
Regulation of squalene epoxidase in HepG2 cells 

Yusuke Hidaka, Toshihiko Satoh, and Toshio Kamei 

Central Research Laboratories, Banyu Pharmaceutical Co., Ltd., Shimomeguro 2-9-3, Meguro-ku, 
Tokyo 153, Japan 

Abstract Regulation of squalene epoxidase in the cholesterol 
biosynthetic pathway was studied in a human hepatoma cell line, 
HepG2 cells Sice the squalene epoxidase activity in cell homogenates 
was found to be stimulated by the addition of Triton X-100, en- 
zyme activity was determined in the presence of this detergent. 
Incubation of HepG2 cells for 18 h with L654,969, a potent Competitiw 
inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, increased squalene epoxidase activity dose-dependently. 
On the other hand, low density lipoprotein (LDL) and 25-hydroxy- 
cholesterol decreased the enzyme activity. These results demon- 
strate that squalene epoxidase is regulated by the concentrations 
of endogenous and exogenous sterols. The affinity of the enzyme 
for squalene was not changed by treatment with L654,969. Cytosolic 
(SIOS) fractions, prepared from HepGZ cells treated with or without 
L-654,969, had no effect on microsomal squalene epoxidase ac- 
tivity of HepGZ cells, in contrast to the stimulating effect of SLo5 
fractions from rat liver homogenate. Mevalonate, LDL, and 0x)rsterol 
treatment abolished the effect of L-654,969. Simultaneous addi- 
tion of cycloheximide and actinomycin D also prevented enzyme 
induction in HepG2 cells. Bp From these results, the change in 
squalene epoxidase activity is thought to be caused by the change 
in the amount of enzyme protein. It is further suggested that squalene 
epoxidase activity is suppressed only by sterols, not by nonsterol 
derivatiw(s) of medonate, in contrast to the regulation of HMGCoA 
reductase.-Hidaka, Y., T. Satoh, and T. Kamei. Regulation 
of squalene epoxidase in HepGZ cells. J. Lipid Res. 1990. 31: 
2087-2094. 
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3-Hydraxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc- 
tase [EC 1.1.1.341 is the major rate-limiting enzyme in the 
cholesteml biosynthetic pathway (l). In cultured cells, HMG-CaA 
reductase has been shown to be controlled through mul- 
tivalent feedback regulation (2). Full suppression of the 
reductase activity is mediated by sterols and nonsterol sub- 
stance(s) derived from mevalonate. 

saneral other enzymes in the cholesteml biosynthetic pathway, 
such as HMG-CoA synthase, mwalonate kinase, and squalene 
synthetase, have also been reported to be regulated by sterols 
(3, 4). Squalene epoxidase [Ec 1.14.99.71, which is a membrane- 
associated enzyme in the middle stage of the sterol biosyn- 
thetic pathway, catalyzes the conversion of squalene to 
2,3-oxidosqualene. The properties of squalene epoxidase 

have been extensively studied by Yamamoto and Bloch (5), 
Tai and Bloch (6), and Ono and Bloch (7) using rat liver 
microsomes. This enzyme requires cytosolic (Sios) fractions, 
which can be replaced by Triton X-100 for activation. There 
are a few reports that squalene epoxidase might play an 
important role in cholesterol biosynthesis (8, 9). Little is 
known about the detailed regulatory mechanism of squa- 
lene epoxidase, especially in hepatic cells. HepGZ cells, a 
human hepatoma cell line, maintain liwr-specific cell functions 
and are thought to be a suitable model to investigate lipid 
synthesis and metabolism in human liver (10, 11). 

In this report, we examine the regulatory mechanism 
of squalene epoxidase using HepG.2 cells. L-654,969, an 
active 8-hydroxy acid form of simvastatin and a potent com- 
petitive inhibitor of HMG-CoA reductase (E) ,  was used to 
investigate the inhibitory effect of cholesterol synthesis on 
squalene epoxidase activity in HepGZ cells. 25-Hydroxycho- 
lesterol, which is one of the potent HMG-CoA reductase 
suppressors (13), and low density lipoprotein (LDL) were 
used asnegative regulatomin c u l d  CelEi. HMGW reduaase 
has been reported to be regulated by sterols and nonsterol 
.substance(s) derived from mevalonate. Sterol-mediated control 
of reductase activity is exerted at the transcriptional level, 
whereas nonsterol substance(s) regulate at the enzyme lev- 
el (14, 15). Therefore, we investigated whether or not squalene 
epoxidase activity could be regulated by mwalonate-derived 
substance(s), and we have uncovered new information about 
the regulatory mechanism of squalene epoxidase activity 
in HepGZ cells. 

MATERIALS AND METHODS 

Materials 

L-654-969, [lS-[la @S*, &*), Za, 6/3,8P, Sua] 1-1;2,6,7,8, 
8 a - H e x a h y d r o - P , , s d - Z , 6 - ~ ~ h y l - 8 - ( 2  ,Z-dimethyl-1- 
oxobutoxy)-1-naphthalene-heptanoic acid, was prepared in 

Abbkations: HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; LDL, low 
density lipoproteins; LPDS, lipoprotein-deficient serum; FEiS, fetal bo- 
vine serum: DMSO, dimethylsulfoxide; PBS, phosphate-buffered saline. 

Journal of Lipid Research Volume 31, 1990 2087 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Merck Sharp and Dohme Reasearch Laboratories (Rah- 
way, NJ). [4,8,12,13,17,21-3H]Squalene (24.6 Ci/mmol) 
was obtained from New England Nuclear, (Boston, MA). 
3-H~-3-methyl[3-14C~lutaryl coenzyme A (HMG-CoA,52 
mCi/mmol) was purchased from Amersham Intemation- 
a1 plc. (Buckinghamshire, England). 2,3-Oxidosqualene 
was synthesized in our laboratory according to the method 
of Nadeau and Hanzlik (16). Human low density lipoprotein 
(d 1.020-1.063 g/ml) and lipoprotein-deficient serum (LPDS) 
(d > 1.215 g/ml) were prepared by ultracentrifugation as 
described by Brown, Dana, and Goldstein (17). A M 0  1618 
was obtained from Calbiochem (La Jolla, CA). All other 
chemicals used were standard commercial high purity materials. 

cell cultures 

The established HepG2 cell line, derived from human 
hepatoma, was obtained from American Type Culture Col- 
lection (Rockville MD). Cell stocks were grown in 80-cme 
flasks containing medium A (Eagles modified minimum 
essential medium, (MEM Flow Laboratories, McLean, VA) 
supplemented with penicillin G, 100 U/ml; streptomycin, 
100 pg/ml; and pyruvate,l mM) with 10% heat inactivat- 
ed fetal bovine serum (FBS), and incubated in a humidi- 
fied incubator (5% COP) at 37%. On day 0, cells were seeded 
in 21-cmP dishes at 7.5 x lo5 cells in 2.5 ml of medium 
A with 10% FBS. On day 4, the medium was exchanged 
for 4 ml of fmh medium. On day 6, the cells were incubated 
with each compound in fresh medium A containing 10% 
LPDS for the indicated time. L-654,969 and 25-hydroxy- 
cholesterol were dissolved in dimethylsulfoxide (DMSO). 
The final concentration of DMSO did not exceed 0.4% 
(v/v). Under these conditions, DMSO had no &ea on squalene 
epoxidase and HMG-CoA reductase activities in HepG2 cells. 
After incubation, the cells were washed twice with medi- 
um A and incubated in medium A for another 15 min at 
37 OC to remove intracellular compounds. The cells were 
washed three times with cold phosphate-buffered saline (PBS), 
pH 7.5, and scraped with a policeman. After centrifuga- 
tion (1,000 g,5 min at 4OC), the cell pellet was frozen and 
kept at -8OOC until use. 

Enzyme preparation 

Under the standard assay conditions, squalene epoxidase 
activity was measured in cell homogenate in the presence 
of 0.1% Triton X-100. After thawing and rupture of the 
cells by sonication (Bronson sonifier B-100, for 5 sec at O O C )  
in 0.1 M Tris-HC1, pH7.5, 1 mM EDTA (buffer A), the cell 
homogenate was mixed with one fourth volume of 2% Triton 
X-100 (final concentration of detergent,0.4%). The mix- 
ture stood at O°C for 20-60 min and aliquots of the mix- 
ture were assayed for squalene epoxidase activity. 

Assay of squalene epoxidase 

Squalene epoxidase activity was determined according 
to the method of Tai and Bloch (6) with some modifica- 

tions. Aliquots of the mixture described above (0.72-0.9 
mg of protein) were incubated for 90 min at 37 OC in a fi- 
nal volume of 0.3 ml containing 0.1 M Tris-HC1,pH 7.5, 

1618 (an inhibitor of 2,3-oxidosqualene lanosterol cyclase) 
(18), 0.1% Triton X-100, and 8 p M  [’Hlsqualene (45,000 
dpm) dispemd in 0.075% Tween 80. The reaction was stopped 
by the addition of 0.3 ml of 10% methanolic KOH. After 
incubation for 60 min at 75 OC, nonsaponifiable materials 
were extracted twice with 2 ml of petroleum ether. The com- 
bined extracts were evaporated under a nitrogen stream. 
The residue, taken up in a small volume of diethylether, 
was spotted on a thin-layer Silica Gel G plate (Art5583, 
E. Merck, Darmstadt, West Germany) which was then de- 
veloped in benzene-ethyl acetate 99.5:0.5. The band cor- 
responding to authentic 2,3-oxidosqualene (RJ 0.5) was 
scraped into a vial (R~value of squalene was 0.95) and the 
radioactivity was counted with a liquid scintillation coun- 
ter (TRI-CARB 2000CA, Packard Instrument Co., Downers 
Grove, IL). In routine assays, ergosterol acetate (Ri 0.6) 
was used as a convenient ultraviolet-visible marker for 
2,3-oxidosqualene. Squalene epoxidase activity is expressed 
in pmol of 2,3-oxidosqualene formed per mg of cell pro- 
tein per min. 

1 mM EDTA, 1 mM NADPH, 0.1 mM FAD, 0.4 mM A M 0  

Assay of HMG-CaA reductase 

HMG-CoA reductase activity was determined as described 
by Brown et al. (17) with some modifications. HepG2 cells 
were suspended in buffer containing 0.1 M potassium phos- 
phate, pH 7.5, 5 mM EDTA, 0.2 M KC1, 0.25% Brij 96, 
and then centrifuged at 12,000 g for 15 min at 4OC. Ali- 
quots of the supernatant (1-50 pg protein) were incubated 
for 1 h at 37OC in a final volume of 100 pl containing 0.1 
M potassium phosphate, pH 7.4, 20 mM glucose 6-phosphate, 
2.5 mM NADP: 1.0 unit of glucose 6-phosphate dehydro- 
genase, 4 mM dithiothreitol, and 30 p~ [“CIHMG-CoA 
(50,000 dpm). The enzyme activity was terminated by the 
addition of 20 p1 2 M HCl. After the mixture stood for 15 
min at 37OC for lactonization of mevalonic acid, 
[14C]mevalonolactone was separated from [“CIHMG-CoA 
on a small column packed with ion exchange resin (AG 
1-X8, formate form, Bio-Rad, Richmond, CA) (19). The 
enzyme activity was determined under conditions in which 
the inhibitory effect of L-654,969 was overcome by dilution. 

Preparation of microsomes and supernatant fractions 
from HepGP cells 

The cell pellet (ca. 2 X 10’ cells) was suspended in 3 ml 
of buffer A and homogenized in a glass-teflon homogeniz- 
er. The homogenate was centrifuged at 10,000 g for 10 min 
at 4OC. The supernatant was recentrifuged at 105,000 g 
for 60 min to give Slob fractions. The microsomes were washed 
once with buffer A. All fractions were kept at - 80% un- 
til use. 
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Preparation of rat liver supernatant fraction 

Female SD rats (125-145 g) were maintained under a reverse 
illumination cycle and fed powdered food supplemented 
with 5%(w/w) cholestyramine for 10 days. Animals were 
killed 4 h after onset of the dark period. Rat liver SI,, fraction 
was prepared as described by Yamamoto and Bloch (5). 

Protein determination 

The protein concentrations were determined according 
to the method of Lowry et al. (20) using bovine serum al- 
bumin as a standard. 

RESULTS 

Measurement of squalene epaxidase activity of HepG2 cells 
Rat squalene epoxidase activity has been reported to be 

stimulated by the addition of Triton X-100 (7). Therefore, 
we examined the effect of Triton X-100 on the enzyme ac- 
tivity of HepG2 cells. As shown in Fig. la, squalene epox- 
idase in the cell homogenate was activated by the addition 
of Triton X-100 in a concentration-dependent manner. The 
optimum Triton X-100 concentration depended on the cell 

0 0.1 0.2 0.3 
Trlton X-100 ( % ) 

0 J. . , . , . , 

protein concentration (data not shown). Enzyme activity 
was optimally activated by 0.1-0.15% Triton X-100 at a protein 
concentration of 3 mg/ml (Fig. la). In the presence of 0.1% 
Triton X-100, the reaction was linear with cellular protein 
concentrations from 1.0 to 3.5 mg/ml (Fig. lb, nonlinear- 
ity at low protein concentrations was due to the inhibitory 
effect of Triton X-100) and with incubation times at least 
up to 150 min (Fig. IC). In the following experiments, un- 
less otherwise stated, the enzyme activity was measured with 
2.4-3.0 mg/ml protein concentrations and a 90-min in- 
cubation time in the presence of 0.1% Triton X-100. 

Effect of cholesterol concentration on squalene 
epoxidase activity 

Squalene epoxidase activity in HepGZ cells was increased 
time-dependently when the cells were incubated in 10% 
LPDS to exclude the supply of exogenous cholesterol (Fig. 
2). L-654,969, which depletes the endogenously synthesized 
cholesterol, further increased the enzyme activity. After 18 
h treatment, the enzyme activity in LPDS-grown cells was 
about twofold higher than the control value (at zero time), 
and the activity of cells treated with L-654,969 was four- 
fold higher than that in the control. 

Fig. 1. Assay conditions of squalene epoxidase activity in cell 
homogenates. HepGZ cells were grown in medium A containing 
10% FBS. Squalene epoxidase activity in cell homogenates was 
determined under the following conditions: (a) the concentration 
of Triton X-100 in the reaction mixture was varied as indicated 
at 3 mg/ml protein. Enzyme reaction was performed for 90 min.; 
(b) protein concentration was vaned, as indicated, in the presence 
of 0.1% Triton X-100. Enzyme reaction was performed for 90 min.; 

in the presence of 0.1% Triton X-100. Each value represents the 
mean of duplicate determinations. 

s (c) incubation times were vaned as indicated at 3 mg/ml protein 
100 16' 0 60 

tlmo ( mln ) 
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Fig. 2. Time course of squalene epoxidase induction in HepG2 cells. 
The cells were incubated for the indicated time in medium A containing 
10% LPDS in the presence (e) or absence (0) of 1 ,UM L654,969. Squalene 
epoxidase activity in HepG2 cells was determined under standard assay 
conditions as described in Materials and Methods. Each value represents 
the mean of duplicate determinations. 

HepG2 cells were incubated for 18 h with various con- 
centrations of L-654,969, LDL, and 25-hydroxycholesterol. 
As shown in Fq. 3, L654,969 inmased the squalene epoxidase 
activity in a concentration-dependent manner. On the 
other hand, LDL and 25-hydroxycholesterol decreased the 
enzyme activity. L-654,969 had no effect on squalene epoxidase 
activity directly, at least up to 50 pM (data not shown). 

Properties of squalene epoxidase induced by G654,969 
In order to examine whether these changes in squalene 

epoxidase activity were due to the change in the amount 
of the enzyme protein, the enzymatic properties of squa- 
lene epoxidase induced by L-654,969 were investigated. Fig. 
4 shows the saturation curves for squalene epoxidase ac- 
tivity with respect to the concentration of squalene. From 
the Lineweaver-Burk plot analysis (Fig. 4, inset), the V,,, 
value of enzyme activity of cells treated with L-654,969 was 
increased from 1.67 to 3.97 pmol/mg per min, while the 
K ,  value was constant (3 p ~ ) .  These results indicate that 
the increase in enzyme activity produced by L-654,969 was 
not due to a change in the aff~ty of the enzyme for squalene. 

The induced squalene epoxidase activity of cells treat- 
ed with LPDS plus L-654,969 was stimulated by Triton X-100 
in the same manner as noninduced enzyme (data not shown). 
A 0.1% concentration of Triton X-100, used as a standard 
assay condition, was also optimum for induced enzyme to 
give full activation. 

Effect of Slas fractions on microsomal squalene 
epoxidase activity from HepG2 cells 

It has been reported that squalene epoxidase activity in 
rat liver microsomes is remarkably stimulated by the ad- 
dition of the hepatic SlO6 fractions (6). Therefore, we exa- 
mined the effect of Si05 fractions on enzyme activity in HepG2 
cells. Fig. 5 shows the effect of Slos fractions on microsomal 

squalene epoxidase activity of FBS-grown cells. Si05 frac- 
tions prepared from both FBS-grown cells and LPDS plus 
L-654,969-treated cells slightly activated the microsomal 
enzyme activity. These results suggest that the Si05 fraction 
in HepG2 cells does not contribute to the mgulation of squalene 
epoxidase activity. In contrast, the SIo5 fraction from rat 
liver remarkably enhanced the microsomal enzyme activi- 
ty in HepG2 cells (Fig. 5). 

Effect of various compounds on the enzyme induction 
by G654,969 

As shown in Table 1, mevalonate, which is synthesized 
by HMG-CoA reductase and converted to cholesterol via 
a series of enzymes, blocked the incrrase in squalene epoxidase 
activity produced by L-654,969. LDL and 25-hydroxycholes- 
terol also abolished the effect of L-654,969 completely. Since 
the effects of those drugs were not examined on enzyme 
preparations from cells incubated with 10% FBS, it may 
be difficult to decide whether those drugs interfered with 
the induction of the enzyme by L-654,969 only, with the 
induction elicited by 10% LPDS, or with the basal (noduced)  
levels of the enzyme (25-hydroxycholesterol is thought to 
influence the basal enzyme activity, Fig. 3). However, as 
an inducible effect of L-654,969 was not found in the presence 
of any drugs, it seems that the induction of squalene epoxidase 
activity by L-654,969 is due to cholesterol depletion within 
the cells through the inhibition of HMG-CoA reductase. 
Treatment with cycloheximide and actinomycin D produced 
remarkable suppression of squalene epoxidase activity and 
also prevented the induction by L-654,969. These results 
suggest that the half-life of squalene epoxidase is less than 
18 h under the experimental conditions used and the in- 
duction of this enzyme requires protein and RNA synthesis. 

31 

I i 
0 60 1bo 1bo 2bo 250 

LDL ( cg/mf ) 

Fig. 3. Effect of various compounds on squalene epoxidase activity in 
HepG2 cells. The cells were incubated for 18 h in medium A containing 
10% LPDS with the indicated concentrations of L-654,969 (e), 
25-hydroxycholesterol (a), and LDL (0). After the cells were washed 
and harvested, squalene epoxidase activity was determined as described 
in Materials and Methods. Each value represents the mean of duplicate 
determinations. 
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squalene ( pM ) 

Fig. 4. Effect of squalene concentration on squalene epoxidase activity 
in HepGZ cells p w n  in the presence or absence of L-654,969. HepG2 
cells were incubated for 18 h in medium A containing 10% LPDS in the 
presence (0) or absence (0) of 1 p L654.969. After the celk were h t e d ,  
squalene epoxidase activity was assayed under standard conditions ex- 
cept for the squalene concentration as indicated. Each value represents 
the mean of duplicate determinations. The inset shows the Lineweaver- 
Burk plot of this data. 

Effect of medonatderived substands) on enzyme activity 

HMG-CoA reductase has been reported to be regulated 
by sterol as well as nonsterol substance(s) derived from 
mevalonate (2, 21). To examine whether mevalonate-derived 
substance(s) are involved in the regulation of squalene epoxi- 
dase, the suppressiVe effect of LDL and mevalonate on enzyme 
activity was investigated. As shown in Fig. 6a, the increase 
in HMG-CoA reductase activity produced by L-654,969 was 
suppressed by the addition of LDL. However, LDL did not 
suppress the reduaase activity completely The activity remained 
relatively high at a concentration of 200 pg/ml LDL, which 
is sufficient to supply cholesterol to the cells. Co-addition 
of mevalonate with LDL suppressed the induction of the 
reduaase activity completely. These data show that unidentified 
metabolite(s) derived from mevalonate play an additional 
role in the e a t i o n  of miuctase. On the other hand, squalene 
epoxidase activity was suppressed to the control level (in 
the absence of L-654,969) by the addition of LDL only (Fig. 
6b). In the presence of 100 pg/ml LDL, L-654,969 did not 
induce squalene epoxidase activity. 

DISCUSSION 

Many studies have been carried out on the regulatory 
me&” of HMG-CaA ductase (22), a major rate-limiting 
step in the cholesterol biosynthetic pathway. Several other 
enzymes in this pathway, such as HMG-CoA synthase and 
prenyltransferase, have been reported to be coordinately 
controlled by sterols (23). However, little is known about 

4- 

2- 

0- I i 
0 05  1 15 2 

0 s 0 05  1 15 2 

S 1 osfractlon ( mg proteln ) 

Fig. 5. Effect of supernatant cytosolic (Slob) fractions on microsomal 
squalene epoxidase activity from HepGZ cells. Microsomes were prepared 
from HepGZ cells grown in medium A containing 10% FBS. SIo5 frac- 
tions were prepared from rat liver (A) and HepGZ cells p w n  in either 
10% FBS (0) or 10% LPDS plus 1 PM L-654,969 (0) for 18 h. Squalene 
epoxidase activity was determined at 1 mg of microsomal protein in the 
presence of increasing concentrations of each SI,, fraction. The assay was 
performed under the same conditions as in cell homogenate as described 
in Materials and Methods (Triton X-100 was removed from the reaction 
mixture). 

the regulation of squalene epoxidase, which catalyzes the 
reaction at the middle stag ofthe cholesteml synthetic pathway 
because an assay system for this enzyme has not yet been 
established. 

A nonionic detergent, Triton X-100, has been shown to 
stimulate squalene epoxidase activity in rat liver microsomes 
(7). Chin and Bloch (24) reported that squalene epoxidase 
may be less restricted conformationally and more accessi- 
ble to substrate by the disruption of the microsomal 
membrane. 

In this report, we showed that squalene epoxidase ac- 
tivity in HepG2 cells was also stimulated by the addition 
of Triton X-100. In the presence of 0.1% Triton X-100 (a 
relatively low concentration), the reaction was linear with 

TABLE 1. Effect of mevalonate, LDL, oxysterol, protein, and RNA 
synthesis inhibitors on the increase of squalene 

epoxidase activity by L-654,969 

Squalene Epoxidase Activity 

Drug 
L-654,969 

Control (1 P 4  

pmol/mg/min 

None 1.62 3.36 
Mevalonate (5 mM) 0.75 0.77 
LDL (200 ,ug/ml) 0.61 0.55 
25-Hydroxycholesterol (3 PM) 0.31 0.28 
Cycloheximide (10 PM) 0.08 0.05 
Actinomycin D (5 ,ug/ml) 0.04 0.05 

HepG2 cells were incubated for 18 h in medium A containing 10% 
LPDS with each drug in the presence or absence of L-654,969. After the 
cells were harvested and homogenized, squalene epoxidase activity was 
determined as described in Materials and Methods. Each value represents 
the mean of duplicate determinations. 
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Fig. 6. Suppression of HMG-CoA reductase and squalene epoxidase activities by LDL and mevalonate. HepC2 cells were incubated for 18 h in 
medium A containing 10% LPDS in the presence (0) or absence (0) of 1 MUM L-654,969 with the indicated concentrations of LDL. The cells were 
also incubated for 18 h in 10% LPDS in the presence of 1 ,UM L-654,969 with 100 or 200 pg/ml LDL plus 5 mM mevalonolactone (A). After the 
cells were washed and harvested, (a) HMG-Cd reductase and (b) squalene epoxidase activities were determined as described in Materials and Methods. 
Each inset shows the value of enzyme activities in the absence of LDL 

protein concentrations and incubation times. The regula- 
tory mechanism of squalene epoxidase was investigated in 
HepG2 cells under conditions where the linearity was ob- 
served between protein concentrations and enzyme activity. 

In the present study, incubation of HepG2 cells with 
L-654,969 was found to increase squalene epoxidase ac- 
tivity dose-dependently. On the other hand, LDL and 
25-hydroxycholestero1 decreased the activity. The increase 
in enzyme activity by L-654,969 was not due to a change 
in the optimum concentration of detergent. The K, value 
for squalene was not changed by treatment with L-654,969. 
SlO5 fractions, prepared from HepG2 cells with or without 
L-654,969, had no different effect on microsomal squa- 
lene epoxidase activity in HepG2 cells. In the presence of 
mevalonate, LDL, or oxysterol, L-654,969 did not induce 
epoxidase activity. Simultaneous addition of cycloheximide 
or actinomycin D also prevented the induction of the en- 
zyme activity in HepG2 cells. 

From these results, we conclude that squalene epoxidase 
is subject to feedback regulation mediated by endogenous 
and exogenous sterols. The regulatory mechanism of this 
enzyme is thought to be due to the change in the amount 
of enzyme protein, though we have not examined whether 
this is caused by the change in protein synthesis rate or degra- 
dation rate. 

Squalene epoxidase in rat liver microsomes requires cytoso- 
lic (Sl05) fractions (6). As shown in Fig. 5, Slos fractions 
f" rat liver homogenate markedly enhanced the microsomal 
squalene epoxidase activity from HepG2 cells. On the other 
hand, homologous SI,, fractions from HepG2 cells showed 
only a slight activating effea. Similar results have been r r p o r t e d  
in the case of Chinese hamster ovary cells (9). The reason 
for this observation is not clear at present. However, it seems 
that these differences are not due to differences in the ori- 

gin of tissues used (both Si05 fractions are of liver origin), 
but rather to differences in species, or tissue, or use of cul- 
tured cells. During cell culture, some activating factor in 
the cytosolic fraction may be lost. 

HMG-CoA reductase has been reported to be regulated 
by sterols as well as nonsterol metabolite(s) derived from 
mevalonate (2). The nonsterol metabolite(s) regulate ex- 
clusively at the enzyme level, whereas sterols regulate at 
the mRNA level (14, 15). The activity of other enzymes in 
the cholesterol biosynthetic pathway has also been shown 
to be suppressed by sterols. However, there are no reports 
that mevalonate-derived substance(s) could regulate the 
activity of the enzymes in the cholesterol synthetic path- 
way, except for HMG-CQA reductase (25,26). Squalene epox- 
idase activity was also thought to be suppressed only by 
sterols, not by n o " 1  derivatiw(s) of "a& the nome101 
suppressor(s) may be specific for the regulation of HMG- 
CoA reductase. 

Cultured cells have been known to synthesize several isopre- 
noid compounds, such as ubiquinone (27), and dolichol 
(28), in addition to cholesterol. Since famesyl pyrophosphate 
is the last commonin"ediate in thecholesterol andisoprenOid 
pathway (29), the regulation of enzyme activity distal to 
squalene, funned from two molecules of famesyl pyropwhate, 
probably influences ubiquinone and dolichol synthk. Faust, 
Goldstein, and Brown (4) suggested that the regulation of 
squalene synthetase activity could play a role in the for- 
mation of such side-products of the cholesterol biosynthetic 
pathway. However, since squalene epoxidase is located af- 
ter this last common regulatory step in the sterol pathway, 
the regulation of this enzyme was not thought to influence 
isoprenoid synthesis directly. The regulation of squalene 
epoxidase was c o n s i d d  only to maintain cholesterol homeo- 
stasis in the cells. 
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Cohen, van Mien, and Griffioen (25) have recently reported 
that squalene synthetase activity in HepG2 cells was increased 
by the addition of compactin and decreased by LDL. H-r, 
the maximum effect induced by compactin was only about 
1.4-fold higher than the control activity (without inhibi- 
tor). The addition of LDL resulted in only 20% suppres- 
sion (25). On the other hand, in our study, squalene epoxidase 
activity in HepG2 cells was shown to be increased more than 
2-fold by treatment with L-654,969 and it was suppressed 
more than 70% by the addition of LDL (Fig. 3). Squa- 
lene epoxidase activity is thought to be more strictly regu- 
lated by both exogenously delivered cholesterol and endogen- 
ously synthesized cholesterol than the activity of squalene 
synthetase. 

Astruc et al. (30) reported that the level of squalene epoxi- 
dase is very low especially in noncholesterogenic tissues. In 
our assay system, squalene epoxidase activity in HepG2 cells 
was also very low. Compared with the specific activity of 
HMG-CoA reductase, the velocity of squalene epoxidase 
is about Mo%oo of the rate of HMG-CoA reductase under 
the same conditions (Fig. 6a, b, inset), even though each 
molecule of 2,3-oxidosqualene is derived from six molecules 
of mevalonate. Gonzala, Carlson, and Dempsqr (8) reported 
that in human renal cancer cells exogenous cholesterol in- 
hibited the conversion of mevalonate to cholesterol, resulting 
in the accumulation of squalene. 

From these observations, it is concluded that squalene 
epoxidase is a secondary rate-limiting enzyme in the mid- 
dle stage of the cholesterol synthetic pathway, and squa- 
lene that accumulates as a result of squalene epoxidase 
regulation may play an unknown physiological role within 
the cells. 

activity have been reported to be suppressed by sterols (3, 
31). Recent studies of these three proteins, using cloned genes, 
have shown that this negative feedback regulation is mediated 
at the transcriptional level and that each gene has consen- 
sus octanucleotide sequences in the 5 ’ flanking regions which 
are necessary for sterol-mediated suppression (32-34). From 
the current studies, we hypothesize that the squalene epoxidase 
gene also has the consensus sequence in 5 ’ flanking region 
and that the enzyme activity is mediated through a com- 
mon feedback mechanism. However, nothing is known about 
the gene for squalene epoxidase. In addition to examin- 
ing squalene epoxidase protein using a specific antibody, 
isolation of squalene epoxidase cDNA probe and mRNA 
determination will be necessary for further studies. I 

HMG-CoA d u m ,  LDL RCXPW, and HMGCaA synthase 
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