAP and this causes SCAP to bind Insigs (2—4). The Insig-
bound SCAP-SREBP complex remains sequestered in ER
membranes; levels of mRNAs encoding SREBP target genes
decrease and the rate of cholesterol synthesis declines.
HMG-CoA reductase catalyzes the conversion of HMG-CoA
to mevalonate, a rate-controlling step in the synthesis
of cholesterol and nonsterol isoprenoids (5). In sterol-
depleted cells, the membrane-bound reductase is stable,
with a half-life of >12 h. The accumulation of sterols in ER
membranes triggers the binding of reductase to a subset of
Insigs that carry a membrane-anchored ubiquitin ligase
called gp78, which initiates reductase ubiquitination (6).
This ubiquitination marks reductase for rapid, proteasome-
mediated degradation, reducing the half-life of the protein
to <I h. The decrease in reductase reduces the produc-
tion of mevalonate, hence blunting the rate of cholesterol
synthesis. These two Insig-mediated events (ER retention
of SCAP-SREBP and ubiquitination/degradation of re-
ductase) are modulated to ensure a constant supply of
substrates for the production of essential nonsterol iso-
prenoids while avoiding the overproduction of cholesterol
or its sterol precursors.

SCAP and reductase share a similar topology in ER mem-
branes. Each protein can be divided into two domains: a

Abbreviations: CHO, Chinese hamster ovary; ER, endoplasmic
reticulum; SCAP, sterol-regulatory element binding protein cleavage-
activating protein; SREBP, sterol-regulatory element binding protein.
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hydrophobic NHo-terminal domain with eight membrane-
spanning segments that anchor the proteins to ER mem-
branes; and a large hydrophilic COOH-terminal domain
that projects into the cytosol (7-9). The COOH-terminal
domain of reductase exerts the enzyme’s catalytic activity
(10), whereas the COOH-terminal domain of SCAP medi-
ates interactions with SREBPs (11). The membrane do-
mains of both proteins are responsible for sterol-induced
binding to Insigs (4, 12). The Insig binding site in SCAP
and reductase localizes to an evolutionarily related intra-
membrane sequence called the sterol-sensing domain,
which comprises transmembrane helices 2-6 of both pro-
teins (13, 14). Point mutations within the sterol-sensing
domains of SCAP and reductase prevent their association
with Insigs, thereby abrogating sterol-mediated ER reten-
tion of SCAP-SREBP and sterol-induced ubiquitination/
degradation of reductase (4, 15-17).

Previously, we described a genetic screen designed to
isolate mutants of Chinese hamster ovary (CHO) cells that
fail to degrade reductase upon addition of sterols (18). The
screen was conducted by <y-irradiation of CHO cells, fol-
lowed by selection in sterol-free medium supplemented
with the 1,1-bisphosphonate ester SR-12813. SR-12813 blocks
cholesterol synthesis by mimicking the action of sterols
in accelerating the degradation of reductase. This screen
gave rise to SRD-14 cells, which survived selection by virtue
of an Insig-1 deficiency. However, SREBP processing in
SRD-14 cells remained sensitive to 25-hydroxycholesterol,
although the effect required extended exposure to the
oxysterol compared with wild-type cells. We proposed that
Insig-2, which accounts for 10% of total Insig in wild-type
CHO cells, was sufficient to maintain this residual sterol
regulation. To isolate mutant cells lacking both Insig-1 and
Insig-2, we subjected SRD-14 cells to an additional round
of mutagenesis, followed by selection for growth in me-
dium containing a concentration of 25-hydroxycholesterol
that blocks the growth of SRD-14 and wild-type cells by ac-
celerating reductase degradation and blocking SREBP
processing. Twenty sterol-resistant cell lines were obtained
through this procedure; 19 of them were deficient in Insig-2
as well as Insig-1. We studied one of these Insig-1/Insig-2-
deficient cells in detail (19).

Previous studies have shown that the regulatory actions
of Insigs are critically dependent on the ratios of Insig
proteins to their targets (i.e., SCAP and reductase) (4, 12).
Overexpression of SCAP or reductase through transfec-
tion saturates endogenous Insigs, and regulation no lon-
ger occurs unless Insigs are also overexpressed. In the
current studies, we characterize the one 25-hydroxycho-
lesterol-resistant CHO cell line, derived from mutagenesis
and selection of SRD-14 cells, which continues 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 by 4-fold in SRD-19 cells.
These findings support the concept that the ratio of Insigs
to its two targets is a crucial requirement for the sterol
regulation of cholesterol metabolism.

MATERIALS AND METHODS

Materials

We obtained horseradish peroxidase-conjugated donkey anti-
mouse and anti-rabbit IgGs (affinity-purified) from Jackson
ImmunoResearch Laboratories; 25-hydroxycholesterol and cho-
lesterol from Steraloids, Inc. (Newport, RI); [14C]acetate and
[**C]oleate from American Radiolabeled Chemicals, Inc. (St. Louis,
MO); and DECA Template-GAPDH-mouse from Ambion (Austin,
TX). SR-12813 was synthesized by the Core Medicinal Chemistry
Laboratory, Department of Biochemistry, University of Texas
Southwestern Medical Center. Lipoprotein-deficient serum (d >
1.215 g/ml) was prepared from newborn calf serum by ultra-
centrifugation (20). Solutions of sodium compactin and sodium
mevalonate were prepared as described previously (21). Other re-
agents were obtained from sources described previously (22).

Cell culture

All of the cells used in this study were maintained in monolayer
culture at 37°C in 8-9% CO,. CHO-7 cells are a subline of CHO-
K1 cells selected for growth in lipoprotein-deficient serum (23).
SRD-1, which express constitutively active SREBP-2 resulting from
genomic rearrangements of the SREBP-2 gene (24), SRD-14
[deficient in Insig-1 (18)], SRD-15 [deficient in both Insig-1 and
Insig-2 (19)], and SRD-19 (overexpresses SCAP resulting from
amplification of the SCAP gene; this study) are mutant cell lines
derived from CHO-7 cells.

Stock cultures of CHO-7 cells were maintained in medium A
(a 1:1 mixture of Ham’s F-12 medium and Dulbecco’s modified
Eagle’s medium containing 100 U/ml penicillin and 10 wg/ml
streptomycin sulfate) supplemented with 5% (w/v) lipoprotein-
deficient serum. SRD-1, SRD-15, and SRD-19 cells were grown in
medium A containing 5% lipoprotein-deficient serum and 2.5 u.M
25-hydroxycholesterol. SRD-14 cells were maintained in medium A
containing 5% lipoprotein-deficient serum and 10 pM SR-12813.

Mutagenesis and isolation of 25-hydroxycholesterol-
resistant cells overexpressing SCAP

SRD-19 cells were isolated in the same experiment that yielded
Insig-1- and Insig-2-deficient SRD-15 cells (19). Briefly, 2.5 X 107
SRD-14 cells were subjected to vy-irradiation as described previ-
ously (18). The mutagenized cells were immediately plated at 5 X
10° cells/100 mm dish in medium A containing 5% lipoprotein-
deficient serum. On day 1, cells were refed identical medium
containing 1.25 uM 25-hydroxycholesterol. Fresh medium was
added to cells every 2 days until colonies formed. On day 29, the
surviving colonies were isolated with cloning cylinders and al-
lowed to proliferate. Of the 50 original dishes, 20 contained
25-hydroxycholesterol-resistant colonies; 19 of these colonies ex-
hibited reduced expression of Insig-2, one of which was desig-
nated SRD-15 (19). The remaining colony (expressing normal
levels of Insig-2) was cloned by limiting dilution and designated
SRD-19.

SRD-19 cells stably overexpressing human Insig-1 or Insig-2
were generated as follows. On day 0, SRD-19 cells were set up at
5 X 10° cells per 60 mm dish in medium A containing 5% fetal calf
serum, 5 pg/ml cholesterol, 1 mM mevalonate, and 20 pM so-
dium oleate. On day 1, cells were transfected with 1 g of pCMV-
Insig-1-Myc or pCMV-Insig-2-Myc, expression plasmids encoding
human Insig-1 and Insig-2 followed by six tandem copies of the
c-Myc epitope (3, 4), using the FuGENE 6 transfection reagent
(Roche) as described (25). On day 2, cells were switched to identi-
cal medium supplemented with 0.7 mg/ml G418. Fresh medium
was added every 2-3 days until colonies formed after ~2 weeks.
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Individual colonies were assessed by immunoblot analysis with
anti-Myc. Cells from a single colony were cloned by limiting dilu-
tion and maintained in medium A containing 5% fetal calf serum,
5 pg/ml cholesterol, 1 mM mevalonate, 20 pM sodium oleate,
and 0.5 mg/ml G418 at 37°C, 8-9% COs.

Cell fractionation and immunoblot analysis

Triplicate dishes of cells were used to isolate membrane and/
or nuclear extract fractions as described previously (12). Aliquots
of nuclear extract and membrane fractions were subjected to 8%
SDS-PAGE; the proteins were transferred to Hybond C-extra nitro-
cellulose filters (Millipore) and immunoblot analysis was carried
out as described (12). Primary antibodies used for immunoblot-
ting were as follows: IgG-7D4, a mouse monoclonal antibody
against the NHy terminus of hamster SREBP-2 (26); 1gG-2179, a
rabbit polyclonal antibody against the NHy terminus of hamster
SREBP-1c (19); IgG-9E10, a mouse monoclonal antibody against
c-Myc purified from the culture medium of hybridoma clone
9E10 (American Type Culture Collection); and IgG-9D5, a mouse
monoclonal antibody against hamster SCAP (11).

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 phosphate-
buffered saline 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 pug/ml in isopro-
pyl alcohol. Finally, each coverslip was washed for 10 min with
deionized water, stained for 5 min with 17 pg/ml 4 ,6-diamino-
phenylindole, and subjected to another 10 min wash with deion-
ized water. Coverslips were then mounted onto glass slides and
analyzed on a microscope stage.

Metabolic assays

CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up for ex-
periments as described in the figure legends. The incorporation
of [14C]acetate into cellular cholesterol and fatty acids and that
of ["*C]oleate into cellular cholesteryl esters and triglycerides was
measured in cell monolayers as described previously (20, 21).
The protein content of cell extracts was determined using the
BCA Protein Assay Reagent (Pierce) according to the manufac-
turer’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 wCi of []4C]acetate for 2 days and
collected by scraping in ice-cold PBS containing a protease in-
hibitor cocktail. Lipid droplet fractions were then purified using
a previously described method (27). Total lipids were extracted
from purified droplet fractions using a 2:1 (v/v) mixture of ace-
tone and CHCIs, 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 migrations of radiolabeled
phospholipids, fatty acids, triglycerides, ether lipids, and choles-
terols were determined by visualizing unlabeled standards with
iodine vapor. The region corresponding to the various lipids was
collected by scraping and subjected to scintillation counting.
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Determination of cellular sterol composition

CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up for ex-
periments on day 0 as described in the figure legends. On day 3,
cell monolayers were washed with buffer containing 5 mM Tris-
HCl (pH 7.4), 150 mM NaCl, and 0.2% BSA, followed by an
additional wash in an identical buffer containing no BSA. Sub-
sequently, 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
5a-cholestane (50 wg) and epicoprostanol (2.5 pg) was added to
200 pl 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. GC-
MS analysis was performed 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 pm 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 minute 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).

Real-time PCR and Northern and Southern blot analyses

The protocol for real-time PCR was identical to that described
by Liang et al. (28). Total RNA was isolated from CHO-7, SRD-
13A, SRD-14, SRD-15, and SRD-19 cells using the RNeasy kit
(Qiagen) according to the manufacturer’s instructions and sub-
jected to reverse transcription reactions. Triplicate samples of
reverse-transcribed total RNA were subjected to real-time PCR
quantification using forward and reverse primers for hamster
Insig-1, Insig-2, SCAP, FAS, stearoyl-CoA desaturase-1, LDL receptor,
HMG-CoA synthase, and HMG-CoA reductase. Relative amounts
of mRNAs were calculated using the comparative threshold cycle
method. Hamster SREBP-2 cDNA probe was prepared by PCR
amplification using the following primers: 5~ATGGACGAGAG-
CAGCGAGCTGGGCGG-3 and 5~ACAGGAGGAGAGTCTGGTT-
CATC-3". Hamster SCAP was also generated by PCR as described
previously. The resulting PCR products and the mouse GAPDH
probe were radiolabeled with [a-SQP]dCTP using the Megaprime
DNA Labeling System (Amersham Biosciences). Total RNA
and restriction enzyme-digested genomic DNA were subjected
to electrophoresis and transferred to Hybond N* membranes
(Amersham Biosciences), and the filters were hybridized at
60-68°C with radiolabeled probes (2 X 10° cpm/ml and 4 X 10°
cpm/ml for Northern and Southern blots, respectively) using the
ExpressHyb Hybridization Solution (Clontech) according to the
manufacturer’s instructions. Filters were exposed to film with in-
tensifying screens for the indicated times at —80°C.

RESULTS

Table 1 lists the cell lines used in this study. SRD-14 cells
(for sterol-regulatory defective) are Insig-1-deficient cells
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TABLE 1.

Cell lines used

Cell Line Description Source
CHO-K1  Parental cells for all lines used in this study American Type Culture Collection No. CRL-9618
CHO-7 Subline of CHO-KI cells selected for growth in lipoprotein-deficient serum Ref. 23
SRD-1 Mutant CHO-7 cells that express constitutively active SREBP-2 resulting from Ref. 24
genomic rearrangements of the SREBP-2 gene
SRD-14 Mutant CHO-7 cells lacking Insig-1 Ref. 18
SRD-15 Mutant CHO-7 cells lacking Insig-1 and Insig-2 Ref. 19
SRD-19 Mutant CHO-7 cells lacking Insig-1 and harboring the amplified sterol-regulatory — This study

element binding protein cleavage-activating protein gene

CHO, Chinese hamster ovary; SREBP, sterol-regulatory element binding protein.

derived from CHO-7 cells by mutagenesis with y-irradia-
tion and selection with SR-12813 (18). SRD-15 and SRD-19
cells were derived from SRD-14 cells by mutagenesis with
v-irradiation and selection with 1.25 pM 25-hydroxy-
cholesterol as described in Ref. 19 and in Materials and
Methods. SRD-15 cells are deficient in Insig-2 as well as
Insig-1 and, as a result, neither stimulate the ubiquitination/
degradation of reductase nor suppress the processing
of SREBPs in response to treatment with 25-hydroxycho-
lesterol. SRD-19 cells were not characterized previously.
In unpublished studies, we found that SRD-19 cells sur-
vived culture in medium that contained up to 2.5 uM
25-hydroxycholesterol; similar results were obtained with
SRD-15 cells and SRD-1 cells (which express truncated,
constitutively active SREBP-2).

We compared lipid synthesis in wild-type and mutant
cells by growing the cells in the absence of exogenous
cholesterol and then metabolically labeling them with
["*Clacetate for 2 h, after which incorporation of the
radiolabel into cholesterol and fatty acids was measured.
Table 2 shows that when grown in lipoprotein-deficient
serum, SRD-14 cells incorporated ~2.5-fold more [*Clace-
tate into cholesterol than wild-type CHO-7 cells; the rate
of ["*C]cholesterol synthesis was even higher in SRD-15
and SRD-19 cells (4.8- and 6.8-fold, respectively). In a sim-
ilar manner, ['*Clacetate labeling of fatty acids was in-

TABLE 2. Incorporation of ['Clacetate into ["*C]cholesterol and
MCiabeled fatty acids in parental CHO-7 cells and mutant cells
resistant to 25-hydroxycholesterol

Incorporation of [MC]Ace[ate

Cell Line [**C]Cholesterol "C-Labeled Fatty Acids
nmol/h/mg protein

CHO-7 0.159 = 0.011 0.278 = 0.023

SRD-14 0.396 = 0.012 0.375 = 0.127

SRD-15 0.777 £ 0.019 0.937 £ 0.017

SRD-19 1.076 = 0.070 1.271 + 0.027

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%
lipoprotein-deficient serum. On day 2, the cells were refed the identical
medium containing 10 wCi/dish [14C] acetate. After incubation at 37°C
for 2 h, the cells were harvested for measurement of the cellular con-
tent of ['*C]cholesterol and '*C-labeled fatty acids. A blank value, repre-
senting the amount of [*Clacetate incorporated into [**C]cholesterol
(0.15 nmol/h/mg) and HClabeled 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.

creased in SRD-14 (1.3-fold), SRD-15 (3.4-fold), and SRD-19
(4.6fold) cells relative to that in CHO-7 cells.

The results in Table 2 led us to next compare the ste-
rol 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. Lipids
were extracted from the resulting cell lysates and analyzed
by gas chromatography-mass spectroscopy, which revealed
total sterol levels of 38, 70, 117, and 110 wg/mg protein for
CHO-7, SRD-14, SRD-15, and SRD-19 cells, respectively
(Fig. 1A). As expected, cholesterol was the most abundant
sterol in each cell line (>70% of total sterol content), and
levels of the sterol were increased by 2- to 4-fold in the
mutant cells (Fig. 1B). The cholesterol synthesis interme-
diate 7-dehydrocholesterol was increased in SRD-15 and
SRD-19 cells, whereas lathosterol and zymosterol levels re-
mained unchanged. Lanosterol, the first sterol produced
in cholesterol synthesis, was increased dramatically in SRD-
15 cells (>10-fold) and to a lesser extent (~5-fold) in SRD-
19 cells. The level of desmosterol was also increased in
SRD-15 cells, but not to the same magnitude as lanosterol.
Similar results were obtained in at least two other indepen-
dent experiments.

Lipid droplets, also termed lipid particles or lipid bodies
(29), are generally regarded as storage depots for neutral
lipids, such as triglycerides and cholesteryl esters. To deter-
mine 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.
Figure 2A shows that CHO-7 cells accumulated lipid drop-
lets of varying size after 3 days of culture in lipoprotein-
deficient serum. The number and size of lipid droplets
increased markedly in SRD-14, SRD-15, and SRD-19 cells.

We next conducted a compositional analysis of lipid
droplet fractions isolated from wild-type and mutant cells.
The cells were metabolically labeled for 2 days with
["*C]acetate and harvested, and the lipid droplet fractions
were isolated using a standard procedure developed previ-
ously (27). 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 count-
ing. Figure 2B shows that >50% of [*Clacetate was incor-
porated into cholesteryl esters in CHO-7 cells; ~30% of
the radiolabel appeared in triglycerides. The percentage
of [14C]acetate incorporation into cholesteryl esters was
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5.15%

CHO-7
Total Sterols = 38 ng/mg protein

36 - 39 ug/mg protein

SRD-15
Total Sterols = 117 ug/mg protein

114 - 120 ug/mg protein

65 - 74 ng/mg protein

SRD-14

Total Sterols = 70 ug/mg protein

® Cholesterol

m 7-Dehydrocholesterol
O Zymosterol

® Desmosterol

H Lanosterol

O Lathosterol

SRD-19
Total Sterols = 110 ug/mg protein

104 - 116 ug/mg protein

B
12
i OCHO-7
2 B SRD-14
5 s W SRD-15
o
E H SRD-19
< -
2
5 4
]
o
2 -
Cholesterol Lathosterol Lanosterol Desmosterol Zymosterol 7-Dehydro-
cholesterol

Fig. 1. Sterol content of wild-type Chinese hamster ovary (CHO)-7 and mutant SRD-14, SRD-15, and SRD-
19 cells. CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up on day 0 at 5 X 10° cells per 100 mm dish in
medium A supplemented with 5% lipoprotein-deficient serum. On day 3, the cells were harvested, lysed, and
subjected to GC-MS analysis as described in Materials and Methods. In A, each sterol is reported as a
percentage of total sterols in the various cell lines. The ranges in amounts of total sterols obtained for three
independent experiments are indicated in red. In B, the values for each sterol are reported relative to those
in parental CHO-7 cells, which are arbitrarily set at 1. Error bars indicate = SEM.

increased by ~14, 29, and 11% in SRD-14, SRD-15, and
SRD-19 cells, respectively. Conversely, incorporation of
radiolabel into triglycerides was reduced by 5-20% in the
mutant cell lines. Similar results were obtained in an inde-
pendent experiment.

For Fig. 3, we labeled CHO-7, SRD-14, SRD-15, and SRD-
19 cells with ['*CJoleate and subsequently measured the

1948  Journal of Lipid Research Volume 48, 2007

formation of cholesteryl ["*Cloleate and '*C-labeled tri-
glycerides in the presence of varying concentrations of
LDL or 25-hydroxycholesterol. SRD-15 and SRD-19 cells
exhibited a slightly increased level of basal cholesteryl
[14C]oleate formation, which likely results from the in-
creased levels of cholesterol synthesis in the cells (Table 2).
In all of the cell lines, LDL and 25-hydroxycholesterol
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Incoporated into Lipids

10 Fatty Acids

0
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Triglycerides
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Fig. 2. Accumulation of neutral lipids in CHO-7, SRD-14, SRD-15, and SRD-19 cells as revealed by Oil Red O
staining. A: On day 0, CHO-7, SRD-14, SRD-15, and SRD-19 cells were set up at 1 X 10° cells per 37 mm dish
with coverslips in medium A supplemented with 5% lipoprotein-deficient serum. On day 3, the cells were
fixed and double stained with 4’,6-diamino-phenylindole for nuclei (blue) and with Oil Red O for lipid
droplets (red) as described in Materials and Methods. B: On day 0, CHO-7, SRD-14, SRD-15, and SRD-19
cells were set up at 5 X 10° cells per 100 mm dish in medium A containing 5% fetal calf serum. On day 1, the
cells were refed the identical medium containing 100 wCi of [HC]acetate and incubated for an additional
2 days at 37°C. The cells were subsequently harvested and lysed, and lipid droplet fractions were isolated and
analyzed by thin-layer chromatography. The percentage of ['*Clacetate incorporated into the indicated

lipids was determined by scintillation counting.

stimulated the incorporation of [14C]oleate into choles-
teryl [*C]oleate in a dose-dependent manner. LDL and
25-hydroxycholesterol did not stimulate the incorporation
of ["C]oleate into *C-labeled triglycerides in any of the
cell lines.

The resistance of SRD-19 cells to 25-hydroxycholesterol-
induced death, coupled with increased cholesterol syn-
thesis and overaccumulation of sterols (Table 2, Fig. 1),

indicates a disruption in the feedback mechanism that
controls the production of cholesterol. Thus, we next com-
pared the sterol regulation of SREBP processing in
CHO-7, SRD-14, SRD-15, SRD-19, and SRD-1 cells. In the
experiment shown in Fig. 4, the cells were incubated in
medium containing lipoprotein-deficient serum, the re-
ductase inhibitor compactin, and 50 uM mevalonate to en-
sure cell viability. Some of the dishes also received 1.25 uM
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Fig. 3. Effects of LDL and 25-hydroxycholesterol (25-HC) on the incorporation of ['*Cloleate into
cholesteryl [*CJoleate and *C-labeled triglycerides in wild-type and mutant CHO cells. On day 0, cells were
set up at 1 X 10° cells per 60 mm dish in medium A containing 5% lipoprotein-deficient serum. On day 2,
the cells were switched to medium A containing 5% lipoprotein-deficient serum, 50 uM sodium compactin,
and 50 pM sodium mevalonate. On day 2, the cells were refed the identical medium with either no addition
or the indicated concentrations of LDL or 25-hydroxycholesterol. After incubation for 5 h at 37°C, cells were
pulsed for 2 h with 0.2 mM [14C]oleate/albumin (10 dpm/nmol), after which the cells were harvested for
measurement of their content of cholesteryl [14C]oleate and [MC]triglycerides. Each value is the mean of

triplicate incubations. Error bars indicate = SEM.

25-hydroxycholesterol. After 16 h, the cells were harvested
and separated into membrane and nuclear extract frac-
tions. Immunoblot analysis of the fractions was subse-
quently carried out with antibodies against SREBP-1 (Fig. 4,
top panel), SREBP-2 (middle panel), and SCAP (bottom
panel). Bands corresponding to processed forms of SREBP-1
and SREBP-2 were observed in nuclear extracts from un-
treated CHO-7, SRD-14, SRD-15, and SRD-19 cells (top
and middle panels, lanes 1, 3, 5, 7). In CHO-7 and SRD-14
cells, 25-hydroxycholesterol inhibited the processing of
both SREBPs after the 16 h incubation (lanes 2, 4), whereas
SREBP processing in SRD-15 and SRD-19 cells continued
(lanes 6, 8). A 25-hydroxycholesterol-resistant, truncated
form of nuclear SREBP-2 was observed in the absence of
nuclear SREBP-1 for SRD-1 cells (lanes 9, 10). The absence
of nuclear SREBP-1 in SRD-1 cells is attributable to the con-
stitutively active SREBP-2 that stimulates the overproduc-
tion of cholesterol, which in turn prevents SCAP-mediated
processing of the membrane-bound SREBP-1 precursor (24).

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-
hydroxycholesterol (Fig. 4, bottom panel, lanes 1-6, 9, 10).
However, a marked increase in SCAP protein was observed
in SRD-19 cells (lanes 7, 8). These results led us to conduct
a set of experiments to determine the molecular defect
that leads to the overproduction of SCAP protein in SRD-
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19 membranes. The quantitative real-time PCR experi-
ment shown in Fig. 5A 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. The level of SCAP mRNA was not influenced by the
presence of 25-hydroxycholesterol. As expected, SREBP tar-
get genes, including Insig-1, FAS, stearoyl-CoA desaturase-1,
LDL receptor, and HMG-CoA synthase and reductase,
were downregulated in wild-type and SRD-14 cells treated
with 25-hydroxycholesterol. In contrast, these genes were
refractory to sterol regulation in SRD-15 and SRD-19 cells.
Notably, stearoyl-CoA desaturase-1 mRNA was more induced
in SRD-15 cells, for reasons that are not clear.

In the experiment shown in Fig. 5B, 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 ge-
nomic 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 that hybridized
to the SREBP-2 probe were similar in enzyme-digested ge-
nomic DNA from CHO-7 and SRD-19 cells (bottom panel).
In Fig. 5C, various amounts of enzyme-digested DNA from
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Fig. 4. Sterol regulation of sterol-regulatory element binding
protein (SREBP) processing in wild-type and mutant CHO cells.
On day 0, CHO-7, SRD-14, SRD-15, SRD-19, and SRD-1 cells were
setup at5 X 10° cells per 100 mm dish in medium A supplemented
with 5% lipoprotein-deficient serum. On day 2, the cells were
switched to medium A containing 5% lipoprotein-deficient serum,
10 wM compactin, and 50 pM mevalonate in the absence (—) or
presence (+) of 2.5 uM 25-hydroxycholesterol (25-HC). After in-
cubation for 16 h at 37°C, 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 transferred to nylon membranes. Immunoblot
analysis was carried out with 5 pg/ml IgG-7D4 (against SREBP-2),
5 pg/ml IgG-2179 (against SREBP-1), and 5 pg/ml IgG-9D5 [against
sterol-regulatory element binding protein cleavage-activating protein
(SCAP)]. Filters were exposed to film at room temperature for 20 s
to 3 min.

CHO-7 and SRD-19 cells were hybridized with radiolabeled
SCAP and SREBP-2 cDNA probes. By densitometric scan-
ning, we calculated an ~4- to 5-fold increase in the amount
of hybridizable SCAP DNA in SRD-19 cells compared with
CHO-7 cells. 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 mu-
tant cells.

When transfected cells overexpress SCAP, the Insig pro-
teins become saturated and 25-hydroxycholesterol can no
longer inhibit SREBP processing. Oxysterol-mediated in-
hibition can be restored by coexpression of either Insig-1
(4) or Insig-2 (3). If overproduction of SCAP is the pri-
mary defect in SRD-19 cells, the regulatory effects of 25-
hydroxycholesterol 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-Myc, expression plas-
mids 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. 6, bottom panel) and analyzed
further. As expected, SREBP-2 processing was sensitive to
25-hydroxycholesterol in wild-type CHO-7 cells (top panel,
lanes 1, 2) and resistant to sterol treatment in mock-
transfected SRD-19 cells (lanes 3, 4). Overexpression of
Insig-1-Myc or Insig-2-Myc in SRD-19 cells restored a com-
plete response to 25-hydroxycholesterol (lanes 5-8). Over-
expression of either Insig in SRD-19 cells also restored the

25-hydroxycholesterol-mediated suppression of SREBP-1
processing (data not shown).

DISCUSSION

The current data describe the characterization of SRD-
19 cells, a line of mutant CHO cells that were produced by
mutagenesis of Insig-l1-deficient SRD-14 cells (19), fol-
lowed by selection for growth in 25-hydroxycholesterol.
Because of their resistance to 25-hydroxycholesterol, SRD-
19 cells fail to suppress the proteolytic activation of SREBPs
upon prolonged treatment with the sterol (Fig. 4). This
resistance is accompanied by the amplification of the gene
encoding SCAP (Fig. 5B, C), which leads to the overpro-
duction of SCAP mRNA and protein (Figs. 4, 5). Although
the number of copies of the SCAP gene is apparently in-
creased 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 here.

A reasonable explanation for the resistance of SRD-19
cells to 25-hydroxycholesterol is that excess SCAP satu-
rates the remaining Insig-2 in the mutant cells. As a result,
SREBPs continue to be processed and cholesterol synthe-
sis is not inhibited, even in the presence of 25-hydroxy-
cholesterol. Accordingly, SRD-19 cells are resistant to
chronic culture in the oxysterol. Evidence in support of
this conclusion is provided by the experiment shown in
Fig. 6, which shows that overexpression of cDNAs encod-
ing either Insig-1 or Insig-2 restores normal sterol regula-
tion of SREBP processing in SRD-19 cells. Our finding that
SCAP overproduction causes resistance of SRD-19 cells to
culture in 25-hydroxycholesterol is analogous to the
resistance of UT-1 cells to growth in the HMG-CoA reduc-
tase inhibitor compactin. UT-1 cells, a line of mutant CHO
cells isolated in 1982 (30), grow in the presence of com-
pactin owing to the >100-fold overproduction of reduc-
tase, which results from the amplification and enhanced
transcription of the gene encoding the enzyme (31).

Consistent with the partial (SRD-14) and complete
(SRD-15 and SRD-19) resistance to 25-hydroxycholesterol,
rates of cholesterol and fatty acid synthesis were increased
markedly in the mutant cells (Table 2). Moreover, accu-
mulations of total sterol (Fig. 1) and neutral lipid content
(as determined by Oil Red O staining; Fig. 2) were ob-
served in SRD-14, SRD-15, and SRD-19 cells in proportion
to their resistance to 25-hydroxycholesterol (Fig. 4). Cho-
lesterol was the most abundant sterol in CHO-7, SRD-14,
SRD-15, and SRD-19 cells, and its levels were increased by
2- to 4fold in mutant cells compared with wild-type cells
(Fig. 1). Several intermediates in the cholesterol biosyn-
thetic pathway were only increased in SRD-15 and SRD-19
cells. Specifically, lanosterol, the first sterol intermediate
in cholesterol synthesis, was increased by 11-fold in SRD-15
cells and by 5-fold in SRD-19 cells. This is an interesting
finding with regard to results from a previous study, which
suggested that the production of lanosterol is a key focal
point of the sterol regulatory system (32). In normal cells,
lanosterol triggers the ubiquitination and rapid degrada-
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Fig. 5. Molecular characterization of SCAP mRNA and genomic DNA in parental CHO-7 and mutant SRD-19 cells. A: CHO-7, SRD-14,
SRD-15, and SRD-19 cells were set up on day 0 and treated on day 2 as described in the legend to Fig. 4. After incubation for 16 h at 37°Cin
the absence (—) or presence (+) of 25-hydroxycholesterol (25-HC), cells were harvested for isolation of total RNA, which was subjected to
quantitative real-time PCR analysis using specific primers for the indicated genes. The relative amount of mRNA under each condition was
normalized to an internal control gene (GAPDH). SCD-1, stearoyl-coenzyme A desaturase-1. B, C: Aliquots of genomic DNA (20 pg/lane in
B; the indicated amounts in C) from CHO-7 and SRD-19 cells were digested with the indicated restriction enzymes, subjected to
electrophoresis, and transferred to nylon filters. Hybridizations were carried out with **Plabeled ¢<DNA probes corresponding to SCAP
(nucleotides 1-697) or SREBP-2 (nucleotides 1-460). The filters were exposed to film at —80°C for 24 h (SCAP) and 48 h (SREBP-2). In C,
filters were also exposed to an imaging plate for 12 h at room temperature and scanned in a Storm 820 phosphorimager, and the amounts
of hybridized SCAP and SREBP probes were quantified. Error bars indicate = SEM.

tion of HMG-CoA reductase, thereby reducing carbon flow
through the cholesterol synthetic pathway. Inappropriate
accumulation of lanosterol is prevented by its inability to
block SREBP processing by inhibiting the activity of SCAP.
Thus, mRNAs encoding enzymes that catalyze reactions
subsequent to lanosterol remain increased, and lanosterol
is metabolized to cholesterol. The accumulation of choles-
terol triggers the ER retention of SCAP-SREBP complexes,
which leads to the inhibition of SREBP processing and
ultimately shuts down the entire cholesterol synthetic path-
way. In SRD-15 and SRD-19 cells, this feedback regulation
is lost, and as a result, cholesterol and its sterol precur-
sors accumulate inappropriately. It should be noted that
C-14 demethylation, the initial step in the conversion of
lanosterol to cholesterol, has been implicated as a rate-
limiting step in cholesterol synthesis (33, 34). This might
help to explain the selective increase in the level of
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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 at resolving
these issues.

Three types of mutant CHO cells have been classified as
resistant to 25-hydroxycholesterol owing to their failure to
suppress cholesterol synthesis under conditions of sterol
overload (19, 35). Type 1 mutants express truncated forms
of SREBP-2 that migrate to the nucleus and activate gene
transcription regardless of sterol treatment. Type 2 mu-
tants express forms of SCAP that harbor point mutations
in the sterolsensing 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 refrac-
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Fig. 6. 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 on day 0 and treated on day 2 as
described in the legend to Fig. 4. After incubation for 16 h at 37°C
in the absence (—) or presence (+) of 25-hydroxycholesterol
(25-HCQ), cells were harvested and membrane and nuclear extract
fractions were prepared and subjected to immunoblot analysis
with 5 pg/ml IgG-7D4 (against SREBP-2) and 5 pg/ml IgG-9E10
(against Insig-1-Myc or Insig-2-Myc). Filters were exposed to film at
room temperature for 3 s to 1 min.

tory to sterol regulation. Data from the current study
demonstrate that SRD-19 cells represent a fourth type of
25-hydroxycholesterol-resistant cells. SRD-19 cells have ex-
ploited 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 regula-
tion. Considering /) that the other 19 cell lines isolated in
the same mutagenesis/selection experiment that yielded
SRD-19 cells were deficient in Insig-1 and Insig-2 and
2) the unbiased selection for 25-hydroxycholesterol resis-
tance in these experiments, it is likely that the spectrum of
proteins participating in the Insig-mediated regulation of
sterol metabolism is known and that our knowledge of the
mechanism underlying the process is near completion. B
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