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proteins ( 2 ). It is considered to promote the formation of 
cholesterol-sphingolipid-enriched microdomains, which 
are involved in signal transduction, traffi cking, and virus 
infection ( 3 ). Cells tightly regulate cholesterol levels by a 
feedback pathway that controls the synthesis, esterifi ca-
tion, and uptake of cholesterol ( 4 ). Its de novo synthesis 
occurs mainly in the endoplasmic reticulum (ER), and 
cells can also acquire exogenous cholesterol via LDL up-
take. LDL particles carrying cholesteryl esters are internal-
ized through the LDL receptor and are transported to the 
late endosomes, where cholesteryl esters are hydrolyzed to 
free cholesterol. Cholesterol is not uniformly distributed 
in cells, and its content varies among different organelles. 
The cholesterol level is low in the ER, but it increases 
through the Golgi apparatus, with the highest levels in the 
plasma membrane. Thus, cells properly maintain cellular 
cholesterol levels as well as intracellular cholesterol distri-
bution ( 5–7 ). 

 The failure of cholesterol homeostasis is the cause of 
numerous diseases, including atherosclerosis and heart 
disease ( 8, 9 ). The compounds that affect cholesterol me-
tabolism and transport, such as statins, have been em-
ployed as therapeutic agents for these disorders. Statins 
selectively inhibit HMG-CoA reductase, which is the pri-
mary regulatory enzyme in cholesterol biosynthesis ( 10, 
11 ). These compounds are also used as tools in the fi eld of 
cholesterol research. 

 Biochemical screening has been conducted to search 
for compounds that affect cholesterol metabolism and trans-
port. Although quite useful, this method is time-consuming 
and is diffi cult to apply to high-throughput screening. 

       Abstract   An automated fl uorescence microscopy assay us-
ing a nontoxic cholesterol binding protein,  �  toxin domain 4, 
(D4), was developed in order to identify chemical com-
pounds modifying intracellular cholesterol metabolism and 
distribution. Using this method, we screened a library of 
1,056 compounds and identifi ed 35 compounds that de-
creased D4 binding to the cell surface. Among them, 8 com-
pounds were already reported to alter the biosynthesis or 
the intracellular distribution of cholesterol. The remaining 
27 hit compounds were further analyzed biochemically and 
histochemically. Cell staining with another fl uorescent cho-
lesterol probe, fi lipin, revealed that 17 compounds accumu-
lated cholesterol in the late endosomes. Five compounds 
decreased cholesterol biosynthesis, and two compounds in-
hibited the binding of D4 to the membrane.   This visual 
screening method, based on the cholesterol-specifi c probe 
D4 in combination with biochemical analyses, is a cell-based, 
sensitive technique for identifying new chemical compounds 
and modifying cholesterol distribution and metabolism. 
Furthermore, it is suitable for high-throughput analysis for 
drug discovery.  —Ishitsuka, R., T. Saito, H. Osada, Y. Ohno-
Iwashita, and T. Kobayashi.  Fluorescence image screening 
for chemical compounds modifying cholesterol metabolism 
and distribution.  J. Lipid Res . 2011.  52:  2084–2094.   
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 Cholesterol is an essential constituent in the membranes 
of mammalian cells and has many important functions. It 
regulates membrane fl uidity, increases membrane thick-
ness, establishes the permeability barrier of the mem-
branes ( 1 ), and modulates the activity of various membrane 
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ethoxy]androst-5-en-17-one (U18666A) was purchased from 
BIOMOL (Plymouth Meeting, PA). Anti GM130 was from BD 
Bioscience (Franklin Lakes, NJ). Anti CD63 was from Cosmo Bio 
Co., Ltd. (Tokyo, Japan). His-enhanced green fl uorescent pro-
tein (EGFP  )-tagged  �  toxin domain 4 (EGFP-D4) was expressed 
in  Escherichia coli  strain BL21 (DE3) and purifi ed using HisTrap 
FF   crude columns (GE Healthcare; England) ( 18 ). 

 Cells and cell culture 
 HeLa cells were cultured in DMEM supplemented with 10% 

FBS. Chinese hamster ovary (CHO) cells were cultured in Ham’s 
F-12 supplemented with 10% FBS. 

 Preparation of multilamellar vesicles and small 
unilamellar vesicles 

 Vesicles were prepared by combining egg PC and cholesterol, 
or brain SM and cholesterol from chloroform stocks. The chloro-
form was evaporated under a stream of nitrogen gas, followed by 
drying under vacuum for 1 h. Then, PBS (pH 7.5, 55°C) was 
added to the dry lipid mixtures. The lipid mixture was vortexed 
to produce multilamellar vesicles (MLVs). Small unilamellar 
vesicles (SUVs) were prepared by sonication of MLVs using 
ASTRASON ULTRASONIC PROCESSOR XL (Misonix, Inc.; 
Farmingdale, NY). 

 EGFP-D4 binding to liposomes 
 EGFP-D4 binding to liposomes was analyzed as described ( 18 ) 

with the following modifi cation. EGFP-D4 was incubated with 
MLVs in PBS (pH 7.5) for 30 min at room temperature. Then, 
the mixtures were centrifuged at 21,600  g  for 10 min at 25°C. The 
pellets were subjected to SDS-PAGE followed by Coomassie Bril-
liant Blue or   SYPRO Ruby (Invitrogen; Madison, WI) staining. 
For quantifi cation of the protein, intensity of EGFP-D4 stained 
with SYPRO Ruby was measured using Typhoon 9410 (GE Health-
care; Piscataway, NJ) and analyzed by ImageQuant (Molecular 
Dynamics). 

 Filipin binding to liposomes 
 Filipin binding to liposomes was analyzed as described ( 19 ) 

with modifi cation. Ten micromoles fi lipin was incubated with 
100  � M SUVs in PBS (pH 7.5) for 30 min at room temperature. 
The ultraviolet (UV) absorption spectra were determined at 25°C 
using a V-650 spectrophotometer equipped with a thermostatic 
cell holder (Jasco; Tokyo, Japan). Absorbance at 320 nm and 356 
nm was detected using Spectra Max M2 (Molecular Devices; 
Downingtown, PA). 

 D4 labeling 
 On day 0, cells were seeded in 96-well plates in medium with 

10% FBS. On day 1, the medium was exchanged to medium 
with 10% LPDS containing various compounds. All plates were 
incubated with the compounds for 18 h at 37°C. On day 2, the 
cells were washed three times with HBSS, and then incubated 
with 5  � g/ml EGFP-D4 and Hoechst 33342 in binding buffer 
(0.1% BSA/HBSS) for 30 min at room temperature. The cells 
were washed and fi xed with 3% paraformaldehyde in PBS (pH 
7.5). 

 Fluorescence microscopy and image analysis 
 For screening, images were acquired using In Cell Analyzer 

1000 (GE Healthcare, England) with a 20× objective. Images of 
cells stained with EGFP-D4 were analyzed using In Cell Analyzer 
image analysis software Developer. Three to fi ve images per well 
were acquired. The sum of the fl uorescence intensity in the 
microscopic fi eld was divided by the cell number. 

Recently, Pipalia et al. ( 12 ) reported microscopy screen-
ing of a chemical library using a cholesterol binding fl uo-
rescent antibiotic, fi lipin. Filipin is a polyene antibiotic 
that binds to cholesterol and forms pores. Filipin has been 
employed in detecting cellular cholesterol distribution 
( 13 ). The microscopy screening using fi lipin identifi ed 
several compounds that decrease cholesterol accumula-
tion in the late endosomes of Niemann-Pick C cells ( 12, 
14 ). Because fi lipin penetrates the membrane, this antibi-
otic cannot be used to selectively label the plasma 
membrane. 

 In this study, we developed a fl uorescence microscopy 
assay for detecting changes in the amount of cholesterol 
in the plasma membrane using a  �  toxin derivative.  �  
Toxin is a cholesterol binding, pore-forming cytolysin pro-
duced by  Clostridium perfringens  ( 15, 16 ). It selectively binds 
to the cholesterol-enriched membrane, where the amount 
of cholesterol is more than 30 mol% ( 16, 17 ). This prop-
erty enabled detection of even a slight decrease of choles-
terol in the plasma membrane.  �  Toxin domain 4 (D4) is 
the C-terminal fragment of the toxin. This domain is the 
smallest functional unit of the toxin, displaying the same 
cholesterol binding activity as the full-size protein ( 18 ). D4 
binds to cholesterol with a high affi nity (Kd  �  10  � 8 ), but 
does not exert cytotoxicity ( 18 ). Thus, in contrast to fi l-
ipin, D4 can be used for the selective labeling of plasma 
membrane cholesterol in living cells. 

 Here, we screened 1,056 chemical compounds by cell 
surface labeling using fl uorescent D4, and obtained 35 
compounds that decrease D4 labeling in the plasma mem-
brane. Among them, 8 compounds were already reported 
to alter the biosynthesis or the intracellular distribution of 
cholesterol. We examined the effects of the other 27 hit 
compounds on intracellular cholesterol distribution, us-
ing another cholesterol binding probe, fi lipin ( 13 ). Seven-
teen compounds accumulated cholesterol intracellularly. 
Two compounds inhibited the binding of D4 to the mem-
brane. We further analyzed the effects of the remaining 
eight compounds on cholesterol synthesis and transport. 
Five compounds inhibited cholesterol biosynthesis, but 
none of them affected cholesterol transport from the ER 
to the plasma membrane. Thus, this new visual screening 
using cholesterol binding protein, in combination with 
biochemical analyses, successfully identifi ed compounds 
based on their effects on cholesterol metabolism and 
distribution. 

 MATERIALS AND METHODS 

 Materials 
 The chemical library for screening was supplied by RIKEN 

Natural Products Depository (NPDepo). Egg phosphatidylcho-
line (PC) and brain SM were purchased from Avanti Polar Lipids 
(Alabaster, AL). [1- 14 C]acetic acid was purchased from American 
Radiolabeled Chemicals, Inc. (St. Louis, MO). Lipoprotein-defi -
cient serum (LPDS), lovastatin, mevalonate, cholesterol, and stig-
masterol were from Sigma (St. Louis, MO). Filipin was purchased 
from Polysciences, Inc. (Warrington, PA). Hoechst 33342 was 
from Nacalai Tesque, Inc. (Kyoto, Japan). 3- � -[2-(diethylamino)
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EC-5 (Alltech Associates. Inc.) capillary column (30 m × 0.32 
mm, 0.25 mm) was used with helium as carrier gas, and an oven 
temperature program from 290°C to 320°C at 2°C/min, held iso-
thermal at 320°C for 10 min. The amount of cholesterol was nor-
malized by the amount of protein, which was determined using 
the Bradford assay. 

 RESULTS AND DISCUSSION 

 Selection of cell type and domain 4 fragment of  �  toxin 
to detect subtle alteration of cell surface cholesterol 

 Recently, Maxfi eld and coworkers employed fi lipin for 
automated microscopy screening and discovered com-
pounds that partially revert cholesterol accumulation in 
Niemann-Pick C cells ( 12, 14 ). Similar to fi lipin,  �  toxin 
specifi cally binds cholesterol ( 16 ). However, the reported 
cholesterol binding properties of these reagents are differ-
ent, in that  �  toxin requires high concentration of choles-
terol in membrane ( 16, 17 ). In the present study, we fi rst 
compared the binding of fi lipin and domain 4 of  �  toxin 
(hereafter D4) to cholesterol-containing liposomes. D4 is 
the C-terminal domain of  �  toxin that has cholesterol bind-
ing activity, but does not exhibit cytotoxicity ( 18 ).    Figure 1A   
shows the binding properties of D4. After incubation with 
egg PC or brain SM liposomes containing varying amounts 
of cholesterol, EGFP-D4 bound to the liposomes was re-
covered by centrifugation. The proteins in the pellet frac-
tions were subjected to SDS-PAGE and stained with CBB 
( Fig. 1A ) and SYPRO Ruby. Shown in  Fig. 1B , intensity of 
SYPRO Ruby-stained EGFP-D4 in the bound fractions was 
quantitated. EGFP-D4 did not bind to PC or SM liposomes 
in the absence of cholesterol. The binding of EGFP-D4 to 
liposomes was not detected when the ratio of cholesterol 
to the phospholipids was 35% or less. The result indicates 
that D4 binding requires a high membrane concentration 
of cholesterol, as observed in the case of  �  toxin ( 16, 17 ). 
We did not observe signifi cant difference in the EGFP-D4 
binding between PC/cholesterol liposomes and SM/cho-
lesterol liposomes. These results suggest that the observed 
cholesterol dependence of D4 binding is not affected by 
other membrane lipids. 

 Shown in  Fig. 1C , is the analysis of the cholesterol de-
pendence on the fi lipin binding to liposomes. Filipin has 
a characteristic UV absorption spectrum with four max-
ima. The ratio of absorbance of Peak 3,  �  = 320 nm, to 
Peak 1,  � = 356 nm, was 0.83 ± 0.02 in aqueous solution 
( Fig. 1C ). The binding of fi lipin to cholesterol causes a 
striking spectral change, and the ratio of absorbance of 
Peak 3 to Peak 1 becomes higher than 1 ( 19 ). When fi lipin 
was incubated with PC liposomes without cholesterol, the 
ratio of absorbance of Peak 3 to Peak 1 of fi lipin was 0.81 ± 
0.03 ( Fig. 1C ), indicating that fi lipin did not bind to 
the liposomes. After incubation of fi lipin with liposomes 
containing cholesterol, the ratio of absorbance of Peak 3 
to Peak 1 became higher than 1. Filipin bound to lipo-
somes when cholesterol content was as low as 15%. The 
ratio of absorbance increased gradually when cholesterol 
content was increased from 15% to 30%. Then, the ratio 
became saturated at higher concentrations of cholesterol. 

 Filipin staining 
 Cells were washed and fi xed with 3% paraformaldehyde in 

PBS (pH 7.5) followed by incubation with 50  � g/ml fi lipin for 
30 min at room temperature. 

 Double labeling of cells with fi lipin and organelle 
markers 

 Cells were washed and fi xed with 3% paraformaldehyde in 
PBS (pH 7.5). The cells were quenched with 50 mM NH 4 Cl and 
blocked with 0.1% BSA. After 1 h treatment with the fi rst anti-
bodies, cells were washed and labeled with Alexa Fluor 488-
labeled second antibodies for 30 min. Filipin (50  � g/ml) was 
added both in primary and secondary antibody solutions. Images 
were acquired using In Cell Analyzer 1000 with a 20× objective or 
using a Zeiss LSM 510 confocal microscope equipped with 
C-Apochromat 63XW Korr (1.2 n.a.) objective. 

 Assay of de novo cholesterol synthesis 
 On day 0, cells were seeded in 12-well plates in DMEM contain-

ing 10% FBS. On day 1, the medium was replaced with DMEM 
containing 10% LPDS. On day 2, the cells were labeled with 
0.5  � Ci/ml [ 14 C]acetic acid for 2 h in DMEM containing 10% LPDS 
in the presence of various compounds. Cells were then washed 
three times with PBS, and lipids were extracted and separated on 
high-performance thin-layer chromatography (HPTLC) using 
hexane-diethyl ether-acetic acid (80:20:2, v/v/v) as a solvent. In-
corporation of [ 14 C]acetic acid into the band corresponding to 
cholesterol was quantifi ed by a BAS 5000 Bioimaging Analyzer 
(Fuji Film, Japan). 

 Assay of cholesterol transport 
 Cholesterol transport was analyzed as described ( 20, 21 ) with 

modifi cation. On day 0, cells were seeded in 12-well plates in 
DMEM containing 10% FBS. On day 1, the medium was replaced 
with DMEM containing 10% LPDS. On day 2, the cells were la-
beled with 2  � Ci/ml [ 14 C]acetic acid for 15 min at 37°C in DMEM 
containing 10% LPDS in the presence of various compounds. 
The chase was performed in the presence of compounds in addi-
tion to 8  � M lovastatin and 100  � M mevalonate for 1 h at 37°C. 
During the last 10 min of the chase, the cells were incubated with 
10 mM methyl- � -cyclodextrin. The medium was collected, and 
cells were then washed with PBS and scraped with 0.1% Triton 
X-100. Lipids were extracted from the cell suspension by the 
method of Bligh and Dyer ( 22 ). From the medium, lipids were 
extracted by shaking twice with three volumes of hexane-metha-
nol (2:1). The lipids were separated and analyzed as described 
above. The arrival of cholesterol on the plasma membrane was 
defi ned as the relative portion of [ 14 C]cholesterol radioactivity in 
the medium to the combined [ 14 C]cholesterol radioactivity in 
the medium and the cellular fraction. 

 Quantifi cation of cholesterol content by gas 
chromatography 

 Cells were treated with 12.5  � g/ml compounds for 18 h in 
10% LPDS containing medium. Lipids were extracted from the 
cell suspension by the method of Bligh and Dyer ( 22 ). Stigmas-
terol (2  � g) was added as internal standard before the extraction. 
The lipid extracts were separated on HPTLC using hexane-
diethyl ether-acetic acid (80:20:2, v/v/v) as a solvent. The bands 
corresponding to cholesterol, revealed under UV after spraying a 
nondestructive lipophilic dye, primuline solution, were collected 
and then extracted with a mixture of methanol-water-hexane 
(2:1:2). After centrifugation, the upper hexane phase was col-
lected, dried under nitrogen, and then analyzed with a Shimadzu 
GC-14AH gas chromatograph (Shimadzu, Japan). An Econo-Cap 
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 We then set up the experimental conditions for our cell-
based screening using fl uorescent D4.   Figure 2A    shows 
EGFP-D4 images of HeLa cells grown in DMEM containing 
FBS or LPDS. Living HeLa cells were fi rst labeled with 
EGFP-D4, followed by fi xation, and images were acquired us-
ing In Cell Analyzer 1000. In  Fig. 2B,  the fl uorescence inten-
sity of the microscopic fi eld was divided by the number of 
nuclei using the In Cell Analyzer program, Developer. Cell 
surface was strongly labeled when cells were grown in the 
presence of FBS (control, FBS). The fl uorescence intensity 
was not signifi cantly altered when cells were treated with 8 
 � M lovastatin, an HMG-CoA reductase inhibitor, for 18 h in 
the presence of FBS before D4 labeling (lovastatin, FBS). 

These results indicate that fi lipin detects lower concentra-
tions of cholesterol than EGFP-D4. However, EGFP-D4 is 
more sensitive than fi lipin to detect small alterations of 
cholesterol concentration (e.g., 40% to 35%) when mem-
brane cholesterol is relatively high. Our recent study using 
super resolution fl uorescence microscopy indicates that 
D4 stains cell surface lipid domains in living cells ( 23 ). 
These results suggest that D4 is suitable to label the cell 
surface and detect subtle alterations of plasma membrane 
cholesterol level induced by chemical compounds. Thus, 
we here employed D4 to perform automated fl uorescence 
microscopy screening for compounds that decrease cho-
lesterol in the plasma membrane. 

  Fig.   1.  Binding of EGFP-D4 and fi lipin to cholesterol-containing 
liposomes. A: EGFP-D4 was incubated with PC/cholesterol or SM/
cholesterol liposomes (MLVs) for 30 min at room temperature. 
After centrifugation, the pellet fractions were subjected to SDS-
PAGE followed by CBB staining. B: EGFP-D4 bound to PC/choles-
terol (fi lled bar) and SM/cholesterol liposomes (open bar) was 
stained with SYPRO Ruby, and quantitated as described under MA-
TERIALS AND METHODS. Data are the mean ± average deviation 
of two independent experiments. C: Filipin (10  � M) was incubated 
with 100  � M liposomes (SUVs) for 30 min at room temperature. 
Absorbance at 320 nm (Peak 3) and 356 nm (Peak 1) was deter-
mined as described under MATERIALS AND METHODS. Data 
represent the mean ± SD (n = 3).   

  Fig.   2.  EGFP-D4 and fi lipin labeling of HeLa cells treated with 
lovastatin and U18666A. A: HeLa cells were treated with or without 
8  � M lovastatin and 100  � M mevalonate, or 2  � g/ml U18666A in 
FBS- or LPDS-containing medium for 18 h. Cells were labeled with 
EGFP-D4 and Hoechst 33342 as described in MATERIALS AND 
METHODS. Images were acquired using In Cell Analyzer 1000 
with a 20× objective. Bar = 20  � m. B: Fluorescence intensity of 
EGFP-D4 bound to cells was normalized by cell number as de-
scribed in MATERIALS AND METHODS. Data represent the mean ± 
SD (n = 4). C: HeLa cells were treated with 8  � M lovastatin and 
100  � M mevalonate, or 2  � g/ml U18666A in LPDS-containing me-
dium for 18 h. The cells were labeled with fi lipin as described in 
MATERIALS AND METHODS. Images were acquired using In Cell 
Analyzer 1000 with a 20× objective. Bar = 20  � m.   
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concentration of 0.5, 5 and 50  � g/ml, searching for com-
pounds that decrease the amount of cholesterol in the 
plasma membrane. Images of the cells stained with EGFP-
D4 were acquired using In Cell Analyzer 1000. The EGFP-
D4 fl uorescence intensity of the microscopic fi eld was 
divided by the number of nuclei using the In Cell Analyzer 
program. We selected compounds that decreased the 
EGFP-D4 fl uorescence intensity of cells to approximately 
70% of control. To fi nd hit compounds, we also visually 
checked the EGFP-D4 images of cells, because the labeling 
pattern of the compound-treated cells was sometimes not 
homogeneous. 

 Through this screening, we identifi ed compounds that 
reduced EGFP-D4 labeling in the plasma membrane. 
Among them, 8 compounds have already been reported to 
inhibit cholesterol biosynthesis or change the intracellular 
distribution of cholesterol.   Figure 4    shows the EGFP-D4 
labeling of cells treated with these compounds. Four 
compounds are known HMG-CoA reductase inhibitors, 
statins, such as lovastatin, compactin, simvastatin and 
fl uvastatin ( 10 ). Cells treated with 0.5  � g/ml of these 
compounds showed lower EGFP-D4 fl uorescence in the 

 When cells were grown in LPDS medium, the fl uores-
cence intensity was decreased to 66.0 ± 21.6% compared 
with the cells in FBS medium ( Fig. 2A  control, LPDS and 
 Fig. 2B ). In contrast to its lack of effect in FBS medium, 
lovastatin in LPDS medium treatment signifi cantly de-
creased the fl uorescence (39.6 ± 19.4% compared with 
control in LPDS medium) ( Fig. 2A  lovastatin, LPDS and 
 Fig. 2B ). Cholesterol quantifi cation by gas chromatogra-
phy showed that its content of cells was only slightly de-
creased (93 ± 2.8% compared with LPDS control) under 
these conditions. These results indicate that EGFP-D4 de-
tects subtle changes in cell surface cholesterol and can be 
used to screen compounds that inhibit de novo choles-
terol synthesis. 3- � -[2-(diethylamino)ethoxy]androst-5-
en-17-one (U18666A) is known to accumulate cholesterol 
in the late endosomes ( 24 ) and induces a Niemann-Pick 
type C-like phenotype ( 25, 26 ). U18666A treatment sig-
nifi cantly reduced plasma membrane fl uorescence after 
EGFP-D4 staining both in FBS and in LPDS medium, sug-
gesting that the recycling through the late endosomes 
plays a major role in the maintenance of plasma mem-
brane cholesterol level in HeLa cells. 

 Next, we examined the staining pattern of fi lipin un-
der the same experimental conditions.  Figure 2C  shows 
HeLa cells grown in LPDS medium and stained with fi l-
ipin in the presence and absence of inhibitors. Because 
fi lipin is toxic, cells were fi xed before labeling. Filipin 
penetrated cells and labeled both the plasma mem-
brane and the intracellular compartments. In contrast to 
EGFP-D4 labeling, lovastatin treatment did not signifi -
cantly alter fi lipin labeling, suggesting that fi lipin is not a 
suitable probe to screen inhibitors of de novo cholesterol 
synthesis. U18666A enhanced the intracellular labeling 
of fi lipin, as already reported ( 24 ), and decreased fl uo-
rescence in the plasma membrane, again suggesting the 
importance of cholesterol traffi c from the late endo-
somes in the maintenance of the plasma membrane cho-
lesterol content. 

 In   Fig. 3  ,  we observed EGFP-D4 labeling in Chinese 
hamster ovary (CHO) cells grown in the presence or the 
absence of lipoproteins. In contrast to HeLa cells, LPDS 
dramatically decreased the EGFP-D4 labeling in CHO cells 
( Fig. 3A  control, LPDS and  Fig. 3B ), suggesting that the 
cellular cholesterol in CHO cells was largely dependent on 
exogenous lipoproteins. In support of this idea, lovastatin 
did not signifi cantly alter EGFP-D4 labeling in cells grown 
either in FBS or in LPDS medium. Similar to its effect in 
HeLa cells, U18666A signifi cantly decreased the cell sur-
face fl uorescence of EGFP-D4 in CHO cells cultured in 
both FBS and LPDS media. 

 On the basis of these preliminary assays, in the following 
screening, we employed HeLa cells grown in LPDS me-
dium to screen inhibitors of de novo cholesterol synthesis 
as well as compounds that affect intracellular distribution 
of cholesterol. 

 Chemical library screening by cell labeling with EGFP-D4 
 Using EGFP-D4 labeling, we carried out screening of 

1,056 compounds from RIKEN NPDepo library at a fi nal 

  Fig.   3.  EGFP-D4 labeling of CHO cells treated with lovastatin 
and U18666A. A: CHO cells were treated with or without 8  � M lo-
vastatin and 100  � M mevalonate, or 2  � g/ml U18666A in FBS- or 
LPDS-containing medium for 18 h. Cells were labeled with EGFP-
D4 and Hoechst 33342 as described in MATERIALS AND METH-
ODS. Images were acquired using In Cell Analyzer 1000 with a 20× 
objective. Bar = 20  � m. B: Fluorescence intensity of EGFP-D4 
bound to cells was normalized by cell number as described in MA-
TERIALS AND METHODS. Data are the mean ± average deviation 
of two independent experiments.   
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the EGFP-D4 fl uorescence intensity of the compound-
treated cells is shown as a percentage of control.  Figure 5B  
shows the screening plate images of the control and com-
pound-treated wells. Compounds 2 ( Fig. 5B ) and 14 (data 
not shown) clearly abolished EGFP-D4 labeling in the 
plasma membrane. As observed previously with established 
inhibitors (see  Fig. 4 ), most of the compounds resulted in 
a heterogeneous decrease of EGFP-D4 labeling ( Fig. 5B , 
compounds 3, 5, 13, and 20). The chemical structures of 
the 27 hit compounds that decreased the EGFP-D4 label-
ing are displayed in    Fig. 6  . 

 Effects of the hit compounds on intracellular cholesterol 
distribution 

 We then analyzed the possible molecular mechanism of 
the compound-induced alteration of cholesterol metabo-
lism and distribution. First, we examined the possibility 
that the compounds accumulate cholesterol in intracellu-
lar organelles and decrease the amount of cholesterol in 
the plasma membrane. The 27 hit compounds were fur-
ther analyzed by labeling cells with another cholesterol 
binding probe, fi lipin, to examine effects of the com-
pounds on intracellular cholesterol distribution.    Figure 7   
shows the fi lipin labeling of the cells treated with or with-
out hit compounds. In control cells, cholesterol was local-
ized in the plasma membrane and the Golgi apparatus, 
the latter of which was stained with antibodies to GM130, 
a  cis -Golgi matrix protein ( 32 ). The fi lipin fl uorescence 
pattern of the cells treated with compound 2 was similar to 
that of the control cells. Compound 14 induced an in-
crease of fi lipin intensity in the late endosomes that were 
labeled with antibodies to CD63, which is reported to ac-
cumulate in the late endosomes ( 33 ). Among the 27 hit 
compounds, 10 compounds (compounds 1–10) showed a 
fi lipin fl uorescence pattern similar to that of the control 
cells, as was observed with compound 2 (see  Fig. 7 ). 

 Seventeen compounds (compounds 11–27) accumu-
lated cholesterol in the late endosomes as displayed with 
compound 14( Fig. 7) . Compound 11 was a steroid, trans-
androsterone. Various steroids such as androstenedione 
and progesterone are reported to cause an accumulation 
of cholesterol in the late endosome/lysosomes and to in-
hibit cholesteryl ester formation ( 34, 35 ). This result sug-
gests that trans-androsterone also inhibits cholesterol 
transport from the late endosomes. Folimycin (compound 
24), also called concanamycin, is a specifi c inhibitor of 
vacuolar-type ATPase ( 36 ). Another vacuolar-type ATPase 
inhibitor, bafi lomycin, is reported to accumulate choles-
terol in the late endosomes ( 37, 38 ) and to act in the same 
way as the NPC mutation ( 39 ). It is suggested that the ef-
fects of folimycin on cholesterol accumulation in the late 
endosomes are attributed to its effect on vacuolar-type 
ATPase. 

 Most of compounds 11–27 can be categorized as hydro-
phobic amine. Hydrophobic amines such as imipramine 
are reported to accumulate cholesterol in the late endo-
somes/lysosomes ( 28 ). Amitriptyline (compound 20) is an 
antipsychotic drug. Certain antipsychotic drugs, including 
amitriptyline and imipramine, were shown to activate the 

plasma membrane ( Fig. 4 ). We observed that the cellular 
D4-EGFP labeling was not homogeneous. 

 Among the hit compounds, three of the compounds are 
known to accumulate cholesterol in cells. Hydrophobic 
amines such as imipramine and desipramine have been 
reported to accumulate cholesterol in the late endosomes, 
like U18666A ( 27, 28 ). Treatment with 5  � g/ml imip-
ramine and desipramine decreased the EGFP-D4 labeling 
of the cells ( Fig. 4 ). Amiodarone also decreased the EGFP-
D4 labeling of the cells (data not shown). Amiodarone is 
reported to accumulate cholesterol in the late endosomes 
( 29 ). Cholesterol accumulation is also accompanied by 
phospholipid accumulation as the result of the inhibition 
of lysosomal phospholipase A 2  and sphingomyelinase ac-
tivities through a drug interaction with membrane lipids 
( 29, 30 ). 

 Dimethyl- � -cyclodextrin is known to release cholesterol 
from the plasma membrane ( 31 ). Cells treated with this 
reagent at a concentration of 50  � g/ml displayed lower 
fl uorescence after EGFP-D4 labeling ( Fig. 4 ). The fact that 
known inhibitors of cholesterol metabolism were detected 
by this method indicates that our protocol is appropriate 
to identify compounds that affect cholesterol biosynthesis 
and its intracellular distribution. 

 The other hit compounds were then rescreened at a fi -
nal concentration of 5  � g/ml to confi rm the reproducibil-
ity of the fi rst screening. From the second screening, 27 
compounds were selected that reproducibly decreased 
EGFP-D4 labeling in the plasma membrane. In   Fig. 5A  ,  

  Fig.   4.  EGFP-D4-labeling of HeLa cells treated with the com-
pounds that are reported to inhibit cholesterol biosynthesis and 
intracellular cholesterol distribution. HeLa cells were treated with-
out or with 0.5  � g/ml lovastatin, 0.5  � g/ml simvastatin, 0.5  � g/ml 
compactin, 0.5  � g/ml fl uvastatin, 5  � g/ml desipramine, 5  � g/ml 
imipramine, or 50  � g/ml dimethyl- � -cyclodextrin in LPDS-con-
taining medium for 18 h. Cells were labeled with EGFP-D4 and 
Hoechst 33342 as described in MATERIALS AND METHODS. Im-
ages were acquired using In Cell Analyzer 1000 with a 20× objec-
tive. Bar = 20  � m.   
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in cholesterol metabolism. The structures of compounds 6 
and 7 are similar ( Fig. 6 ). Quantifi cation of cholesterol by 
gas chromatography showed that the free cholesterol con-
tent of compound 6- and 7-treated cells was not signifi -
cantly altered (data not shown). The results suggest that 
compounds 6 and 7 do not remove cholesterol from the 
plasma membrane. It is likely that compounds 6 and 7 in-
hibit the binding of EGFP-D4 to cholesterol. This result 
suggests that these compounds inhibited lipid-protein in-
teraction. Alternatively, these compounds could alter the 
organization of lipid domains. 

 Effects of the hit compounds on de novo cholesterol 
biosynthesis 

 We then examined the effects of compounds 1–5 and 
8–10 on cholesterol biosynthesis. In   Fig. 9  ,  cells were 
labeled with [ 14 C]acetate for 2 h in the presence of the 
compounds, and de novo synthesized cholesterol was de-
termined. The compounds induced distinct profi les of 
[ 14 C]acetate-labeled lipids after TLC analysis ( Fig. 9A ). 
Quantifi cation of the major bands corresponding to cho-
lesterol revealed that compounds 1, 3, 5, and 10 exert po-
tent inhibitory effects on cholesterol synthesis ( Fig. 9C ). 
Compound 4 moderately inhibited cholesterol synthesis 
( Fig. 9C ). The chemical structures of the hit compounds 
are not similar to that of the HMG-CoA reductase inhibi-
tors, statins. Compounds 1, 3, and 4 are steroids. Dexam-
ethasone (compound 1) is reported to affect cholesterol 
synthesis in HeLa S3G cells, depending on the growth con-
ditions ( 42, 43 ). 

 The structures of compounds 5 and 10 are similar. Com-
pounds 5 and 10 induced the formation of two additional 
lipids after [ 14 C]acetate labeling, as shown in  Fig. 9A . 
These bands were also observed after U18666A treatment 

sterol-regulatory element binding protein (SREBP) tran-
scription factors ( 40, 41 ). Although the mechanism is 
unknown, the modulation of the SREBP pathway by 
amitriptyline may be related to the compound-induced ac-
cumulation of cholesterol in the late endosomes. 

 Thus, we can hypothesize that after cell treatment with 
these compounds, cholesterol might accumulate in the 
late endosomes/lysosomes owing to the inhibition of cho-
lesterol exit from these organelles. As a result, the amount 
of cholesterol in the plasma membrane was reduced and 
EGFP-D4 labeling of the cell surface was decreased. 

 Effect of the incubation time of cells with compounds on 
EGFP-D4 labeling 

 We next investigated the mechanisms of the inhibition 
of the EGFP-D4 labeling with compounds 1–10 that did 
not alter intracellular cholesterol distribution. To exam-
ine the possibility that compounds 1–10 directly inhibit D4 
binding to cholesterol, we measured the effects of a short 
incubation time with these compounds. After cell treat-
ment with compounds for 30 min, cells were labeled with 
EGFP-D4 and analyzed.   Figure 8A    shows the EGFP-D4 fl u-
orescence intensity of cells treated with the compounds 
for 30 min, whereas  Fig. 8B  shows EGFP-D4 images of the 
cells treated with the compounds for 18 h or 30 min. Treat-
ment of lovastatin for 30 min did not alter EGFP-D4 label-
ing, whereas 18 h treatment decreased the labeling ( Fig. 8B ). 
The EGFP-D4 labeling of cells was not changed even after 
cell treatment with lovastatin for 6 h (data not shown). 
The results indicate that longer incubation with lovastatin 
is required to decrease the amount of cholesterol in the 
plasma membrane. In contrast, compounds 6 and 7 drasti-
cally decreased EGFP-D4 labeling by treatment as short as 
30 min, suggesting that these compounds are not involved 

  Fig.   5.  EGFP-D4 labeling of cells treated with the 
hit compounds. HeLa cells were treated without or 
with 5  � g/ml compounds in medium with 10% LPDS 
for 18 h. Cells were labeled with EGFP-D4 and 
Hoechst 33342 as described in MATERIALS AND 
METHODS. A: Fluorescence intensity of EGFP-D4 
per cell is shown as a percentage of control. Data are 
the mean ± average deviation of two independent ex-
periments (compounds 2, 5, 7–11, 14–17, 19, 21, 22, 
and 25–27) or mean ± SD of three independent ex-
periments (compounds 1, 3, 4, 6, 12, 13, 18, 20, 23, 
and 24). B: Images of EGFP-D4-labeled cells after 
treatment with hit compounds (compounds 2, 3, 5, 
13, and 20). Images were acquired using In Cell Ana-
lyzer 1000 with a 20× objective. Bar = 20  � m.   
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  Fig.   6.  Chemical structure of compounds that decreased EGFP-D4 labeling in the plasma membrane.   
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cholesterol in a cell surface pool accessible for extraction 
with methyl- � -cyclodextrin after 1 h chase ( 20, 21 ). In con-
trol cells, 30–40% of the newly synthesized cholesterol was 
released into the medium  (  Fig. 10A  ). Newly synthesized 
cholesterol was not signifi cantly detected in the medium 
when cells were chased for a period of 10 min after label-
ing with [ 14 C]acetate for 15 min ( Fig. 10A ), whereas the 
amount of synthesized cholesterol displayed a level similar 
to that of the 1 h chase (data not shown). This result con-
fi rms that transport of newly synthesized cholesterol to 
the plasma membrane can be detected in this assay. In  
Fig. 10B , the cholesterol transport observed in the pres-
ence of the hit compounds is shown as a percentage of the 
control. None of them inhibited cholesterol transport 
from the ER to the plasma membrane. 

 CONCLUSION 

 In the present study, we employed EGFP-D4 as a sensi-
tive cholesterol binding probe for automated fl uorescence 
microscopy screening of compounds that modify intracel-
lular cholesterol metabolism and distribution. The note-
worthy advantages of EGFP-D4 over fi lipin, a commonly 
used cholesterol probe, are  1 ) it is nontoxic and thus can 

but not after lovastatin treatment ( Fig. 9B ). In addition to 
its effect on the accumulation of cholesterol in late endo-
somes/lysosomes, U18666A is reported to inhibit oxi-
dosqualene cyclase, an intermediate step in cholesterol 
synthesis ( 25 ). Inhibition of this enzyme led to the genera-
tion of 2,3-monoepoxysqualene and 2,3;22,23-diepox-
ysqualene, two substrates of oxydosqualene cyclase ( 38, 
44, 45 ). Our results suggest that compounds 5 and 10 in-
hibit oxidosqualene cyclase. They also indicate that com-
pounds 1, 3, 4, 5, and 10 decrease the amount of cholesterol 
in the plasma membranes by inhibition of cholesterol 
synthesis. 

 We also examined the effects of compounds 11–27, 
which accumulated cholesterol in the late endosomes, on 
cholesterol biosynthesis. Shown in supplementary Fig. I, 
cells were labeled with [ 14 C]acetate for 2 h in the pres-
ence of the compounds, and labeled lipids were analyzed 
by HPTLC. Profi les of labeled lipids from cells treated 
with compounds 12–16, 22, and 25–26 were different 
from those of control cells. These profi les are similar to 
that of U18666A-treated cells. The results indicate that a 
number of compounds that accumulate cholesterol in 
the late endosomes also modify cholesterol biosynthesis. 
Indeed, tamoxifen (compound 15) is shown to be an ef-
fective inhibitor of the conversion of lanosterol to choles-
terol, resulting in the accumulation of precursors of 
cholesterol,  � 8 cholesterol, zymosterol, and desmosterol 
in cells ( 46, 47 ). 

 Effects of the hit compounds on cholesterol transport 
from the ER to the plasma membrane 

 We next examined the effects of the hit compounds 
(compounds 1–5 and 8–10) on the cholesterol transport 
from the ER to the plasma membrane. Newly synthesized 
cholesterol was detected by pulse labeling the cells with 
[ 14 C]acetate for 15 min in the presence of the compounds. 
We measured the appearance of newly synthesized [ 14 C]

  Fig.   7.  Filipin labeling of cells treated with hit compounds. HeLa 
cells were treated without or with 12.5  � g/ml hit compounds in 
10% LPDS-containing medium for 18 h. The cells were labeled 
with fi lipin and anti GM130 antibodies or anti CD63 antibodies, as 
described in MATERIALS AND METHODS. Images were obtained 
under a Zeiss LSM510 confocal microscope with 63× objective. 
Bar = 20  � m.   

  Fig.   8.  Effects of incubation time with the hit compounds on 
EGFP-D4 labeling of cells. A: HeLa cells were treated with 12.5  � g/ml 
hit compounds or 8  � M lovastatin in LPDS-containing medium for 
30 min. Cells were labeled with EGFP-D4 and Hoechst 33342, and 
fl uorescence intensity of EGFP-D4 bound to cell surface was nor-
malized by cell number as described in MATERIALS AND METH-
ODS. Data represent the mean ± SD (n = 4). B: HeLa cells were 
treated with DMSO, 8  � M lovastatin, 12.5  � g/ml compound 6, or 
compound 7 in 10% LPDS-containing medium for 18 h or 30 min. 
Cells were labeled with EGFP-D4 and Hoechst 33342. Images 
were acquired using In Cell Analyzer 1000 with a 20× objective. 
Bar = 20  � m.   
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