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Cholesterol depletion induces autophagy

Jinglei Cheng 1, Yuki Ohsaki 1, Kumi Tauchi-Sato, Akikazu Fujita, Toyoshi Fujimoto *

Department of Anatomy and Molecular Cell Biology, Nagoya University Graduate School of Medicine, Nagoya 466-8550, Japan

Received 18 September 2006
Available online 16 October 2006
Abstract

Autophagy is a mechanism to digest cells’ own components, and its importance in many physiological and pathological processes is
being recognized. But the molecular mechanism that regulates autophagy is not understood in detail. In the present study, we found that
cholesterol depletion induces macroautophagy. The cellular cholesterol in human fibroblasts was depleted either acutely using 5 mM
methyl-b-cyclodextrin or 10–20 lg/ml nystatin for 1 h, or metabolically by 20 lM mevastatin and 200 lM mevalonolactone along with
10% lipoprotein-deficient serum for 2–3 days. By any of these protocols, marked increase of LC3-II was detected by immunoblotting and
by immunofluorescence microscopy, and the increase was more extensive than that caused by amino acid starvation, i.e., incubation in
Hanks’ solution for several hours. The induction of autophagic vacuoles by cholesterol depletion was also observed in other cell types,
and the LC3-positive membranes were often seen as long tubules, >50 lm in length. The increase of LC3-II by methyl-b-cyclodextrin was
suppressed by phosphatidylinositol 3-kinase inhibitors and was accompanied by dephosphorylation of mammalian target of rapamycin.
By electron microscopy, autophagic vacuoles induced by cholesterol depletion were indistinguishable from those seen after amino acid
starvation. These results demonstrate that a decrease in cholesterol activates autophagy by a phosphatidylinositol 3-kinase-dependent
mechanism.
� 2006 Elsevier Inc. All rights reserved.
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Autophagy is a process of bulk degradation, which
exists from yeast to mammals [1,2]. Macroautophagy, a
dominant form of autophagy in mammalian cells, is impor-
tant for the turnover of long-lived proteins and as a surviv-
al mechanism during starvation. Moreover, recent studies
revealed the engagement of autophagy in the disposal of
toxic protein aggregates [3,4] and defense against bacterial
infections [5]. On the other hand, excessive activation of
autophagy can lead to a type of cell death that is distinct
from apoptosis [6]. Involvement of autophagy in some
aspects of cancer progression has been also shown [7].
These findings suggest that the level of autophagy needs
to be regulated within a certain range and that either exces-
sive or deficient autophagy may cause various diseases.
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In mammalian cells, macroautophagy can be triggered
by nutrient starvation, stress, or treatment with some hor-
mones. These signals lead to the dephosphorylation and
inactivation of mammalian target of rapamycin (mTOR),
which then induces autophagy [8]. Rapamycin activates
autophagy by inhibiting mTOR, whereas lithium induces
autophagy by a mechanism independent of mTOR [9].
Activation of class III phosphatidylinositol-3-kinase
(PI3K) is involved in the autophagosome formation, and
PI3K inhibitors such as 3-methyladenine (3-MA) inhibit
autophagy [10]. But how the inactivation of mTor and acti-
vation of class III PI3K are correlated is not known. Our
understanding of the regulatory mechanism of autophagy
is far from complete.

In the present study, we found serendipitously that
depletion of cholesterol triggers autophagy. Cholesterol
depletion has been used extensively to study the role of
cholesterol in many biological processes, especially in rela-
tion to membrane microdomains [11,12], but induction of
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autophagy has not been described. Our result indicates that
autophagy is one outcome of cholesterol depletion and
needs to be considered when interpreting long-term effects
of this manipulation. More importantly, these results
revealed that perturbation of the cellular lipid environment
could induce autophagy and suggests a possibility that
pharmacological reagents that influence the lipid metabo-
lism may be used to modulate the level of autophagy
in vivo.

Materials and methods

Cells and antibodies. Human and mouse fibroblasts and Huh7 cells
were cultured in Dulbecco’s modified Eagle’s medium (DME) supple-
mented with 10% fetal calf serum (FCS). Stable Huh7 cell lines expressing
GFP-LC3 were generated by using a vector kindly provided by
Dr. Tamotsu Yoshimori [13]. Rabbit anti-LC3 antibody was donated by
Dr. Yasuo Uchiyama. Rat and mouse anti-LAMP1 antibodies (Devel-
opmental Studies Hybridoma Bank at the University of Iowa), rabbit anti-
mTOR and rabbit anti-phospho-mTOR antibodies (Cell Signaling), and
fluorochrome-conjugated secondary antibodies (Jackson ImmunoRe-
search Lab) were purchased.

Cholesterol depletion. For acute cholesterol depletion, cells were
treated for 60 min with either 5 mM methyl-b-cyclodextrin (MebCD;
Sigma) or 10–20 lg/ml nystatin (Sigma) in DME. For metabolic choles-
terol depletion, cells were cultured in 10% lipoprotein-deficient serum
(LPDS) in the presence of 20 lM mevastatin and 200 lM mevalonolac-
tone (Sigma). For amino acid starvation, cells were incubated in Hepes-
buffered Hanks’ solution. Five millimolar MebCD–cholesterol complex in
DME was used for cholesterol supplementation.

Western blotting. Cell lysates containing an equal protein amount
(20–30 lg) were electrophoresed in acrylamide gels and subjected to
Western blotting. After incubation with HRP-conjugated secondary
antibodies (Pierce), the blots were developed using SuperSignal West Dura
Substrate (Pierce).

Microscopy. Immunofluorescence labeling was done as described [14].
Images were captured with an AxioCam CCD camera (Carl Zeiss) and the
contrast of the images was adjusted using Adobe Photoshop 7.0. For
electron microscopy, cells were fixed with 2.5% glutaraldehyde, post-fixed
with 1% osmium tetroxide, stained with uranyl acetate, and embedded in
Epon. Ultrathin sections were observed using a JEOL 1200EX electron
microscope.

Results and discussion

To induce autophagy by amino acid starvation, we cul-
tured human fibroblasts in Hanks’ solution and monitored
the relative ratio of LC3-II/LC-I by Western blot. LC3 is a
mammalian homolog of Atg8 [15] and exists mostly as a sol-
uble cytosolic protein, or LC3-I, at the normal culture con-
dition. Upon induction of autophagy, LC3-I is modified
with phosphatidylethanolamine, and incorporated into the
autophagic membrane as LC3-II. By Western blotting,
LC3-I and LC3-II are seen as bands at 18 kDa and
16 kDa, respectively. Incubation in Hanks’ solution for
2 h induced a slight increase of LC3-II in human fibroblasts,
whereas cholesterol depletion caused a much stronger
induction of LC3-II within 1 h (Fig. 1A). To reduce the
membrane cholesterol acutely, cells were incubated for 1 h
with 5 mM MebCD in DME or with 10–20 lg/ml nystatin
in DME. MebCD extracts free cholesterol from membranes
with a high specificity [16], whereas nystatin makes a
complex with membrane cholesterol [17]. The two reagents
gave comparable results with regard to the increase of the
LC3-II/LC3-I ratio. The increase of LC3-II was not
observed when cells were incubated in DME without addi-
tional reagents for 1 h (Fig. 1A). This result indicated that
the lack of serum in DME did not induce autophagy due
to nutrient insufficiency and that depletion of cholesterol
was the main cause of the LC3-II increase. Likewise, lack
of cholesterol in the medium did not contribute to the auto-
phagic induction by Hanks’ solution because addition of
5 mM MebCD–cholesterol complex did not suppress the
increase of LC3-II (data not shown).

We next examined the time course of LC3-II induction
by MebCD. The LC3-II band became apparent as early
as 30 min after the addition of MebCD, and its intensity
increased as the incubation was extended longer
(Fig. 1A). Treatment with MebCD has been used exten-
sively to study the effect of cholesterol depletion on various
cellular phenomena, particularly in relation to membrane
microdomains [11,12]. The incubation with 5 mM MebCD
for 30–60 min is an average protocol for such experiments.
In many such experiments, to show the reversibility of the
reaction, cholesterol was added to the medium as a com-
plex with MebCD after the initial depletion. However, with
regard to autophagy, the increase of LC3-II induced by
cholesterol depletion persisted for several hours, even after
cholesterol was replenished (data not shown). This result
suggests that occurrence of autophagy may need to be tak-
en into account when interpreting long-term effects of cho-
lesterol depletion on various cellular activities.

MebCD is effective in reducing the membrane cholester-
ol acutely, but cholesterol depletion by this reagent has
been reported to cause some effects that are not observed
when the cellular cholesterol is decreased by milder proce-
dures [18,19]. To examine whether the LC3-II induction
also occurs by slower cholesterol reduction, cells were kept
in 10% LPDS in the presence of 20 lM mevastatin, a 3-hy-
droxy-3-methylglutaryl coenzyme A reductase inhibitor,
and 200 lM mevalonolactone. Mevalonolactone was add-
ed to replenish mevalonate for isoprenoid synthesis. The
induction of LC3-I was not apparent after 1 day, but
became significant after 2 days (Fig. 1A). The same result
was obtained when lovastatin was used instead of mevasta-
tin (data not shown). Thus the increase of LC3-II was
caused even when the cellular cholesterol was reduced
metabolically.

The effect of several other procedures that could change
the intracellular cholesterol distribution was also exam-
ined. Human fibroblasts were subjected to the following
conditions for 3 days: 1 lM U18666A, 10% LPDS alone,
or 20 lM mevastatin/200 lM mevalonolactone in 10%
FCS. U18666A caused a significant increase in LC3-II
(Supplementary Fig. 1). U18666A suppresses the export
of free cholesterol from late endosomes, mimicking Nie-
mann-Pick type C disease. This result may be explained
by a decrease of cholesterol in the cell membrane. On the
other hand, LPDS and mevastatin/mevalonolactone



Fig. 1. Western blots. (A) Induction of LC3-II by cholesterol depletion. (a) Total lysates of human fibroblasts were examined for expression of LC3 by
Western blotting. Cells cultured in control medium, Hanks’ solution for 2 h, DME for 1 h, 5 mM MebCD in DME for 1 h, 10 lg/ml nystatin in DME for
1 h, and 10% LPDS plus 20 lM mevastatin and 200 lM mevalonolactone for 2 days were used. LC3-II was negligible in the control but increased
significantly after cholesterol depletion. Incubation in Hanks’ solution was not effective for LC3-II induction in this cell type. (b) The time course of LC3-II
induction by MebCD treatment. The LC3-II band became visible after 30–45 min of treatment. (c) The time course of LC3-II induction by LPDS plus
mevastatin/mevalonolactone. The LC3-II band became prominent on day 2 and further intensified on day 3. (B) Effect of PI3K inhibitors on LC3-II
induction. (a) The induction of LC3-II in human fibroblasts by MebCD was blocked significantly by either 3-MA or LY294002 (LY) but was not affected
significantly by wortmannin (Wm). (b) The induction of LC3-II in mouse Balb/c 3T3 cells by MebCD was blocked significantly by wortmannin (Wm) but
less effectively by 3-MA or LY294002 (LY). (c) The effect of the PI3K inhibitors on LC3-II induction by amino acid starvation in Balb/c 3T3 cells showed
a similar profile to that by cholesterol depletion: wortmannin (Wm) was more effective than 3-MA or LY294002 (LY). (C) Total and phosphorylated
mTOR. Human fibroblasts were cultured in normal medium, 5 mM MebCD for 1 h, Hanks’ solution for 2 h, or 5 lM rapamycin for 1 h. The amount of
phosphorylated mTOR was reduced drastically by any of these three treatments.
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should reduce the uptake and de novo synthesis of choles-
terol, respectively, but neither of them increased LC3-II
(Supplementary Fig. 1). The result suggests that the total
cholesterol content is critical and that whether cholesterol
is supplied by exogenous lipoproteins or through endoge-
neous synthesis does not matter.

PI3Ks are involved in the regulation of autophagy, and
PI3K inhibitors have been shown to suppress autophagy
induced by amino acid starvation [10]. To study whether
PI3K inhibition affects autophagy induced by cholesterol
depletion, the effects of three inhibitors were examined:
10 mM 3-MA, 20 lM LY290042, and 100 nM wortman-
nin. When added to 5 mM MebCD in DME, the increase
of LC3-II in human fibroblasts was suppressed by 3-MA
or LY290042, but not by wortmannin (Fig. 1B). On the
other hand, in Balb/c 3T3 cells, wortmannin was more
effective than 3-MA or LY290042 (Fig. 1B). The difference
among the three inhibitors was observed similarly when
autophagy was induced by amino acid starvation
(Fig. 1B), suggesting that the effectiveness of respective
PI3K inhibitors may be varied in different cells.

The above result suggested that PI3K is involved in the
induction of autophagy by cholesterol depletion in a simi-
lar manner to that by amino acid starvation. To further
examine whether the two conditions induced autophagy
by a common mechanism, activation of mTOR was studied
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by using an anti-phospho-mTOR antibody. The samples
treated by acute cholesterol depletion, amino acid starva-
tion, and rapamycin all showed a significant reduction of
phospho-mTOR (Fig. 1C), indicating that inactivation of
mTOR occurred similarly in all three conditions. This
result demonstrated that autophagy upon cholesterol
depletion is induced by the same mechanism as amino acid
starvation, acting downstream of mTOR inactivation.

Distrubution of LC3-positive autophagic vacuoles was
examined by immunofluorescence microscopy (Fig. 2). In
human fibroblasts, endogenous LC3 was seldom observed
as distinct points when the cells were cultured in the stan-
dard medium containing 10% FCS. After incubating in
Hanks’ solution for 2 h, many cells showed LC3 labeling
as small dots (Fig. 2A). Acute cholesterol depletion by
5 mM MebCD or by 10–20 lg/ml nystatin also induced a
similar punctate LC3 labeling pattern. In accordance with
the Western blotting, labeling after cholesterol depletion
was more prominent than after incubation in Hanks’
solution. When cholesterol was depleted by incubation
with 10% LPDS and 20 lM mevastatin/200 lM mevalono-
lactone for more than 2 days, labeled LC3 appeared as
distinct dots. The dots were relatively large in those cells,
and occasionally labeling in large circular profiles and long
curvilinear lines was observed. The curvilinear labeling was
seen more clearly in mouse dermal fibroblasts with wide
flat cytoplasm (Supplementary Fig. 2).

A very similar result was obtained in Huh7 cells that sta-
bly express GFP-LC3 (Fig. 2C). Cells kept in the normal
culture medium did not show distinct labeling, but both
acute cholesterol depletion by MebCD and amino acid
starvation by the Hanks’ solution induced GFP-positive
A

B

Fig. 2. Immunofluorescence microscopy of LC3. (A) Human fibroblasts. LC3
After incubation in Hanks’ solution for 2 h, LC3 was seen as distinct dots in m
depleted by 5 mM MebCD or 10 lg/ml nystatin for 1 h. Cells cultured in LPD
labeling. (B) Huh7 cells expressing GFP-LC3. Fluorescence in cells cultured
solution for 2 h, GFP-LC3 was seen as small dots. After depleting cholesterol b
became larger, and some appeared in a donut-shape. Curvilinear labeling w
(arrow).
dots in most cells. Metabolic cholesterol depletion by
LPDS and mevastatin/mevalonolactone induced larger
points of GFP-LC3, which often showed circular profiles.
Curvilinear labeling was also observed in these cells.

The increase of LC3-II is likely to represent the
increased generation of autophagosomes, but suppression
of LC3-II degradation may cause a similar result [15].
The large LC3-positive structures induced by LPDS and
mevastatin/mevalonolactone imply the possibility of the
latter phenomenon. To explore this, autophagic vacuoles
induced by different protocols were observed by electron
microscopy (Fig. 3). Autophagosomes containing phagocy-
tosed materials were observed, and their frequency was in
accordance with the intensity of LC3 labeling. Morphology
of autophagosomes induced by acute cholesterol depletion
was not different from that seen upon amino acid starva-
tion. The result suggests that autophagy induced by acute
cholesterol depletion proceeded in a manner similar to that
of amino acid starvation within the time frame examined,
i.e., 1–2 h. On the other hand, multilamellar figures were
conspicuous in cells treated by LPDS and mevastatin/
mevalonolactone for 2–3 days. The structure probably rep-
resents remnants left after lysosomal degradation. Because
the duration of the treatment for metabolic cholesterol
depletion was much longer than others, direct comparison
is not possible. But the observation suggested that most, if
not all, autophagosomes fused with late endosome/lyso-
somes in cells treated by LPDS and mevastatin/
mevalonolactone.

If retardation in the autophagic vacuole maturation
occurs, LAMP1, a late endosome/lysosome maker, should
colocalize extensively with LC3, because LC3 would be
was seen as diffuse background in cells cultured in the normal medium.
any cells. The punctate labeling was also prominent when cholesterol was
S and mevastatin/mevalonolactone for 3 days also showed a similar LC3
in the normal medium was not distinct, but after incubation in Hanks’
y MebCD or LPDS plus mevastatin/mevalonolactone, the GFP-LC3 dots
as observed in cells cultured in LPDS and mevastatin/mevalonolactone



Fig. 3. Electron microscopy of human fibroblasts Cells were cultured in control medium, 5 mM MebCD for 1 h, 10% LPDS plus mevastatin/
mevalonolactone for 3 days, or Hanks’ solution for 2 h and subjected to conventional electron microscopy. Autophagosomes seen after amino acid
starvation were very similar to those induced by MebCD, whereas those induced by prolonged cholesterol depletion often contained multilamellar
structures, which probably represent a later stage of autophagy.
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degraded less effectively than in the normal process. Cells
treated by different protocols were double-labeled for
LC3 and LAMP1, and compared (Fig. 4A). Colocalization
of LC3 and LAMP1 was seen only sporadically in most
cells cultured in LPDS and mevastatin/mevalonolactone,
and the degree to which the two markers colocalizated
was not different from that seen in cells where autophagy
was induced by acute cholesterol depletion, amino acid
starvation, or rapamycin. The long curvilinear LC3-posi-
tive structures were not labeled for LAMP1, either (Supple-
mentary Fig. 2). On the other hand, in the large circular
LC3-positive structures seen occasionally in cells cultured
in LPDS and mevastatin/mevalonolactone, weak LAMP1
labeling was often observed coincidentally (Fig. 4B). This
result implied that upon prolonged cholesterol depletion,
some degree of retardation may occur in the maturation
process of autophagosomes. In this context, it is notewor-
thy that filipin cytochemistry did not detect cholesterol in
nascent autophagic vacuoles but showed dense labeling in
older ones [20]. Cholesterol may not be necessary for auto-
phagosomal formation but may be required in later stages.

The mechanism by which cholesterol depletion initiates
autophagy is not clear, but disruption of membrane rafts
might be involved. Among several proteins engaged in
the autophagic regulation, basal and growth factor-in-
duced Akt activity was shown to be dependent on the raft
integrity [21,22]. Thus a simple scenario is that cholesterol
depletion disrupts membrane rafts, and the resultant down-
regulation of Akt activity leads to suppression of mTOR
and induced autophagy. This putative signaling pathway
is largely in common with autophagy induced by amino
acid starvation. The observation that autophagy in either
case was susceptible to PI3K inhibitors is consistent with
this speculation.

Considering the possible involvement of autophagy in
various diseases, the importance of understanding its regu-
latory mechanism is obvious. Recent studies revealed that
suppression of autophagy in the adult mouse brain causes
neurodegeneration [3,4], indicating the critical role of
autophagy in disposing toxic protein aggregates in the cen-
tral nervous system. Pharmacological reagents that modu-
late the level of autophagy can be potential therapeutic
tools, but there are not many candidates at present. In this
context, reduction of cholesterol in vivo could be a realistic
measure because statins have been used clinically for many
years. However, for Alzheimer’s disease, it could be a
double-edged sword: on one hand, a decrease of cholesterol
should inhibit generation of b-amyloid [23,24] and
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Fig. 4. Double labeling of LC3 and LAMP1. (A) Human fibroblasts were cultured in 5 mM MebCD for 1 h, 10% LPDS plus mevastatin/mevalonolactone
for 3 days, Hanks’ solution for 2 h, or 5 lM rapamycin for 1 h, and double-labeled for LC3 (red) and LAMP1 (green). Labeling for LAMP1 was extensive
in all the samples, but the overlap with the LC3 labeling was small. (B) Large circular LC3-positive structures observed in cells cultured in 10% LPDS plus
mevastatin/mevalonolactone for 3 days, and some of them were weakly labeled for LAMP1 (arrows).
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enhanced autophagy may help its degradation, but on the
other hand, if reduction of cholesterol retards the matura-
tion of autophagosomes, it may worsen the disease because
b-amyloid is generated in the autophagosome [25]. In fact,
a recent clinical study showed that an increased level of
cholesterol reduces the risk of dementia at old ages [26].
Reduction of cholesterol certainly affects the incidence of
Alzheimer’s disease, but when and to what extent it is
reduced will be critically important in order to obtain the
expected results.

Acknowledgments

We thank Drs. Tamotsu Yoshimori and Yasuo Uchiy-
ama for providing precious reagents, Dr. Akitsugu Yamam-
oto for comments, and Mr. Tetsuo Okumura for technical
assistance. This work was supported by Grants-in-Aid for
Scientific Research and the 21st Century COE Program
‘‘Integrated Molecular Medicine for Neuronal and Neo-
plastic Disorders’’ of the Ministry of Education, Culture,
Sports, Science and Technology of the Japanese
Government.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.2006.
10.042
References

[1] T. Shintani, D.J. Klionsky, Autophagy in health and disease: a
double-edged sword, Science 306 (2004) 990–995.

[2] Y. Ohsumi, Molecular dissection of autophagy: two ubiquitin-like
systems, Nat. Rev. Mol. Cell. Biol. 2 (2001) 211–216.

[3] T. Hara, K. Nakamura, M. Matsui, A. Yamamoto, Y. Nakahara, R.
Suzuki-Migishima, M. Yokoyama, K. Mishima, I. Saito, H. Okano,
N. Mizushima, Suppression of basal autophagy in neural cells causes
neurodegenerative disease in mice, Nature 441 (2006) 885–889.

[4] M. Komatsu, S. Waguri, T. Chiba, S. Murata, J.-i. Iwata, I. Tanida,
T. Ueno, M. Koike, Y. Uchiyama, E. Kominami, K. Tanaka, Loss of
autophagy in the central nervous system causes neurodegeneration in
mice, Nature 441 (2006) 880–884.

[5] I. Nakagawa, A. Amano, N. Mizushima, A. Yamamoto, H. Yam-
aguchi, T. Kamimoto, A. Nara, J. Funao, M. Nakata, K. Tsuda, S.
Hamada, T. Yoshimori, Autophagy defends cells against invading
group A Streptococcus, Science 306 (2004) 1037–1040.

[6] Y. Tsujimoto, S. Shimizu, Another way to die: autophagic pro-
grammed cell death, Cell. Death Differ. 12 (Suppl. 2) (2005) 1528–
1534.

[7] Y. Kondo, T. Kanzawa, R. Sawaya, S. Kondo, The role of autophagy
in cancer development and response to therapy, Nat. Rev. Cancer 5
(2005) 726–734.

[8] T. Noda, Y. Ohsumi, Tor, a phosphatidylinositol kinase homologue,
controls autophagy in yeast, J. Biol. Chem. 273 (1998) 3963–3966.

[9] S. Sarkar, R.A. Floto, Z. Berger, S. Imarisio, A. Cordenier, M. Pasco,
L.J. Cook, D.C. Rubinsztein, Lithium induces autophagy by inhib-
iting inositol monophosphatase, J. Cell Biol. 170 (2005) 1101–1111.

[10] E.F. Blommaart, U. Krause, J.P. Schellens, H. Vreeling-Sindelarova,
A.J. Meijer, The phosphatidylinositol 3-kinase inhibitors wortmannin
and LY294002 inhibit autophagy in isolated rat hepatocytes, Eur. J.
Biochem. 243 (1997) 240–246.

http://dx.doi.org/10.1016/j.bbrc.2006.10.042
http://dx.doi.org/10.1016/j.bbrc.2006.10.042


252 J. Cheng et al. / Biochemical and Biophysical Research Communications 351 (2006) 246–252
[11] P. Keller, K. Simons, Cholesterol is required for surface transport of
influenza virus hemagglutinin, J. Cell Biol. 140 (1998) 1357–1367.

[12] T. Furuchi, R.G. Anderson, Cholesterol depletion of caveolae causes
hyperactivation of extracellular signal-related kinase (ERK), J. Biol.
Chem. 273 (1998) 21099–21104.

[13] N. Mizushima, A. Yamamoto, M. Matsui, T. Yoshimori, Y. Ohsumi,
In vivo analysis of autophagy in response to nutrient starvation using
transgenic mice expressing a fluorescent autophagosome marker,
Mol. Biol. Cell 15 (2004) 1101–1111.

[14] Y. Ohsaki, J. Cheng, A. Fujita, T. Tokumoto, T. Fujimoto,
Cytoplasmic lipid droplets are sites of convergence of proteasomal
and autophagic degradation of apolipoprotein B, Mol. Biol. Cell 17
(2006) 2674–2683.

[15] Y. Kabeya, N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T.
Noda, E. Kominami, Y. Ohsumi, T. Yoshimori, LC3, a mammalian
homologue of yeast Apg8p, is localized in autophagosome mem-
branes after processing, EMBO J. 19 (2000) 5720–5728.

[16] Y. Ohtani, T. Irie, K. Uekama, K. Fukunaga, J. Pitha, Differential
effects of alpha-, beta- and gamma-cyclodextrins on human erythro-
cytes, Eur. J. Biochem. 186 (1989) 17–22.

[17] J. Bolard, How do the polyene macrolide antibiotics affect the cellular
membrane properties? Biochim. Biophys. Acta 864 (1986) 257–304.

[18] D.E. Shvartsman, O. Gutman, A. Tietz, Y.I. Henis, Cyclodextrins but
not compactin inhibit the lateral diffusion of membrane proteins
independent of cholesterol, Traffic (2006).

[19] J.S. Goodwin, K.R. Drake, C.L. Remmert, A.K. Kenworthy, Ras
diffusion is sensitive to plasma membrane viscosity, Biophys. J. 89
(2005) 1398–1410.

[20] E.L. Punnonen, K. Pihakaski, K. Mattila, K. Lounatmaa, P.
Hirsimaki, Intramembrane particles and filipin labelling on the
membranes of autophagic vacuoles and lysosomes in mouse liver,
Cell Tissue Res. 258 (1989) 269–276.

[21] S. Elhyany, E. Assa-Kunik, S. Tsory, T. Muller, S. Fedida, S. Segal,
D. Fishman, The integrity of cholesterol-enriched microdomains is
essential for the constitutive high activity of protein kinase B in
tumour cells, Biochem. Soc. Trans. 32 (2004) 837–839.

[22] Y.C. Li, M.J. Park, S.K. Ye, C.W. Kim, Y.N. Kim, Elevated levels of
cholesterol-rich lipid rafts in cancer cells are correlated with apoptosis
sensitivity induced by cholesterol-depleting agents, Am. J. Pathol. 168
(2006) 1107–1118, quiz 1404–1105.

[23] K. Fassbender, M. Simons, C. Bergmann, M. Stroick, D. Lutjohann,
P. Keller, H. Runz, S. Kuhl, T. Bertsch, K. von Bergmann, M.
Hennerici, K. Beyreuther, T. Hartmann, Simvastatin strongly reduces
levels of Alzheimer’s disease beta -amyloid peptides Abeta 42 and
Abeta 40 in vitro and in vivo, Proc. Natl. Acad. Sci. USA 98 (2001)
5856–5861.

[24] M. Simons, P. Keller, B. De Strooper, K. Beyreuther, C.G. Dotti, K.
Simons, Cholesterol depletion inhibits the generation of beta-amyloid
in hippocampal neurons, Proc. Natl. Acad. Sci. USA 95 (1998) 6460–
6464.

[25] W.H. Yu, A.M. Cuervo, A. Kumar, C.M. Peterhoff, S.D. Schmidt,
J.H. Lee, P.S. Mohan, M. Mercken, M.R. Farmery, L.O. Tjernberg,
Y. Jiang, K. Duff, Y. Uchiyama, J. Naslund, P.M. Mathews, A.M.
Cataldo, R.A. Nixon, Macroautophagy—a novel Beta-amyloid
peptide-generating pathway activated in Alzheimer’s disease, J. Cell.
Biol. 171 (2005) 87–98.

[26] M.M. Mielke, P.P. Zandi, M. Sjogren, D. Gustafson, S. Ostling, B.
Steen, I. Skoog, High total cholesterol levels in late life associated
with a reduced risk of dementia, Neurology 64 (2005) 1689–
1695.


	Cholesterol depletion induces autophagy
	Materials and methods
	Results and discussion
	Acknowledgments
	Supplementary data
	References


