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a b s t r a c t

Lipid rafts are cholesterol-enriched microdomains in the plasma membrane. They act as

molecular platforms that spatially organize membrane receptor molecules and are involved

in the transduction of various signaling pathways. We recently reported that in the radio-

sensitive squamous cell carcinoma SCC61 line, g-irradiation results in a rearrangement of

the plasma membrane rafts and signaling platforms leading to radiation-induced apoptosis

in a ceramide-dependent pathway. By contrast, this reorganization was found to be

defective in the radioresistant counterpart cell line, SQ20B. As the cholesterol content of

lipid rafts is two times higher in SQ20B compared with SCC61 cells, we investigated the

modulation of these microdomains using methyl-beta-cyclodextrin (MbCDX), a widely used

cholesterol-depleting agent, in order to disrupt raft organization in both cells. Here, we

report that MbCDX treatment resulted in the triggering of apoptosis in SCC61 cells involving

mitochondrial events and associated with the clustering of Fas, the formation of Fas–FADD

complexes and the cleavage of procaspase 8. The ligand-independent activation of this

death receptor was totally absent in SQ20B cells, which remained resistant to MbCDX-

triggered apoptosis. However, treatment of SQ20B with MbCDX resulted in a ligand-inde-

pendent activation of the epidermal growth factor receptor (EGFR) survival pathway, as

evidenced by an increased tyrosine phosphorylation of EGFR. Taken altogether, our results

indicate that lipid raft integrity is intimately involved in the triggering of apoptotic cell death

and/or survival pathways in head and neck carcinoma cells.
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1. Introduction

Cholesterol is an abundant component of the plasma

membrane of eukaryotic cells that plays a pivotal role in the

regulation of membrane fluidity, permeability, receptor func-

tion and ion channel activity [1–4]. The lateral distribution of

cholesterol in the membrane is not uniform and its content is

particularly high in raft microdomains that are also enriched

in gangliosides and sphingolipids [5,6]. These domains have

been reported to act as molecular platforms that spatially

organize membrane receptor molecules [3,7]. The association

of receptors with lipid rafts often enhances the efficiency of

signaling, as has been demonstrated for B and T cell antigen

receptors [3,7,8]. Moreover, there is growing evidence that lipid

rafts are involved in the signal transduction of various

pathways, coupled either with glycosylphosphatydyliositol-

anchored proteins or with receptor tyrosine kinases [3,9,10]. A

variety of studies have demonstrated that many stimuli such

as CD95 (or Fas), CD40, FcgRII, CD20, cisplatin, UV light and

gamma radiation (g-radiation) can induce the formation of

membrane platforms, a fundamental process in the initiation

of signal transduction (see [11] for review). This reorganization

is of crucial importance in the initiation and regulation of

inflammatory processes and apoptosis. Thus, redistribution of

death receptors such as Fas to cholesterol-enriched lipid

domains has been proposed to be an important regulatory step

during the activation of the apoptotic death program [12–14].

Numerous studies reported that depletion of cholesterol,

which is present at higher concentrations in lipid rafts than in

the bulk plasma membrane, can alter the function of a variety

of membrane receptors [15], and signaling pathways at the cell

surface [16,17]. Methyl-b-cyclodextrin (MbCDX) is a water-

soluble cyclic heptasaccharide that binds cholesterol with

high specificity and has been widely used to disrupt the

integrity of these domains [18–20]. However, the effect of this

cholesterol-depleting agent on the triggering of the apoptotic

death process is still a matter of debate. In HaCaT cells,

Gniadecki [21] found that raft disruption resulted in a ligand-

independent Fas activation, thereby triggering the cleavage of

pro-caspase-8. By contrast, Hueber et al. [22] reported that in

mouse thymocytes and L12.10-FasT cells, raft disruption

abolishes the Fas-mediated formation of the death-inducing

signaling complex (DISC) thus inhibiting Fas-induced cell

death. Additional experiments demonstrated that raft dis-

ruption by MbCDX prevents apoptotic cell death induced by

various stimuli including UVB irradiation [23], CD95 stimula-

tion [12,24–26] or various antitumor agents [27,28]. However,

MbCDX treatment causes cell death in unstimulated acute

myeloid leukaemia cells [29], but not in the lymphoma cell line

SW49 [27].

Our group previously demonstrated that SCC61, a model of a

human squamous cell carcinoma line, can undergo apoptosis

after Fas induction [30] and after g-irradiation [31], while this

apoptotic pathway is defective in the resistant counterpart

SQ20B cell line after these two stimuli. Moreover, we recently

reported [32], that g-irradiation of the radiosensitive SCC61 cells

resulted in the coalescence of pre-existing lipid rafts to larger

domains. This recruitment was immediately followed by the

production of ceramide in these domains, leading to the

triggering of apoptosis in a ceramide-dependent pathway,
24 h after irradiation of SCC61 cells [31]. By contrast, the

rearrangement of the plasma membrane rafts and ceramide

release were found to be defective in the radioresistant SQ20B

cell line [32], a result that could partially explain the defect of the

apoptotic response following either Fas or g-radiation. Based on

these considerations, it was therefore of great interest to

determine if lipid rafts are intimately involved in the control of

apoptotic death in squamous cell carcinoma SCC61 and SQ20B.

As the lipid composition of rafts could directly affect the

physicalproperties of the membrane, such as thickness, fluidity

or lateral domain formation [2,33], we investigated whether the

composition of lipid rafts in these two cell lines and its

modulation by MbCDX could play a significant role in the

triggering of the apoptotic pathway.
2. Materials and methods

2.1. Antibodies and reagents

The following antibodies were used: rabbit anti-Fas (clone C-

20), mouse anti-Fas coupled to agarose (clone B-10), rabbit

anti-FADD (clone H-181), rabbit anti-EGFR (clone 1005), rabbit

anti-phosphorylated EGFR (Tyr 1173) and horseradish perox-

idase conjugated to secondary antibodies against rabbit and

mouse antibodies were purchased from Santa Cruz Biotech-

nology (Santa Cruz, CA), mouse anti-caspase 8 (clone 5F7) from

Euromedex (Mudolsheim, France), mouse monoclonal anti-

GAPDH was obtained from Biodesign. FITC-labeled goat a-

mouse IgG and FITC labeled goat a-rabbit IgG were purchased

from Jackson ImmunoResearch Laboratories (West Grove, PA).

Methyl-beta-cyclodextrine (MbCDX) and pOH phenyl acetic

acid were purchased from Sigma–Aldrich (St Louis, MO).

2.2. Cell culture and irradiation

The human head and neck squamous cell carcinoma lines

(HNSCC), SQ20B and SCC61 were obtained from J.B. Little

(Laboratory Department of Cancer Biology, Harvard School of

Public Health, Boston, USA) [34], cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) (Gibco, Invitrogen), at

37 8C in 5% CO2. The culture medium was supplemented with

10% (v/v) heat inactivated fetal calf serum, 100 units/ml

penicillin and 100 mg/ml streptomycin, 0.4 mg/ml hydrocorti-

sone and 0.1% fungizone (all from Gibco, Invitrogen). SQ20B

and SCC61 cells were irradiated with X rays at room

temperature for 4.16 min at 2.4 Gy/min, corresponding to

10 Gy, with the Saturn 42 irradiator (Varian Medical Systems,

Palo Alto, CA).

2.3. Isolation of rafts membrane

Membrane rafts were isolated from cells as previously

described [35]. For each preparation, 10 � 107 cells were

washed twice with PBS. Cells were scraped and pelleted by

centrifugation, resuspended in 1 ml of ice-cold Tris Buffer

Saline (TBS) (150 mM NaCl, 5 mM EGTA, 10 mM Tris-HCl, pH

7.5), containing 1% (w/v) Triton X100 and protease inhibitors

(protease inhibitors cocktail tablets, EDTA free, Roche, France).

The sample was homogenized in a Dounce (20 times), adjusted
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to 40% (w/v) sucrose in TBS and loaded under a 5–30% (w/v)

linear sucrose gradient in TBS. Following centrifugation in a

SW55Ti Rotor at 34000 rpm for 20 h at 4 8C, six fractions of

900 ml were collected from the top and stored at�80 8C. Protein

concentrations were measured by the bicinchoninic acid (BCA)

method using bovine serum albumin as standard. As control

and described previously [32], caveolin-1 was used as a marker

of caveolae, whereas GAPDH was found in soluble membrane

fractions.

2.4. Quantitative analysis of fatty acid, cholesterol,
oxysterol and phospholipids from SQ20B and SCC61 rafts
and non-rafts fraction

2.4.1. Sterols, phospholipids and fatty acids analysis from raft

and non-rafts fractions

Lipids of 300 ml of sample were extracted by chloroform/

methanol (3:2, v/v) with 50 mg/l of BHT. Epicoprostanol (m/z

370), 19 hydroxycholesterol (m/z 353), dimyristoylphosphati-

dylcholine (m/z 678), lauroylsphingomyéline (m/z 647) and

lauroyllysophosphatidylcholine (m/z 440) were used as internal

standards for cholesterol, oxysterols, phosphatidylcholine,

sphingomyelin and lysophosphatidylcholine, respectively.

2.4.2. Phospholipids analysis
An aliquot of the chloroformic phase was evaporated and 100 ml

of chloroform/methanol (4:1, v/v) was added for quantitative

LC/MS. Phospholipids analysis was performed on a Hypersil Si

2 � 200 mm column (Agilent Technologies) with a binary

gradient of solvent A (5 mM ammonium acetate in chloro-

form/methanol (4:1, v/v) and solvent B (5 mM ammonium

acetate in chloroform/methanol/water 6:3.4:0.5, v/v/v) [36].

Elution was performed at a flow rate of 0.3 ml/min. Positive

ESI-MS was performed on a MSD 1100 single quadrupole Mass

Spectrometer (Agilent Technologies). The orifice voltage was

set at 120 V, the capillary voltage at 3.5 kV, the drying gas flow at

8 l/mn and scan range from m/z 400 to 950.

2.4.3. Cholesterol and oxysterols analysis
Another aliquot of the chloroformic phase was evaporated,

60 ml of KOH 10 M and 1 ml of methanol were added and tubes

were incubated during 2 h at 37 8C. After incubation, 2 ml of

chloroform and 1ml of water were added, tubes were shaken,

centrifuged and the chloroformic phase was evaporated. 100 ml

of a mixture of bis(trimethylsilyl)trifluoroacetamide/trimethyl-

chlorosilane 4:1 (v/v) (Acros organics) [37] was added, tubes

were incubated 1 h at 80 8C, evaporated and 100 ml of hexane

was added. Trimethylsilylethers of sterols analysis was

performed by GC/MS in a 6890 gas chromatograph coupled

with a 5973 Mass Detector (Agilent Technologies). The column

was a HP-5MS 30 m � 0.25 mm (Agilent Technologies), helium

was used as the carrier gas. The GLC operating conditions were

as follows: injector temperature was 250 8C and oven tempera-

ture was programmed, after injection, at a rate of 10 8C/min

from 180 to 260 8C then at a rate of 1 8C/min to 280 8C. The MSD

operating conditionsfor EI-MS were: source temperature230 8C,

ionising voltage 70 eV. The mass spectrometer was operated in

the selected ion monitoring mode.The ionsusedfor analysis (m/

z) were as follows: cholesterol: 368, epicoprostanol: 370, 7l and

7b-hydroxy-cholesterol: 456 and 7-ketocholesterol: 472.
Concentrations of phospholipids and sterols were deter-

mined from the ratio of the peak area corresponding to one

given molecule to the peak area corresponding to the internal

standard. Levels were determined by comparison of this ratio

with a standard curve of known amounts of cholesterol,

oxysterols and different species of phospholipids.

2.5. Treatment with MbCDX and quantification of
cholesterol

Cells were switched to the serum-free DMEM before incubation

with the indicatedconcentrations of MbCDX dissolved in DMEM

at 37 8C. For experiments with irradiation, MbCDX was added

1 h before irradiation. Quantification of total cell content of

cholesterol was measured as previously reported [38]. Cells

were scraped and extracted for 4 h with chloroform/methanol

(1:1, v/v). After centrifugation, the organic phase was collected

and dried under nitrogen for cholesterol quantification; the

pellet was dissolved in 1 ml of NaOH for protein determination

by the bicinchoninic acid method. For cholesterol determina-

tion, 1 ml of solution (0.1 M K2HPO4/KH2PO4 buffer, pH 7.4,

0.5%TritonX100 (w/v), 0.4%pOH phenylacetic acid (w/v), 20 mM

Na cholate, 0.25% 45 U cholesterol oxidase (w/v), 10 U/ml

peroxydase, 0.1% 55 U cholesterol esterase (w/v)) was added

on dried sample and incubated 30 min at 37 8C. The fluores-

cence intensity was measured on the RF 5301 PC spectro-

fluorophotometer (Shimadzu), withlexcitation at 320 nm andl

emission at 402 nm. Treatment of SQ20B and SCC61 cells with

1% MbCDX for 1 h led to approximately a 60–70% decrease in the

cellular cholesterol level.

2.6. Clonogenic assay

SCC61 and SQ20B cells were seeded on 25 cm2 plastic flask

(Corning, Int, NY, USA) and allowed to adhere overnight. Next

morning, cells were treated with MbCDX, at different

concentration (0.1–1%) and during different time (15 min to

8 h). Then cells were cultured in DMEM/FCS for 12 days and

fixed with ethanol 30 min and stained 1 h with crystal violet

(1%, w/v). Visible colonies larger than 2 mm in diameter were

counted manually.

2.7. BrdU labeling for necrosis quantification

Necrotic and apoptotic cells were quantified using the Cellular

DNA fragmentation ELISA kit (Roche Diagnostics, Penzberg,

Germany). Briefly, SQ20B and SCC61 cells were incubated

overnight with 10 mM bromodeoxyuridine (BrdU). After serum

depletion and treatment with 1% MbCDX for 1 h, the

measurement of apoptotic cell death was performed using

the BrdU assay. The BrdU-labeled DNA was detected and

quantified using a monoclonal anti-BrdU-antibody–peroxi-

dase conjugate followed by photometric measurement at

450 nm (reference wavelength 690 nm).

2.8. Flow cytometry

For cell-cycle analysis, cells were pelleted and fixed in ice-cold

70% ethanol and stored at �20 8C for at least 24 h before

labeling. After washing with PBS and subsequent centrifuga-
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tion, cells were re-suspended in a solution containing 0.5 ml

propidium iodide (500 mg/ml), 0.25 ml RNAse (1 mg/ml) and

0.25 ml PBS and incubated for 15 min in the dark at room

temperature before flow-cytometric analysis on a Coulter

Epics XL.MLC (Beckman Coulter, Villepinte, France). Hypodi-

ploid (apoptotic) cells appear in the cell-cycle distribution as

cells with DNA content less than G1.

The estimation of reactive oxygen species (ROS) was quantified

after incubation of cells with 4 mM hydroethidine (HE) in the

dark for 20 min, which permeates the cell membrane and can

be oxidized into red fluorescent ethidium bromide (Eth) in the

presence of superoxide anion. By flow cytometry, 10,000 events

for each sample were analyzed for red fluorescence (FL2).

To measure the mitochondrial membrane potential (Dcm), cells

were incubated in the dark for 20 min with 5 mg/ml JC-1. This

cyanine dye has the property of accumulating in the

mitochondrial membrane potential and to form J-aggregates

with a characteristic absorption and emission spectra. After

analysis of 10,000 events by flow cytometry, the increase of

green fluorescence (FL1), corresponding to monomer forma-

tion in the dye, was taken as a measure of decreased Dcm.

2.9. Western immunoblotting

Cell pellets were lysed in 50 mM Tris buffer (pH 8.0), 150 mM

NaCl, 1% Triton X-100 and protease inhibitors (protease

inhibitor cocktail tablets, EDTA-free, Roche, Meylan, France),

for 1 h at 4 8C. Lysates were centrifuged for 20 min at 15,000 � g

and an aliquot of the supernatant was mixed with denatura-

tion buffer (125 mM Tris–HCl, pH 6.8, 4% SDS, 5% b mercap-

toethanol, 0.05% bromophenol blue) for 5 min at 100 8C.

Proteins were separated on 12% polyacrylamide gel by

electrophoresis, transferred to a nitrocellulose membrane

(Bio-Rad) and blocked with 5% nonfat milk in TBS–Tween 20

(0.05%) at room temperature for 1 h. Blots were incubated then

with primary antibody for overnight: rabbit anti-FAS (dilution

at 1/3008 in TBS–Tween 0.05%–fat milk 5%), rabbit anti-FADD

(dilution at 1/3008 in TBS–Tween 0.2%–non-fat milk 5%), rabbit

anti-EGFR (dilution at 1/3008 in TBS–Tween 0.05%–fat milk 5%),

rabbit anti-phosphorylated EGFR (Tyr 1173, dilution at 1/2008

in PBS–Tween 0.5%–fat milk 5%), mouse anti-caspase 8

(dilution at 1/10008 in PBS–Tween 0.05%–fat milk 3%) or mouse

anti-GAPDH (dilution at 1/15,0008 in TBS–Tween 0.05%–fat

milk 5%). Membranes were washed before addition of anti-

rabbit or anti-mouse IgG secondary antibodies and incubated

for 1 h at room temperature. Proteins were visualized using an

ECL kit (Pierce, Amersham Bioscience) and exposed to a

Biomax MR film (Eastman Kodak).

2.10. Immunoprecipitation

Fas immunoprecipitation: Cells were lysed in ice-cold RIPA buffer

(Tris–HCl 50 mM, pH 7.2, NaCl 150 mM, SDS 0.1%, NP40 1%,

deoxycholate 0.5% and Roche’s complete protease inhibitor)

and cell lysates (600 ml) were immunoprecipitated overnight at

4 8C with a mouse monoclonal anti-Fas antibody coupled to

agarose. Immunocomplexes were resolved by SDS-PAGE,

blotted on PVDF membranes, and probed with specific

antibodies. After incubation with a secondary antibody,

proteins were detected by ECL chemiluminescence.
2.11. Confocal microscopy

Cells were cultured on 24 mm � 24 mm coverslips in 24-well

microtiter plates, one night before the experiments. Cells

were treated or not with MbCDX, fixed for 10 min in 4% PFA

(w/v) in PBS and washed in PBS containing 3% BSA (w/v) and

10 mM Hepes (PBS-BSA-Hepes). Cells were then incubated

for 45 min with a mouse polyclonal anti-FAS and a rabbit

anti-FADD (1:100 dilution) or with rabbit anti-phosphory-

lated EGFR (dilution at 1:100). Cells were then washed and

stained for 45 min with FITC-labeled goat anti-rabbit or anti-

mouse (1:200 dilution). After a final wash, cells were

mounted on glass cover slips with Fluoprep mounting

medium. Control staining was performed with secondary

antibodies alone. Slides were examined at the Quantimetry

Platform of Rockefeller (Pr Tourneur, Lyon, France) with

a Leica TCS SP2 Confocal microscope (Germany) using a

Plan-Apochromat 63� objective (1.4 oil). An argon laser at

488 nm was used to excite FITC (emission 515–540 nm) and a

helium–neon laser was filtered at 633 nm or 550 nm to excite

AlexaFluor 647 and AlexaFluor 488 (emission 680 nm

and 570 nm), as regulated by SP2 software (Leica). For

co-localization, images were recorded in multitracking

mode and images were obtained using Image J software

(Leica).

2.12. Statistical analysis

All data were analyzed and presented as mean � S.D. (n < 10).

The significance of differences between populations of data

were assessed according to the Student’s two-tailed t-test with

a level of significance of at least p < 0.05 (alpha conventionally

equal to 0.05).
3. Results

3.1. Comparative study of lipids in raft and non-raft
fractions extracted from SQ20B and SCC61 cells

Our previous results showed a defective rearrangement after

ionizing radiation of plasma membrane raft microdomains in

radioresistant SQ20B cells, compared with radiosensitive

SCC61 cells [32]. We therefore investigated the lipid composi-

tion of both nondetergent resistant-membrane and detergent

resistant-membrane fractions in the two cell lines. Lipids were

extracted and major lipid components of raft fractions

(sphingomyelin, phosphatidylcholine, lysophosphatidylcho-

line, cholesterol and oxidized cholesterol) analyzed by LC/MS

and GC/MS. Although sphingomyelin and cholesterol were, as

expected, enriched in the detergent resistant-membrane

fractions of both cell lines, the results reported in Table 1

indicate that the major difference in lipid raft content was in

cholesterol, which was twice as high (2.678 � 0.313 nmol/mg

of protein) in SQ20B rafts as in rafts from SCC61 cells

(1.367 � 0.026 nmol/mg of protein, p < 0.01). By contrast,

oxysterols were found to be higher in the radiosensitive

SCC61 cell line compared with SQ20B. No other major

differences between these two cell lines in the lipid composi-

tion of rafts were found.



Table 1 – Lipid composition of lipids in rafts and non-rafts fraction isolated from SCC61 and SQ20B cells by density
gradient centrifugation

SCC61 rafts
(nmol/mg prot.)

SQ20B rafts
(nmol/mg prot.)

SCC61 non-rafts
(nmol/mg prot.)

SQ20B non-rafts
(nmol/mg prot.)

Sphingomyelin 0.210 � 0.0001 0.260 � 0.036 0.007 � 0.0001 0.003 � 0.0001

Phosphatidylcholine 0.636 � 0.052 0.857 � 0.127 0.001 � 0.0001 0.015 � 0.0001

Lysophosphatidylcholine 0.001 � 0.0001 0.002 � 0.003 0.002 � 0.0001 0.03 � 0.0001

Cholesterol 1.367 � 0.026 2.678 � 0.313 0.152 � 0.005 0.224 � 0.008

7l OH cholesterol (�10�3) 0.550 � 0.046 0.068 � 0.006 0.105 � 0.009 0.007 � 0.0001

7b OH cholesterol (�10�3) 0.338 � 0.014 0.126 � 0.013 0.098 � 0.005 0.016 � 0.001

7-Keto cholesterol (�10�3) 1.061 � 0.212 0.407 � 0.057 0.125 � 0.03 0.041 � 0.001

Lipids from rafts and non-rafts fractions isolated from SCC61 and SQ20B cells were analyzed by LC/MS for phospholipids studies and GC/MS for

sterols analysis, as detailed in Section 2. The concentration of each class of lipids was determined from the ratio of the peak area

corresponding to a given molecule to the peak area corresponding to the internal standard. Quantitation was determined by comparison of

this ratio with a standard curve of known amounts of different species of phospholipids, cholesterol and oxysterols, reported to mg of protein

content, respectively, in rafts or non-rafts fractions (nmol/mg of proteins). The data represent the mean � S.D. for two determinations.
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3.2. MbCDX induces cell death in cultured SCC61 and
SQ20B cells

In light of the results reported above, we next investigated the

effects in our two cell lines of the cholesterol-depleting agent,

MbCDX, used for lipid raft disruption. Cells were starved in

serum-free Dulbecco’s minimal essential medium for 12 h

before treatment with MbCDX in order to avoid receptor

activation by growth factors present in fetal calf serum. In the

initial series of experiments, we checked for the influence on

cultured SQ20B and SCC61 cells of MbCDX concentration and

incubation time. The cell survival curves obtained after the

clonogenic assay show that the treatment with MbCDX

resulted in a time- and concentration-dependent reduction

in cell number (Fig. 1), which seemed to be more marked in

SCC61 cells than in SQ20B cells. We found that less than 25% of

SCC61 cells survived after a 1 h treatment with 1% MbCDX,

whereas about 50% of SQ20B cells survived under the same

experimental conditions. Thus, SCC61 cells seemed to be more

sensitive than SQ20B cells to MbCDX.

As a significant percentage of cell death was measured

in the two cells lines in the presence of MbCDX, we next

determined the percentage of cells undergoing apoptosis
Fig. 1 – Effect of cholesterol depletion by MbCDX on cell viability

with 0.1, 0.5 or 1% (w/v) MbCDX for 15, 30, 60 or 480 min. Cell via

and staining, 12 days post-treatment. Colonies with more than

established. Values represent the means of three independent
and/or cell-mediated cytotoxicity using the DNA fragmen-

tation ELISA assay. As shown in Fig. 2A, MbCDX was

found to trigger apoptosis in SCC61 cells, but not in SQ20B

cells even after incubation with higher concentrations of

MbCDX (2 and 5%, for 2 and 5 h) (data not shown). By

contrast, we found a significant increase of necrotic SQ20B

cells, at times up to 60 min (Fig. 2D) after treatment with

MbCDX.

3.3. Triggering of apoptosis induced by cholesterol
depletion in SCC61 cells

In order to confirm these results, we performed a cell-cycle

analysis to evaluate the percentage of sub-G1 cells as an index

of apoptosis. As depicted in Fig. 3A, a significant sub-G1 phase

occurred 4 h after treatment of SCC61 cells with 1% MbCDX for

1 h that increased to 55%, 48 h after treatment. Similar results

were obtained with g-radiation alone. The combination of

both treatments (g-radiation and MbCDX, 1 h before radiation)

resulted in a reinforcement of the MbCDX effect on SCC61 cells

of g-radiation. In SQ20B, few cells (less than 10%) were

detected in the sub-G1 phase under the same conditions of

treatment (g-radiation and/or MbCDX) (Fig. 3B).
of SCC61 and SQ20B cells. Serum-starved cells were treated

bility was measured by the clonogenic assay, after fixation

64 cells were counted and the survival curve was

experiments of SCC61 cells (Panel A) and SQ20B (Panel B).



Fig. 2 – Induction of apoptosis in SCC61 cells and necrosis in SQ20B cells by MbCDX. Serum-starved cells were treated with

1% MbCDX for 15, 30 or 60 min and then incubated in complete medium at 37 8C for 48 h. Apoptotic and necrotic cells were

quantified using the Cellular DNA fragmentation ELISA Kit (Roche Diagnostics) in a 96-well plate as described in Section 2.

Apoptosis (Panels A and C) was measured by detection of BrdU-labeled DNA fragments in the cytoplasm of apoptotic cells

whereas necrosis (Panels B and D) was estimated by the detection of BrdU-labeled DNA fragments released into the culture

medium. Values represent the mean W S.D. of two independent experiments performed in triplicate (*p < 0.05).

Fig. 3 – Kinetics of cell-cycle progression in SCC61 cells and SQ20B cells after MbCDX treatment. SCC61 (Panel A) and SQ20B

(Panel B) cells were irradiated at 10 Gy, treated with MbCDX (1% for 1 h) or treated for 1 h with MbCDX before irradiation at

10 Gy. Thereafter, cells were incubated in a complete culture medium at 37 8C and analyzed 2, 4, 24 and 48 h after treatment.

Cell-cycle analysis was performed using flow cytometry and propidium iodide-labelling. Results are expressed as the

percentage of cells in each phase according to their DNA content. Values represent the mean W S.D. of two independent

experiments performed in triplicate (*p < 0.05).
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Fig. 4 – Intracellular content of reactive oxygen species (ROS) and mitochondrial membrane potential (Dcm) measured in

reponse to MbCDX alone or in combination with g irradiation. SCC61 (Panels A and C) and SQ20B (Panels B and D) cells were

irradiated at 10 Gy, treated with MbCDX (1% for 1 h) or treated for 1 h with MbCDX before irradiation at 10 Gy. Thereafter,

cells were incubated in a complete culture medium at 37 8C and analyzed 2, 4, 24 and 48 h after treatment. ROS generation

was assessed by the conversion of hydroethidine (HE) to ethidium and 10,000 events were analyzed by flow-cytometry for

red fluorescence (FL2) (Panels A and B). Dcm was assessed after JC-1 labelling and 10,000 events were analyzed for green

fluorescent (FL1) (Panels C and D). Results are expressed as the percentage of cells with a high Dcm. Values represent the

mean W S.D. of two independent experiments performed in triplicate (*p < 0.05).

Fig. 5 – Activation of caspase-8 in SCC61 cells after

cholesterol depletion with MbCDX. Serum-starved SCC61

and SQ20B cells were treated with MbCDX (2% for 2 or 5 h)

and then cells were lysed. Thirty micrograms of proteins

from each sample was subjected to immunoblotting

analysis using antibodies specific for pro-caspase-8 (54/

55 kDa) and GAPDH (37 kDa) (loading control).
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Given the crucial role played by mitochondria in the

execution of apoptosis, we evaluated the ability of the MbCDX

to trigger the mitochondrial events involved in the apoptotic

process in SCC61 and SQ20B cells. As shown in Fig. 4A,

incubation of SCC61 cells with 1% MbCDX for 1 h induced the

generation of reactive oxygen species (ROS), an effect that was

already significant at 4 h and increased up to 48 h after

treatment. In the same way, we observed an alteration in the

mitochondrial permeability transition channel: MbCDX

induced a decrease of the number of SCC61 cells with a high

mitochondrial membrane potential (Dcm) 4 h after treatment

(75% of the control), which fell to 51%, 48 h after MbCDX

treatment (Fig. 4C). As previously observed with flow cyto-

metry, the combination of MbCDX with g-radiation, strength-

ened this apoptotic effect, as evidenced by the increase of ROS

generation up to 58% and the decrease of cells with a high Dcm

(27% instead of 75%). In SQ20B cells, MbCDX did not influence

ROS generation or Dcm, discounting any direct effect of this

treatment, alone or in combination with g-radiation on

mitochondria (Fig. 4B and D).

3.4. Cholesterol depletion induces a ligand-independent
activation of Fas and apoptosis of SCC61 cells

We next examined which signaling pathway might be

involved in the MbCDX-induced apoptosis of SCC61 cells. As

shown in Fig. 5, MbCDX-induced apoptosis was associated

with an increased proteolytic cleavage of procaspase 8. As

expected, no cleavage of procaspase-8 occured in SQ20B cells
treated under the same conditions. This result suggested the

involvement of a membrane death receptor, possibly Fas, and

of DISC formation in response to MbCDX treatment of SCC61

cells.

Further support for this hypothesis was provided by

fluorescence imaging of the Fas receptor (Fig. 6). MbCDX

caused a striking aggregation of Fas in the membrane that was

perceptible from 5 to 10 min after treatment of SCC61 cells. Fas

aggregation seemed to be functional, since receptor clusters

colocalized with FADD (Fig. 6B), whereas no colocalization was

observed in untreated SCC61 cells or SQ20B cells treated with

MbCDX (Fig. 6A and C, respectively).



Fig. 6 – Induction of Fas clustering in SCC61 cells after cholesterol depletion with MbCDX. Serum-starved SCC61 and SQ20B

cells were treated with MbCDX (1% for 10 min), fixed with 4% PFA and analyzed by confocal microscopy using specific

antibodies: anti-Fas coupled to FITC (green emission) and anti-FADD coupled to Alexa 647 (red emission). An overlap

between Fas and FADD immunoreactivities suggests formation of Fas–FADD complexes (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of the article.).
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To further substantiate this claim, we immunoprecipitated

the DISC in MbCDX-treated cells using a specific anti-Fas

antibody coupled to agarose and separated protein complexes

by SDS-polyacrylamide gel electrophoresis. Western blotting

revealed increased amounts of FADD and caspase-8 in anti-

Fas precipitates of SCC61 cells after treatment with MbCDX

(1% for 15 min), indicating DISC formation in SCC61 cells,

whereas in SQ20B cells, no DISC formation was observed

(Fig. 7A). As a control, no modification of Fas expression in

SQ20B or SCC61 cell lysates was observed (Fig. 7B), which rules

out any over-expression of this receptor after MbCDX

treatment.

3.5. Cholesterol depletion activates the epidermal growth
factor receptor (EGFR) survival signaling pathway in
SQ20B cells

To better understand the difference of response of MbCDX

treatment between SQ20B and SCC61 cells, we investigated

the EGFR survival-signaling pathway, which has been pre-

viously described to be potentially activated independently of

the presence of EGF [39]. Before elucidating whether or not
EGFR clusters in the membranes of cholesterol-depleted cells

contained activated receptors, we first observed that EGFR was

overexpressed in SQ20B cells compared with SCC61 cells even

in the absence of treatment with MbCDX (Fig. 8A). To

determine whether cholesterol depletion in SQ20B cells

contributed to the EGFR auto-phosphorylation, we made use

of a specific antibody raised against a phosphorylated form of

EGFR (phosphorylation on Tyr-1173) since the phosphoryla-

tion of this site by Src kinases was previously reported to be

characteristic of an activated form of EGFR [40]. As shown in

Fig. 8B, treatment of SQ20B cells with 2% MbCDX for 1 h was

associated with an increase in EGF-stimulated receptor

autophosphorylation. By contrast, no phosphorylation of

EGFR was observed in SCC61 cells after cholesterol depletion

with MbCDX (data not shown). This result was confirmed with

fluorescent microscopy imaging (Fig. 8C), which showed a

significant increase of fluorescence in SQ20B cells after

treatment with MbCDX, compared to untreated cells, corre-

sponding to the phosphorylated EGFR. As expected, no

fluorescence was observed in SCC61 cells regardless of the

incubation time and the concentration of MbCDX used

(Fig. 8C).



Fig. 7 – Activation of Fas and formation of Fas–FADD complexes in SCC61 cells after cholesterol depletion by MbCDX. Panel

A: serum-starved SCC61 and SQ20B cells were preincubated with or without 1% MbCDX for 15 or 60 min at 37 8C and lysed

with RIPA buffer. Lysates (300 mg) were immunoprecipitated with anti-Fas antibody coupled to agarose, before being

denaturated and analyzed by SDS-polyacrylamide gel electrophoresis. Proteins were transferred to nitrocellulose and

analyzed by Western blotting with anti-Fas (as control), anti-FADD and anti-caspase-8 antibodies. As a control, the

expression of Fas was analyzed (Panel B) in SCC61 and SQ20B cells after treatment with MbCDX. Thirty micrograms of cell

lysates was subjected to SDS-PAGE and immunoblotted using anti-Fas and anti-GAPDH (loading control) antibodies.
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4. Discussion

Cyclodextrins such as MbCDX can reversibly remove choles-

terol from the plasma membrane [17,41]. This property has

made MbCDX an agent that is used extensively to study the

function of rafts which are membrane microdomains whose

integrity and structure mainly depend on the presence of a high

concentration of cholesterol. Our previous results have shown

that g-radiation results in a rearrangement of the plasma

membrane rafts and signaling platforms in the radiosensitive

squamous cell carcinoma line SCC61, leading to radiation-

induced apoptosis. This reorganization was found to be

defective in the radioresistant counterpart cell line, SQ20B

[32]. In this study, we observed that the cholesterol content of

lipid rafts in SQ20B is twice as high as that in SCC61 cells, a result

that could at least partially explain this defective reorganization

at the plasma membrane level. Subsequently, we observed that

cholesterol depletion induced by MbCDX treatment resulted in

a striking effect on the viability of SCC61 cells and to a lesser

extend of SQ20B cells. MbCDX treatment resulted in the

triggering of apoptosis in the SCC61 cell line that was

augmented by g-radiation. Cell death was mediated through

the intrinsic apoptotic pathway involving mitochondria as

evidenced by both a decrease in the mitochondrial membrane

potential and the production of ROS. By contrast, whatever the

concentration or the time of incubation with MbCDX used in

this work, either alone or in combination with g-radiation, we

were not able to detect apoptosis in SQ20B cells.

Giving further insight into the cellular mechanism leading to

apoptosis in SCC61 cells, our data demonstrate that apoptosis of

these cells is associated with the cleavage of procaspase 8, the
clustering of Fas the DISC formation. This unexpected finding

contrasts with previous data on lymphoid cells, where MbCDX

was found to inhibit rather than stimulate apoptosis [22,42,43],

but is in accordance with results previously reported in a model

of HaCaT keratinocytes [21,44]. In SCC61 cells, as in HaCaT

keratinocytes [21], depletion of cholesterol with MbCDX

treatment resulted in the initiation of a ligand-independent

Fas clustering and DISC formation, leading to the cleavage of

procaspase 8 and apoptosis. Our working hypothesis to explain

these observations was that disruption of SCC61 cell rafts with

MbCDX leads to a redistribution of Fas receptors, a fundamental

regulatory event during the activation step of this death

receptor leading to apoptosis.

As SQ20B cells remained resistant to MbCDX-triggered

apoptosis as evidenced by the absence of cleavage of

procaspase 8 and DISC formation, we investigated whether

or not survival pathways could be involved in the resistance to

death receptor-induced apoptosis [45,46]. Among these,

activation of the EGFR signaling pathway in the absence of

exogenously added ligand has been already been found to

occur in some cellular systems. Recent reports showed that

cholesterol might directly modulate EGFR kinase activity, as

incubation with water-soluble cholesterol caused a decrease

of EGFR tyrosine phosphorylation, suggesting that the pre-

sence of cholesterol negatively regulates EGFR kinase activity

[47]. In the same way, cholesterol depletion was shown to

increase the intrinsic tyrosine kinase activity of the EGFR in

membranes generated from MbCDX-treated NIH 3T3 cells [39].

In our preliminary studies, we observed a strikingly high

expression of EGF receptors in SQ20B cells when compared

with SCC61 cells. Moreover, we observed that cholesterol



Fig. 8 – EGFR phosphorylation induced by MbCDX is ligand independent. Serum-starved SCC61 and SQ20B cells were

pretreated with MbCDX (2% for 2 or 5 h) at 37 8C. After cell lysis, 20 mg of proteins was subjected to SDS-PAGE followed by

Western blotting using specific anti-EGFR, anti-GAPDH (loading control) (Panel A) and anti-EGFR-P (Tyr-1173) (Panel B)

antibodies. Panel C: serum-starved cells were treated as previously described, fixed with PFA and subjected to confocal

microscopy analysis with EGFR-P (Tyr-1173) coupled to FITC antibodies.
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depletion leads to an increase of EGF receptor phosphorylation

of SQ20B cells in response to cholesterol depletion, a

phenomenon that was not observed in SCC61 cells. This

phosphorylation could be due to either an increase of the

intrinsic kinase activity of the receptor or to a decrease in the

rate of receptor dephosphorylation [39,47,48]. Tyrosines 992,

1045, 1068 and 1173 are all known sites of EGF receptor auto-

phosphorylation [49,50]: the phosphorylation of tyrosines 992

and 1173 was routinely enhanced 1.5–2-fold following cho-

lesterol depletion, whereas tyrosines 1045 and 1068 were

minimally affected. Additionally, cholesterol depletion is

followed by the disruption of lipid rafts and the loss of the

EGF receptor from this compartment [39,51]. Because choles-

terol is critical for inducing the formation of lipid rafts and

because EGF receptors are normally localized within rafts, it is

therefore tempting to speculate that the intracellular domain

of the EGF receptor may adopt a different conformation when

it is localized within rafts. This would give rise to differences in

the accessibility of the various autophosphorylation sites and

that would be reflected in the overall pattern of receptor

phosphorylation [40].
Recent studies reported that cholesterol depletion by

MbCDX induced ERK activation via the PI3K-dependent

pathway [52] and tyrosine phosphorylation of multiple

proteins such as EGFR and its downstream targets, including

SHC, PLC-g and Gab-1, as well as Ras activation [48]. Thus, it

should be interesting to investigate in the near future the

crosstalk in SQ20B cells between nonreceptor tyrosine kinases

(as central transducers of the proliferative response) and

caspases in order to check whether these two families of

proteins can modulate each other’s function through their

enzymatic activities. Among the possibilities to explain the

resistance to MbCDX-induced apoptosis of SQ20B cells, we can

hypothesize that caspase-8 might be deactivated by phos-

phorylation as previously described in Jurkat and HeLa cells by

Cursi et al. [53]. The Src family of nonreceptor tyrosine kinases

is known to play an important role in the transduction of the

proliferative signals triggered by growth factors such as PDGF,

EGF or HGF [54]. Cursi et al. [53] showed that caspase-8 is

phosphorylated on Tyr 380 not only in EGF receptor stimula-

tion and EGF-impaired Fas-induced apoptosis, but also when

Src kinase activity is pathologically upregulated such as in
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colon cancer. This highlights Tyr 380 phosphorylation as a

potential molecular strategy of apoptosis suppression adopted

by tumor cells. In the same way, Alvarado-Kristensson et al.

[55] showed that p38-MAPK could directly phosphorylate

caspase-8 and caspase-3 on serine-364 and serine-150,

respectively, inhibiting their activities and thereby hindering

neutrophil apoptosis.

All these data support the idea that impairment of caspase-

8 function may contribute to cancer development [56–58]. All

the strategies targeting caspase-8 activation [59] and/or

inhibition of Src kinases [60] should therefore be useful tools

in order to sensitize human cancer cells to both chemo- and

radiotherapy.
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