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Abstract CHO cells expressing the liver-specific gene prod-
uct cholesterol-7

 

a

 

-hydroxylase showed a 6-fold increase in the
biosynthesis of [

 

14

 

C]cholesterol from [

 

14

 

C]acetate, as well as
increased enzymatic activities of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase and squalene synthase.
Cells expressing cholesterol-7

 

a

 

-hydroxylase contained less
sterol response element-binding protein 1 (SREBP1) pre-
cursor, whereas the cellular content of mature SREBP1, as
well as the mRNAs of cholesterol biosynthetic genes (HMG-
CoA reductase and squalene synthase), were all increased

 

,

 

3-fold. Cells expressing cholesterol-7

 

a

 

-hydroxylase dis-
played greater activities of luciferase reporters containing
the SREBP-dependent promoter elements derived from
HMG-CoA reductase and farnesyl diphosphate synthase, in
spite of accumulating significantly more free and esterified
cholesterol and 7

 

a

 

-hydroxycholesterol. While cells express-
ing cholesterol-7

 

a

 

-hydroxylase displayed increased SREBP-
dependent transcription, sterol-mediated repression of
SREBP-dependent transcription by LDL-cholesterol and ex-
ogenous oxysterols was similar in both cell types. Cells
expressing cholesterol-7

 

a

 

-hydroxylase displayed greater
rates of secretion of cholesterol as well as increased expres-
sion of the ABC1 cassette protein mRNA. Adding 25-
hydroxycholesterol to the culture medium of both cell types
increased the expression of ABC1 cassette protein mRNA.
The combined data suggest that in nonhepatic CHO cells
multiple regulatory processes sensitive to cellular sterols act
independently to coordinately maintain cellular cholesterol
homeostasis.

 

—Spitsen, G. M., S. Dueland, S. K. Krisans, C. J.
Slattery, J. H. Miyake, and R. A. Davis.
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The unique ability of the liver to synthesize bile acids from
cholesterol provides the major quantitative pathway through
which cholesterol is removed from the body of mammals via
the excretion of biliary bile acid–phospholipid–cholesterol
micelles (1). Bile acid synthesis transforms the hydropho-

 

bic cholesterol molecule into an amphipathic molecule ca-
pable of forming mixed micelles with many lipid-insoluble
substrates. This is achieved by adding hydroxyl groups, re-
ducing the double bond, and oxidatively cleaving the side
chain of cholesterol to form a carboxylic acid that usually
forms an amide with either taurine or glycine (1). The ini-
tial step controlling bile acid synthesis is catalyzed by the
liver-specific gene product cholesterol 7

 

a

 

-hydroxylase
(C7

 

a

 

H: EC 1.14.13.17), a cytochrome 

 

P

 

-450 enzyme lo-
cated in the endoplasmic reticulum (2–4). Bile acids are
also produced by an alternative pathway involving the 7

 

a

 

-
hydroxylation of oxysterols (5). The amphipathic proper-
ties of bile acids are essential for the two major functions
of bile acids: 

 

i

 

) facilitating the digestion and absorption of
fat-soluble nutrients (6) and 

 

ii

 

) maintaining cholesterol
homeostasis by facilitating the formation and excretion of
biliary bile acid–phospholipid–cholesterol micelles (7).
Distinct transporter molecules generally conforming to
the ATP-binding cassette (ABC) family act in concert to
transport bile acid–phospholipid–cholesterol micelles
into the bile canaliculus (8–11).

Most mammalian cells do not express the bile acid syn-
thetic pathway, yet cholesterol homeostasis is still tightly
regulated by negative feedback control of synthesis and
uptake (12). In response to the accumulation of choles-
terol, the rate-limiting isoprenoid biosynthetic enzyme
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) re-
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ductase is rapidly inactivated via several pre- and posttran-
scriptional mechanisms (13, 14). Transcriptional regula-
tion of several lipid biosynthetic enzymes and the low
density lipoprotein (LDL) receptor occurs in response to
the sterol response element-binding protein (SREBP)
family of transcription factors (15). Substrate activation of
acyl-CoA:cholesterol acyltransferase (ACAT) diverts free
cholesterol from membrane bilayers to storage in the
form of cholesteryl esters (16). The discovery of a sterol-
activated ABC1 protein provided evidence that choles-
terol homeostatic excretory pathways exist in nonhepatic
cells (17).

To gain an understanding of the role of C7

 

a

 

H in regu-
lating cellular cholesterol homeostasis, we have examined
how the stable expression of C7

 

a

 

H altered the phenotype
of Chinese hamster ovary (CHO) cells, which normally do
not express this liver-specific gene product (18). Unex-
pectedly, in CHO cells, C7

 

a

 

H expression led to increased
expression of the LDL receptor in spite of increases in the
cellular content of both free and esterified cholesterol
(18). Thus, as a result of C7

 

a

 

H expression the ability of
cellular sterols to signal negative feedback regulation of
the LDL receptor was attenuated (18).

In the present study we examined how the expression
of C7

 

a

 

H in CHO cells influences the expression of genes
controlling cellular cholesterol homeostasis. Specifically,
we examined how C7

 

a

 

H expression affected the process-
ing of SREBP, the expression of several SREBP-regulated
genes, the transcription of SREBP-dependent reporters,
and the expression of ABC1. Our results show that cellu-
lar and exogenous sterols display distinct differences in
their ability to influence expression of several genes con-
tributing to regulation of cellular cholesterol homeostasis.

MATERIALS AND METHODS

 

Cell culture and stable transfection

 

All tissue culture supplies, chemicals, and radioactive chemi-
cals were obtained from suppliers, as described (18). Cells were
maintained in modified Eagle’s medium with 1.5% fetal bovine
serum and 3.5% newborn calf serum (MEM Plus serum, Gemini
Bioproducts, Woodland, CA) at 37

 

8

 

C in an atmosphere of 5%
CO

 

2

 

. The plasmid expressing rat C7

 

a

 

H (pCMV-7

 

a

 

) was gener-
ously supplied by D. Russell and was constructed with the expres-
sion vector pCMV2 and the cDNA for rat C7

 

a

 

H (3). JD15 cells,
expressing this plasmid and cotransfected with the neomycin re-
sistance plasmid pRSVneo, were obtained and cultured as de-
scribed (18). K1-7

 

a

 

 cells were obtained by transfecting CHO-K1
cells with an expression plasmid (pcDNA3-7

 

a

 

), which contained
the coding sequence of rat C7

 

a

 

H ligated into pcDNA3 (Invitro-
gen, San Diego, CA), as described (19). CHO-K1 cells trans-
fected with pcDNA3-7

 

a

 

 were screened for resistance to G418
(400 

 

m

 

g/mL) and then single cell cloned. Cells stably expressing
an SREBP-activated HMG-CoA reductase promoter/luciferase
reporter [pRED

 

luc

 

, generously supplied by T. Osborne (20)],
were obtained by transfecting CHO-K1 with pRED

 

luc

 

 and pRSV-
neo and by transfecting JD15 cells with pRED

 

luc

 

 and a plasmid
expressing hygromycin B phosphotransferase (21). The result-
ing cell lines (DH1, without C7

 

a

 

H and DH2, with C7

 

a

 

H), ex-
pressing pRED

 

luc

 

, were maintained in serum containing MEM

with G418 (400 

 

m

 

g/mL) and hygromycin B (500 

 

m

 

g/mL). Be-
fore use in experiments, G418 and hygromycin B were removed
prior to plating and growth (to 80% confluence).

 

[

 

14

 

C]Acetate labeling

 

Cells were incubated in serum-containing culture medium
with [2-

 

14

 

C]acetate (5 

 

m

 

Ci; specific activity, 47 mCi/mol) for 2 h,
extracted with chloroform –methanol, and separated on silica
gel thin-layer chromatography (TLC) plates, and the radioactiv-
ity in sterols and sterol esters was quantitated as described (22).

 

Enzyme assays

 

One day prior to reaching 80% confluence, the cell medium
was changed as described in the figure legends. Delipidated
serum was obtained by the cabosil extraction procedure (23).
After culturing (as described in the figure legends), cell extracts
were assayed for HMG-CoA reductase (24) and squalene syn-
thase (25). Each assay was performed in duplicate from three in-
dividual culture dishes of cells. Protein concentrations were de-
termined by dye-binding assay (Bio-Rad, Hercules, CA). Values
are reported as the mean 

 

6

 

 SD for three individual culture dishes.
For the cholesterol C7

 

a

 

H activity assay microsomes were isolated
and assayed by the method described in Straka et al. (26).

 

Genomic DNA isolation and quantitation of the number 
of copies of pRED

 

luc

 

 integrated into the genome

 

To estimate the relative copy numbers of the reporter plasmid,
pRed

 

luc

 

, in the CHO cell lines stably transfected with it, genomic
DNA was isolated from both DH1 and DH2 cell lines. Ge-
nomic DNA was isolated with a QIAamp kit (Qiagen, Chats-
worth, CA). Approximately 10

 

7

 

 cells were scraped from a 150-mm
dish and washed with phosphate-buffered saline (PBS) and then
resuspended in 0.2 mL of PBS. To this, proteinase K and 0.2 mL
of Qiagen solution AL were added and the solution was mixed
by vortexing. The lysate was incubated at 70

 

8

 

C for 10 min and
then applied to the QIAamp column and subjected to centrifu-
gation in a microcentrifuge at 8,000 rpm for 1 min. The column
was washed twice with Qiagen buffer AW according to the manu-
facturer instructions. The genomic DNA was eluted with 10 m

 

m

 

Tris-HCl, pH 9.0, by centrifugation in a microcentrifuge at 8,000
rpm for 1 min. The optical absorbance of the DNA was read at
260 and 280 nm and found to have an OD

 

260

 

/OD

 

280

 

 ratio of
greater than 1.90. Genomic DNA (5.0 

 

m

 

g) from DH1 and DH2
cells was subjected to digestion with restriction endonucleases

 

Bam

 

HI and 

 

Bgl

 

II and analyzed for luciferase plasmid relative to
endogenous C7

 

a

 

H by Southern blotting (27). After washing, the
image was read and quantitated on a Molecular Dynamics
(Sunnyvale, CA) PhosphorImager. To control for equal loading
of samples, the gel was stained with ethidium bromide prior to
blotting. After hybridization with the luciferase probe, the blot
was stripped and reprobed with a probe recognizing the en-
dogenous C7

 

a

 

H gene. Quantitation demonstrated that the
molar ratio of DH1 to DH2 DNA was 0.86, in accordance with
both the original optical density measurements and with stain-
ing of the loaded DNA.

 

Transient transfections of promoter-luciferase reporters

 

Transfections were performed by lipofection under optimized
conditions. Typically, CHO-K1 cells were transfected with 200 ng
of the farnesyl diphosphate synthase (FPPS) promoter-luciferase
reporter construct, a kind gift from P. Edwards (28), in the pres-
ence of 1 

 

m

 

L of LipofectAMINE (Life Technologies, Gaithers-
burg, MD) per well in a 12-well plate according to the manufac-
turer instructions. Transfection efficiencies were normalized by
cotransfecting with pRL-TK (Promega, Madison, WI), a control
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vector containing a sea pansy (

 

Renilla reniformis

 

) luciferase gene
driven by a thymidine kinase (TK) promoter in the molar ratio
of 1:10.

 

Quantitation of luciferase activity

 

After incubation of cells as described in the figure legends, the
medium was removed, and the cells were washed twice with 1

 

3

 

PBS. The cells were harvested by scraping with a rubber police-
man in 1

 

3

 

 lysis buffer (enhanced luciferase kit; Analytical Lumi-
nescence Laboratory, San Diego, CA). The lysate was centri-
fuged at 5,000 rpm for 5 min at 4

 

8

 

C to pellet the cellular debris,
and the supernatant was transferred to a new tube. Luciferase ac-
tivity of each sample was measured in triplicate, using an Analyti-
cal Luminescence Laboratory Monolight 2010 luminometer and
reagents supplied by the manufacturer. Protein concentrations
were determined by the method of Lowry et al. (29). The pro-
duction of light was linear with respect to time and protein
throughout the assay. For the dual luciferase assay, after incuba-
tion of cells as described in the figure legends, the medium was
removed, and the cells were washed twice with 1

 

3

 

 PBS. The cells
were lysed with 1

 

3

 

 lysis buffer and the luciferase activity of each
sample was measured in triplicate with an Analytical Lumines-
cence Laboratory Monolight 2010 luminometer and reagents
supplied by Promega.

 

Quantitation of cholesterol and cholesteryl esters

 

Cells were washed twice with PBS. PBS (1 mL) was added to
each plate and then the cells were scraped into tubes. A portion
of the cells was assayed for protein by the method of Lowry et al.
(29). To another portion, 

 

b

 

-sitosterol was added as an internal
standard and the cells were extracted with chloroform –
methanol 1:1 (v/v) and stored under N

 

2

 

 until use. The solvent
was evaporated under a stream of N

 

2

 

 and the samples were then
resuspended in isopropanol. Samples were injected into a
Hewlett-Packard (Palo Alto, CA) gas chromatograph and choles-
terol mass was quantitated as described (30).

 

Northern blot analysis

 

Poly(A)

 

1

 

 RNA was isolated from cells by a modification of the
guanidinium isothiocyanate method (31), as described (32).
Two to 5 

 

m

 

g of the resulting mRNA was separated by 0.8% agar-
ose-formaldehyde gel electrophoresis, transferred to a nitrocellu-
lose membrane, UV cross-linked to nitrocellulose, and probed with
nick-translated [

 

32

 

P]cDNA probes prepared from gel-purified in-
serts (19) and washed with a stringent SSC buffer (1

 

3

 

 SSC is
0.15 

 

m

 

 NaCl plus 0.015 

 

m

 

 sodium citrate).

 

SREBP analysis of nuclei and membrane fractions

 

Cells were harvested on ice in cold PBS containing a protease
inhibitor cocktail (1 m

 

m

 

 phenylmethylsulfonyl fluoride [PMSF],
aprotinin [100 

 

m

 

g/mL], and leupeptin [50 

 

m

 

g/mL]), using a
rubber policeman. Nuclei and membrane fractions were ob-
tained as described (33). Cells were centrifuged at 1,000 rpm for
10 min, and the pellets were resuspended in 10 volumes of cell
homogenization buffer (10 m

 

m

 

 HEPES-KOH at pH 7.6, 1.5 m

 

m

 

MgCl

 

2

 

, 10 m

 

m

 

 KCl, 0.5 m

 

m

 

 dithiothreitol, 1 m

 

m

 

 EDTA, and the
protease inhibitors described above). The cells were disrupted
by passage through a 22-gauge needle (15 times) and then cen-
trifuged at 1,000 rpm for 10 min at 4

 

8

 

C. The crude nuclear pellet
was extracted with an equal volume of nuclear extraction buffer
[20 m

 

m

 

 HEPES-KOH at pH 7.6, 25% (v/v) glycerol, 0.5 

 

m

 

 NaCl,
1.5 m

 

m

 

 MgCl

 

2

 

, 1 m

 

m

 

 EDTA, and the protease inhibitor cocktail]
and centrifuged at 12,000 rpm for 30 min at 4

 

8

 

C. The superna-
tant was used as nuclear extract for immunoblotting analysis.
The microsomal membrane fraction was obtained by further
centrifugation of the supernatant obtained from the nuclear pel-

let by ultracentrifugation at 45,000 rpm for 2 h at 4

 

8

 

C, using a
TLA45 rotor (Beckman, Fullerton, CA).

Western blot analysis
Western blotting was performed as described (19). After so-

dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, 1–15% gradient), the gels were electroblotted onto nitro-
cellulose membranes. The nonspecific binding sites of the mem-
branes were blocked with 10% defatted dried milk, followed by
addition of the appropriate primary antibody. The relative
amount of primary antibody bound to the proteins on the nitro-
cellulose membrane was detected with the species-specific horse-
radish peroxidase-conjugated IgG. Blots were developed by
chemoluminescence with an ECL detection kit (Amersham, Ar-
lington Heights, IL). The antibodies used are described in the
figure legends. All values are reported as means 6 SD. Statistical
differences were calculated by using Student’s t -test, double
tailed. Values of P , 0.05 were considered to be significant.

RESULTS

Characterization of CHO cells expressing
C7aH ( JD15 cells)

To obtain CHO cells that would stably express C7aH,
CHO-K1 cells were cotransfected with plasmids expressing
rat C7aH (pCMV-7a) and one that confers neomycin re-
sistance (pRSVneo) (18). Cells were selected for resis-
tance to both G418 (400 mg/mL) and 25-hydroxycholes-
terol, as described in detail (18). A representative clone
(designated as JD15 cells) expressed C7aH mRNA and en-
zyme activity that was comparable to that of rat liver (18).
JD15 cells were resistant to cytotoxic killing by 25-hydroxy-
cholesterol, whereas CHO-K1 cells were sensitive (Fig. 1).
To examine whether the resistance of JD15 cells to 25-
hydroxycholesterol required C7aH, they were screened for

Fig. 1. Effect of ketoconazole on the resistance of CHO cells to
25-hydroxycholesterol (25-OH) cytotoxicity. Wild-type CHO-K1
cells and JD15 cells were cultured in MEM containing 0.5% FCS
and 1% nutridoma, as described (18). 25-Hydroxycholesterol (0.25
mg/mL) and/or the cytochrome P-450 inhibitor ketoconazole (5
mm) were added to the cultured medium as indicated. Cells were
maintained in the cultured medium for 3 days. Cells were washed
and then stained, as described (27).
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25-hydroxycholesterol resistance in the presence of the cy-
tochrome P-450 inhibitor ketoconazole (27). Whereas, by
itself, ketoconazole had no apparent effect on the growth
of JD15 cells, when 25-hydroxycholesterol was included in
the medium, JD15 cells were rapidly killed (Fig. 1). These
data show that the resistance of JD15 cells to 25-hydroxy-
cholesterol cytotoxicity can be blocked by the cytochrome
P-450 inhibitor ketoconazole. We have reported that JD15
cells expressed higher levels of LDL receptor mRNA than
wild-type CHO-K1 cells did (32). Unexpectedly, JD15 cells
contained more free and esterified cholesterol than CHO-K1
cells did (32). To examine the possibility that the increased
cholesterol levels in JD15 cells were derived from de novo
synthesis, we determined the relative rate of [14C]choles-
terol synthesis from [14C]acetate (Fig. 2). When cultured
in serum-containing medium, the relative rates of 14C-
labeled cholesterol and cholesteryl esters were 8-fold and

6-fold greater, respectively, compared with the rates exhib-
ited by CHO-K1 cells (Fig. 2).

Expression of C7aH in CHO cells increases the activities 
of HMG-CoA reductase and squalene synthase

To examine how the activities of cholesterol biosyn-
thetic enzymes contribute to the increase in cholesterol
biosynthesis, we measured the activities of two rate-limiting
enzymes that act at the branch points of the isoprenoid
(HMG-CoA reductase) and the sterol (squalene synthase)
biosynthetic pathways (1). The activities of both HMG-
CoA reductase and squalene synthase were increased up
to 5-fold in JD15 cells as compared with wild-type CHO-K1
cells (Fig. 3). In addition, while culturing conditions af-
fected the activities of both enzymes similarly in both cell
types, under all conditions the activities of HMG-CoA re-
ductase and squalene synthase were significantly greater
in JD15 cells (Fig. 3).

Expression of C7aH increases the transcription of
luciferase driven by a promoter containing the
HMG-CoA reductase sterol response element

JD15 cells and wild-type CHO cells were stably trans-
fected with a luciferase reporter construct containing the
sterol response element (SRE) of the HMG-CoA reduc-
tase promoter (pRedluc) (20). Southern blot analysis of
the single-cell clones used for each cell type showed that
relative to the endogenous C7aH gene, there were 12
times more copies of pRedluc in JD15 cells compared with
CHO-K1 cells (data not shown). These single-cell clones
(DH1 and DH2 cells, derived from CHO-K1 and JD15
cells, respectively) were examined for the effects of differ-
ent culture conditions, which are known to affect SREBP-
regulated gene expression, on the transcriptional activity of
the HMG-CoA reductase SRE as reflected by the activity
of the luciferase reporter. To relate changes in transcrip-
tional activity between the two cell types, luciferase activity
per unit of genome-integrated plasmid was calculated.
The presence of C7aH (DH2 cells) increased the expres-
sion of luciferase under all culture conditions (Fig. 4).
The greatest difference (10-fold) in luciferase expression
by DH1 and DH2 cells occurred when the cells were cul-
tured under conditions known to decrease the transcrip-

Fig. 2. [14C]Cholesterol biosynthesis by CHO cells. Wild-type
CHO-K1 cells and JD15 cells were plated and grown to 80% conflu-
ence. [2-14C]Acetate (3.3 mCi/mL) was added to the medium and
cells were incubated for 2 h. Cells were then harvested and lipids
separated by TLC and the radioactivity was quantitated by b-scintil-
lation analysis. Open columns represent wild-type CHO-K1 cells;
hatched columns represent JD15 cells. Values represent the mean 6
SD of three separate cell extracts in each group of cells. There were
significant increases in both [14C]cholesterol and cholesteryl esters
in JD15 cells compared with CHO-K1 cells (P , 0.001).

Fig. 3. HMG-CoA reductase and squalene synthase en-
zyme activities in CHO-K1 and JD15 cells. CHO-K1 (open
columns) and JD15 (hatched columns) cells were grown to
80% confluence in MEM with 5% calf serum. The medium
was changed for overnight incubation to MEM with the fol-
lowing additions: 5% lipoprotein-deficient serum and LDL
at 50 mg/mL (LDL); 5% calf serum (HS); or 5% lipopro-
tein-deficient serum alone (LPDS). Results are expressed as
the mean 6 SD for triplicate dishes of cells. There were sig-
nificant increases in the activities of both enzymes under all
culturing conditions in JD15 cells compared with CHO-K1
cells (P , 0.001).
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tion of SREBP-regulated genes by blocking site 1 proteolytic
cleavage of transmembrane SREBP (34): serum-containing
medium, LDL-containing medium, and 25-hydroxycholes-
terol-containing medium (Fig. 4). Incubation of DH2 cells
with 7-oxo-cholesterol, a competitive inhibitor of C7aH en-
zyme activity (35), repressed the expression of pRedluc to
the greatest extent, reaching a level only 2.8-fold greater
than that of DH1 cells.

Expression of C7aH in CHO cells increases the cellular 
content of both free and esterified cholesterol

Under all culturing conditions examined, the cellular
free cholesterol levels for each cell type remained con-
stant. However, compared with CHO-K1 cells, JD15 cells
contained significantly greater levels of free cholesterol
(Fig. 5). In contrast, the cholesteryl ester levels in both
cell types changed appropriately in response to culturing
conditions: lipoprotein-deficient serum (LPDS) , serum-
containing medium , LDL-containing medium (Fig. 5).
Under all culturing conditions examined, JD15 cells con-
tained more cholesteryl esters than CHO-K1 cells did.
These data suggest that while the expression of C7aH sig-
nificantly increased cellular cholesterol pools, it did not in-
terfere with the ability of the cells to change their cellular
cholesterol content in response to culturing conditions.

Recapitulation of the JD15 phenotype in CHO-K1 cells 
transfected with pcDNA3-7a and screened for
resistance to neomycin

The possibility existed that the sterol-resistant regula-
tion of SREBP-regulated genes displayed by JD15 cells was
caused by the screening for resistance to 25-hydroxycho-
lesterol. To address this possibility we derived a new line of
CHO-K1 cells expressing C7aH by using a different ex-
pression plasmid (pcDNA3), which contains both a CMV
promoter and a neomycin resistance marker (19). CHO-K1
cells transfected with pcDNA3-7a were screened for resis-
tance to G418 and then single cell cloned. One represent-
ative single-cell clone (K1-7a) maintained in cultured me-
dium containing G418 (400 mg/mL) expressed C7aH
mRNA, protein, and enzyme activity at levels that were
similar to those of JD15 cells (32). K1-7a cells synthesized
about 2-fold more [14C]cholesterol and [14C]cholesteryl
esters from [14C]acetate than did CHO-K1 cells (Fig. 6A).
It is interesting to note that there was approximately
3-fold more [14C]cholesterol and 2-fold more [14C]choles-
teryl esters secreted into the culture medium by K1-7a
cells compared with CHO-K1 cells (Fig. 6B). These com-
bined findings indicate that expressing C7aH in CHO
cells increases cholesterol biosynthesis and excretion. To
examine whether C7aH increased the genetic expression

Fig. 4. Effect of culturing conditions on luciferase expres-
sion in CHO cells. DH1 (no expression of C7aH: open col-
umns) and DH2 (expression of C7aH: hatched columns)
cells were grown in MEM with 5% calf serum for 24 h and
then changed for 24-h incubation to MEM with either 5%
calf serum (HS) or 5% lipoprotein-deficient serum and one
of the following additions: no addition (LPDS), LDL at 50
mg/mL (LDL), 25-hydroxycholesterol (1 mg/mL) 1 choles-
terol at 10 mg/mL (25-OH), 7-oxo-cholesterol at 10 mg/mL
(7-oxo-cholesterol), or mevinolin at 30 mg/mL (mevinolin).
Results, in light units per mg of protein per plasmid copy, are
expressed as the mean 6 SD for triplicate dishes of cells.
There were significant increases in the activity of luciferase
under all culturing conditions in DH2 cells compared with
DH-1 cells (P , 0.001).

Fig. 5. Free (A) and esterified (B) cholesterol levels in
K1 cells and JD15 cells. CHO-K1 (open columns) and
JD15 (hatched columns) cells were grown to 80% con-
fluence in MEM with 5% serum. The medium was
changed for overnight incubation to MEM with the fol-
lowing additions: 5% lipoprotein-deficient serum and
LDL at 50 mg/mL (LDL), 5% calf serum (HS); or 5%
lipoprotein-deficient serum alone (LPDS). Values repre-
sent the mean 6 SD of three separate plates of cells.
There were significant increases in the cellular concen-
tration of free and esterified cholesterol under all cultur-
ing conditions in JD15 cells compared with CHO-K1
cells (P , 0.001).
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of SREBP-regulated cholesterol biosynthetic enzymes, we
determined the relative content of mRNAs encoding
HMG-CoA reductase and squalene synthase in CHO-K1
and K1-7a cells (Fig. 7). Compared with CHO-K1 cells,
K1-7a cells displayed a ,3-fold increased expression of
mRNAs encoding the rate-limiting enzymes HMG-CoA re-
ductase and squalene synthase (Fig. 7). In addition, simi-
lar to what has been reported to occur in JD15 cells (32),
K1-7a cells displayed ,3-fold greater levels of LDL recep-
tor mRNA compared with CHO-K1 cells. The increased
expression of HMG-CoA reductase and squalene synthase
mRNAs displayed by K1-7a cells suggested the possibility
that C7aH expression may have increased SREBP-regulated
gene transcription. To examine this possibility, the cellu-
lar content of mature and precursor SREBP1 in both
CHO-K1 and K1-7a cells was determined by Western blot-
ting. Compared with CHO-K1 cells, K1-7a cells treated
with N-acetyl-leucyl-leucyl-norleucinal (ALLN, a protease
inhibitor) for 4 h prior to harvest contained ,3-fold more
mature SREBP1, whereas the precursor form was de-
creased ,50% (Fig. 8A). Thus, there was a concordance
in the relative increase in mature SREBP1 and mRNAs en-
coding HMG-CoA reductase and squalene synthase dis-

played by K1-7a cells. Adding 25-hydroxycholesterol to
the culture medium of both cell types decreased the cellu-
lar content of mature SREBP1 to levels that were at the
limits of detection in both cell types (Fig. 8B). It is impor-
tant to point out that in the absence of ALLN, the amount
of mature SREBP1 in both cell types was barely detectable,
whereas the amount of precursor was similar to the
amount detected in cells treated with ALLN (data not
shown). ALLN blocks the rapid degradation of mature
SREBPs, but not the precursor form (33). Thus, the find-
ing of a 4-fold increase in mature SREBP1 in K1-7a cells
treated with ALLN (Fig. 8A) suggests that C7aH expression
increased the proteolytic production of mature SREBP1,
which is regulated by the site 1 protease (33, 36, 37). In
contrast to the differences in SREBP1, both cell types con-
tained similar levels of SREBP2 (data not shown).

Fig. 6. Synthesis (A) and secretion (B) of [14C]cholesterol
and cholesteryl esters by CHO cells. Wild-type CHO-K1 cells
and K1-7a cell were plated and grown to 80% confluence.
[214C]Acetate (3.3 mCi/mL) was added to the medium and
cells were incubated for 2 h. Cells and medium were then
harvested and lipids separated by TLC and the radioactivity
was quantitated by b-scintillation analysis. Open columns
represent wild-type CHO-K1 cells; closed columns represent
K1-7a cells. Values represent the mean 6 SD of three sepa-
rate cell extracts in each group of cells. There were signifi-
cant increases in the synthesis of both free and esterified
cholesterol in K1-7a cells compared with CHO-K1 cells (P ,
0.001).

Fig. 7. The relative abundance of mRNAs encoding HMG-CoA
reductase, squalene synthase, and the LDL receptor. Wild-type
CHO-K1 cells and K1-7a cells were plated and grown to 80% con-
fluence. Cells were harvested and poly(A) mRNA was obtained.
The mRNA was Northern blotted and hybridized with 32P-labeled
cDNAs, as indicated. Lanes 1 and 2 are from two separate plates of
CHO-K1 cells; lanes 3 and 4 are from two separate plates of K1-7a
cells. The K1-7a/CHO-K1 ratios for each mRNA relative to b-actin
are indicated.

Fig. 8. Cellular content of SREBP1. (A) Wild-type CHO-K1 cells
and K1-7a cells were cultured in MEM containing 5% FCS. Four
hours before harvest, cells were treated with ALLN (50 mg/mL).
Nuclei (mature) and membrane fractions (precursor) were iso-
lated (33) and subjected to Western blot analysis with a monoclonal
antibody against SREBP1 (19, 33). (B) Wild-type CHO-K1 cells and
K1-7a cells were cultured in MEM containing 5% FCS with (1) and
without (–) sterols (cholesterol [10 mg/mL] and 25-hydroxycholes-
terol [2 mg/mL]) for 16 h. Four hours before harvest, cells were
treated with ALLN (50 mg/mL). Nuclei fractions containing ma-
ture SREBP were isolated and 50 mg of each sample was separated
by SDS-PAGE and subjected to Western blot analysis with a mono-
clonal antibody against SREBP1 (19, 33). Immunoreactive bands
correspond to the mature form of SREBP1.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Spitsen et al. Activation of sterol synthesis and efflux 1353

While the cellular content of mature SREBP1 was
clearly increased in K1-7a cells when compared with wild-
type CHO cells, similar to JD15 cells (Fig. 8), the cells con-
tained significantly greater amounts of both free and
esterified cholesterol than CHO cells (Fig. 9). These com-
bined data show that K1-7a cells displayed a phenotype
similar to that of JD15 cells: increased expression of
SREPB-regulated genes in a manner that is paradoxically
associated with increased cellular content of cholesterol
and cholesteryl ester. The similarity of the phenotypes dis-
played by JD15 and K1-7a cells rules out the possibility
that screening for resistance to 25-hydroxycholesterol,
used as the metabolic selection, or the plasmids trans-
fected into these cells were responsible for altering the
wild-type phenotype.

K1-7a cells accumulate 7a-hydroxycholesterol while
displaying increased SREBP-dependent gene transcription

The enzymatic activity of C7aH was determined with
microsomes from each cell type (38). Whereas no C7aH
activity was detectable in microsomes from CHO-K1 cells,
microsomes from K1-7a cells displayed an activity of 17.1
pmol/min/mg protein, which is similar to the activity ex-
pressed by JD15 cells (i.e., 11.2 pmol/min/mg protein)
(32). It is interesting to note that freshly isolated mi-
crosomes from K1-7a cells contained 103.8 pmol of 7a-
hydroxycholesterol per mg protein, whereas none was
detected in microsomes obtained from CHO-K1 cells. Be-
cause 7a-hydroxycholesterol decreases the production of
mature SREBP1 (33) its accumulation in K1-7a cells is in-
compatible with the finding that these cells also contain
more mature SREBP1 than CHO-K1 cells did. Thus, a
unique characteristic of the phenotype of CHO cells express-
ing C7aH is the apparent inability of cellular cholesterol and
7a-hydroxycholesterol to repress SREBP-dependent gene
expression by inhibiting the production of mature SREBP1.

To examine the ability of exogenous cholesterol and ox-
ysterols to repress SREBP-dependent gene expression,
cells were transiently transfected with a luciferase reporter
containing the FPPS promoter sequences that can be acti-
vated by SREBP (28). K1-7a cells displayed about 2 to 3 times
more luciferase activity than CHO-K1 cells did (Fig. 10).
Moreover, while both cell types showed decreased lu-
ciferase activities when cultured in medium containing
cholesterol or 25-hydroxycholesterol, the activity remained
significantly greater in K1-7a cells. It is interesting to note
that treating K1-7a cells with either 7-oxo-cholesterol or 7a-
hydroxycholesterol decreased the expression of the lu-
ciferase reporter to levels that were similar to those of CHO-
K1 cells. These findings show that K1-7a cells respond to
the repression of SREBP-dependent transcription by ex-
ogenous cholesterol and oxysterols in a manner similar to
wild-type CHO-K1 cells.

Increased expression of ABC1 in K1-7a cells
To examine the possibility that the ABC1 protein may

have contributed to the 3-fold increase in secretion of free

Fig. 9. Free and esterified cholesterol levels in CHO-K1 cells
and K1-7a cells. Wild-type CHO-K1 cells (open columns) and K1-
7a cells (closed columns) were cultured to 80% confluence in
MEM containing 5% FCS. Cells were harvested and the amount of
cholesterol and cholesteryl esters was determined by GLC. Values
represent the mean 6 SD of three separate plates of cells. There
were significant increases in cellular concentrations of both free
and esterified cholesterol in K1-7a cells compared with CHO-K1
cells (P , 0.001).

Fig. 10. Effect of culturing conditions on SREBP-depen-
dent luciferase expression in K1 and K1-7a cells. K1 (open
columns) and K1-7a (closed columns) were grown in
MEM with 5% calf serum. After 16 h of incubation the
cells were transfected as described in Materials and Meth-
ods. Twenty-four hours after transfection the wells were
rinsed twice with 13 PBS and the medium was changed to
either 5% calf serum (5%) or lipoprotein-deficient serum
and one of the following conditions: no addition (DL), 25-
OH cholesterol at 2 mg/mL 1 cholesterol at 10 mg/mL
(DL 1 25-OH), 7-oxo-cholesterol at 10 mg/mL (DL 1 7-oxo),
or 7a-hydroxycholesterol at 10 mg/mL (DL 1 7-alpha).
Twenty-four hours after incubation the cells were har-
vested and respective luciferase activity was quantitated.
Results are presented as light units generated by firefly lu-
ciferase (FPPS-FL) per Renilla luciferase (TK-RL)
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cholesterol displayed by K1-7a cells (Fig. 6), we deter-
mined the relative expression of its mRNA (Fig. 11). Com-
pared with wild-type CHO-K1 cells, K1-7a cells contained
,two times more ABC1 mRNA relative to b-actin mRNA.
Furthermore, when cultured in the presence of 25-
hydroxycholesterol, the relative amount of ABC1 mRNA
was increased ,3-fold in both cell types, suggesting that
oxysterols induce ABC1 mRNA expression. Additional
studies showed that adding 7a-hydroxycholesterol to the
culture medium also increased ABC1 mRNA ,3-fold
(data not shown). These findings are consistent with a
study demonstrating that the expression of ABC1 mRNA
by macrophages increases by loading the cells with choles-
terol derived from acetyl-LDL (17).

DISCUSSION

Our results support three novel conclusions: i) in CHO
cells, the expression of C7aH leads to the induction of
genes controlling cholesterol biosynthesis (HMG-CoA re-
ductase and squalene synthase), import (the LDL recep-
tor), and excretion (ABC1 protein); ii) regulatory sterols
coordinately regulate cellular cholesterol homeostasis by
repressing the expression of genes controlling cholesterol
biosynthesis and import (the LDL receptor) while increas-
ing cholesterol excretion; and iii) regulatory sterols can
exist in forms that diminish their ability to repress SREBP-
dependent transcription, while maintaining their ability to
induce ABC1 expression. Our findings support those show-
ing that cellular uptake of acetyl-LDL cholesterol increased
the expression of ABC1 in cultured macrophages (17).

Our finding that the expression of C7aH in CHO cells
increases the cellular content of mature SREBP1 and the
expression of mRNAs whose transcription is SREBP de-
pendent, such as HMG-CoA reductase, squalene synthase,
and the LDL receptor (18), is similar to what occurred in
cultured rat hepatoma cells (19), with one potentially im-
portant distinction. In McArdle rat hepatoma cells, C7aH
expression led to decreased cellular cholesterol levels
(19), whereas in CHO cells it resulted in cholesterol accu-
mulation (Figs. 5 and 9). We have found that unlike
McArdle rat hepatoma cells and most other cultured cells,
CHO cells do not express the sterol 27-hydroxylase and
the oxysterol-7a-hydroxylase (data not shown). The lim-
ited ability of CHO cells to express sterol hydroxylases and
thus metabolize cholesterol and oxysterols could account
for the increased sterol content displayed by both JD15
and K1-7a cells.

Surprisingly, K1-7a cells accumulated more mature
SREBP1 in spite of the increased cellular content of sterols
(i.e., cholesterol and 7a-hydroxycholesterol), which act to
reduce the proteolytic activation of SREBPs (15). These
findings suggest that expression of C7aH either interfered
with the site 1 protease reaction or the signaling by these
regulatory sterols. However, because the expression of
C7aH in CHO cells did not interfere with the regulation of
SREBP-dependent transcription by adding exogenous ste-
rols to the culture medium (Fig. 8B), it is unlikely that
C7aH either interfered with the site 1 protease reaction or
the signaling sterols in general. Our findings suggest that in
CHO cells SREBP-regulated gene expression is less sensi-
tive to endogenous de novo synthesized sterols compared
with exogenous sterols added to the cultured medium.

In contrast to these differences in how endogenous and
exogenous sterols affected SREBP-dependent gene expres-
sion, the sterol-induced ABC1 gene displays similar induc-
tion by both endogenous and exogenous sterols. Our find-
ings clearly show that the expression of ABC1 mRNA is
increased by the expression of C7aH and by adding 25-
hydroxycholesterol to the culture medium (Fig. 11). On
the basis of these findings, it is reasonable to propose that
the increased expression of ABC1 by K1-7a cells is caused
by the accumulation of cholesterol and/or 7a-hydroxycho-
lesterol as a result of the C7aH enzyme reaction. Thus,
while the accumulation in K1-7a cells of the regulatory ste-
rols cholesterol and 7a-hydroxycholesterol did not repress
SREBP-dependent gene expression, it did induce the ex-
pression of ABC1 mRNA. These findings are consistent with
the proposal that distinct signals are separately responsible
for sterol inhibition of SREBP site 1 proteolysis and sterol
induction of ABC. Because sterol repression of SREBP site
1 proteolysis and induction of ABC1 may act in concert, al-
beit as independent processes, differences in signaling ste-
rol repression and induction may provide greater versatility
in homeostatic lipid regulation. Our experiments provide
evidence demonstrating that the functional expression of
C7aH influences gene expression regulated by both
SREBP-dependent and independent mechanisms.
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Fig. 11. Cellular content of ABC1 mRNA. Wild-type
CHO-K1 and K1-7a were plated and grown to 80% con-
fluence. Twenty-four hours prior to harvest, the medium
was changed to 5% calf serum containing MEM with (1)
and without ( – ) 25-OH cholesterol (2 mg/mL). Cells
were harvested and poly(A) mRNA was obtained. The
mRNA was Northern blotted and hybridized with 32P-
labeled ABC1 cDNA.
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