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CAV1 (caveolin 1, caveolae protein, 22kDa) is well known as a principal scaffolding protein of caveolae, a specialized
plasma membrane structure. Relatively, the caveolae-independent function of CAV1 is less studied. Autophagy is a
process known to involve various membrane structures, including autophagosomes, lysosomes, and autolysosomes for
degradation of intracellular proteins and organelles. Currently, the function of CAV1 in autophagy remains largely
elusive. In this study, we demonstrate for the first time that CAV1 deficiency promotes both basal and inducible
autophagy. Interestingly, the promoting effect was found mainly in the late stage of autophagy via enhancing
lysosomal function and autophagosome-lysosome fusion. Notably, the regulatory function of CAV1 in lysosome and
autophagy was found to be caveolae-independent, and acts through lipid rafts. Furthermore, the elevated autophagy
level induced by CAV1 deficiency serves as a cell survival mechanism under starvation. Importantly, downregulation of
CAV1 and enhanced autophagy level were observed in human breast cancer cells and tissues. Taken together, our data
reveal a novel function of CAV1 and lipid rafts in breast cancer development via modulation of lysosomal function and
autophagy.

Introduction

CAV1 is the principal scaffolding protein of caveolae, which is
one of the major types of lipid rafts that are present at the plasma
membrane.1 Lipid rafts are liquid-ordered microdomains
enriched with a characteristic structural composition (sphingoli-
pids, cholesterol, and saturated phospholipids) in plasma mem-
brane and intracellular membranes of various organelles,
including Golgi, endoplasmic reticulum, mitochondria, and the
endosome/lysosome.2 The caveolae (flask-shaped structures) and
the planar lipid rafts (also known as noncaveolar rafts, referred to
as lipid rafts hereafter) are the 2 main types of lipid rafts.3 At

present, the critical role of CAV1 in caveolae is well studied,
while there is accumulating evidence suggesting the importance
of CAV1 in lipid rafts. For instance, CAV1 plays an important
role in cholesterol trafficking and homeostasis, a key component
in lipid rafts.4,5 In addition, compared to the limited distribution
on the plasma membrane of caveolae,6 CAV1 has a more exten-
sive membrane distribution including mitochondria and endo-
plasmic reticulum, as well as the late endosome/lysosome,
indicating the existence of caveolae-independent function of
CAV1 in the intracellular membrane system.7-9

Emerging evidence demonstrates the tumor-suppression
functions of CAV1 in several types of cancer, especially in
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breast cancer.10 For instance, expression of oncogenes (such
as ABL1/v-abl and HRAS/H-ras) leads to a significant
decrease in CAV1 protein and mRNA levels.11 Loss of CAV1
induces cellular transformation through the activation of the
MAPK1/ERK2/p41-MAPK3/ERK1/p44 cascade and subse-
quent development of an unusual growth pattern with
increased phospho-MAPK1/3 independent of EGF (epidermal
growth factor).12,13 Consistently, overexpression of CAV1 is
sufficient to decrease cell proliferation and tumor size in
vivo.11 In breast cancer, a large percentage of patients are
deficient in CAV1 expression.10 Several human breast cancer
cell lines display a decreased CAV1 expression level compared
to benign mammary epithelial cells.14 Moreover, about 35%
of breast cancer cases contain mutant CAV1.15 For example,
a dominant negative mutant CAV1P132L has been identified
in ER-positive patients with well-differentiated breast can-
cer.16 Although the studies discussed above indicate a tumor
suppressive role for CAV1, there is also conflicting evidence
showing an opposite role of CAV1. For instance, CAV1
expression in breast tumor stroma increases tumor invasion
and metastasis via biomechanical remodeling.17 Therefore,
the exact biological function of CAV1 in breast cancer devel-
opment and the molecular mechanisms remain to be further
investigated.

Macroautophagy (referred to as autophagy hereafter) is an
evolutionarily well-conserved self-eating process in eukaryotic
cells that results in degradation of long-lived proteins and
organelles via the lysosomal pathway, which serves as a pow-
erful booster of metabolic homeostasis.18 One key feature of
autophagy is that it involves various intracellular membrane
structures, including autophagosomes, lysosomes, and autoly-
sosomes. At present, several studies have implicated CAV1
and lipid rafts in the regulation of autophagy. For instance,
CAV1 deficiency induces autophagy in adipocytes via sup-
pression of insulin and lipolytic responses.19 Loss of CAV1
promotes autophagy under hypoxia and oxidative stress in
adipocytes and fibroblasts.20 These studies indicate a suppres-
sive role for CAV1 in autophagy. Furthermore, there are sev-
eral clues indicating the potential role of lipid rafts in
autophagy. For instance, lipid rafts promote the AKT-
MTOR (mechanistic target of rapamycin) pathway,21,22 a key
negative regulator of autophagy.23 In contrast, there is con-
flicting evidence indicating that some components of lipid
rafts, such as ceramides and GD3 ganglioside, play a positive
role in autophagy regulation.24-26

In this study, we aimed to evaluate the involvement of CAV1
in autophagy. Our data clearly demonstrate that deficiency of
CAV1 promotes autophagy and lysosomal function via the dis-
ruption of lipid rafts, independent of caveolae. Moreover, the ele-
vated autophagy level induced by CAV1 deficiency serves as a cell
survival mechanism under nutritional stress. Importantly, down-
regulation of CAV1 and enhanced autophagy level were observed
in human breast cancer cell lines and cancerous tissues. Thus, our
data reveal a novel function of CAV1 in cell stress responses and
possibly breast cancer development via modulation of lysosomal
function and autophagy.

Results

CAV1 deficiency promotes autophagy via disruption of lipid
rafts

We first tested the effect of CAV1 deficiency on autophagy by
using Cav1 wild-type (WT) and knockout (KO) mouse embry-
onic fibroblasts (MEFs) as reported previously.27 The absence of
the CAV1 protein was confirmed in western blots (Fig. 1A). We
assessed the lipid raft level using Alexa Fluor 594–conjugated
cholera toxin subunit B (CTxB) staining in both Cav1C/C and
cav1¡/¡ cell lines.28 As shown in Figure 1A, cav1¡/¡ cells
showed markedly reduced CTxB signal in both intracellular and
plasma membranes in comparison to the Cav1C/C MEFs, indi-
cating a lower level of lipid rafts in cav1¡/¡ cells. These results
were confirmed by labeling the cholesterol directly using filipin
(Fig. 1B). Next, we compared the autophagy levels by evaluating
the well-established autophagy marker MAP1LC3B-II/LC3B-II
in normal and amino acid starvation conditions. We found that
in both conditions, LC3B-II levels were higher in cav1¡/¡ cells
(Fig. 1C). Moreover, to measure the autophagic flux, we inhib-
ited the autophagosomal degradation by addition of the lyso-
somal inhibitor chloroquine (CQ), and observed an increase in
LC3B-II protein levels in cav1¡/¡ cells, excluding the possibility
that the increased LC3B-II was caused by a blockage of autopha-
gosomal degradation (Fig. 1C). These data suggest that CAV1
deficiency promotes both basal and inducible autophagy levels.

Since CAV1 has been established as a critical scaffolding pro-
tein in caveolae, we attempted to test whether the role of CAV1
in autophagy is caveolae-dependent. To do this, we utilized cells
deficient in PTRF (polymerase I and transcript release factor),
another key component for caveolae formation.1 Deficiency of
PTRF blocks caveolae formation and promotes CAV1 degrada-
tion.29 Consistently, we found lower CAV1 levels in ptrf¡/¡ cells,
and the CQ increased CAV1 level via blockage of lysosomal deg-
radation (Fig. S1A). Interestingly, we found that both CTxB and
filipin staining did not differ significantly between PtrfC/C and
ptrf¡/¡ MEFs (Fig. S1B and S1C). The autophagy level was also
comparable in these 2 cell lines in basal and amino acid starvation
conditions (Fig. S1A). Moreover, disruption of lipid rafts by
methyl-b-cyclodextrin (MBCD) had a similar effect on both
PtrfC/C and ptrf¡/¡ cells (Fig. S1A). Taken together, these data
indicate the possibility that the implication of CAV1 in autoph-
agy is mainly via noncaveolar lipid rafts, but not PTRF-related
caveolae.

To further examine whether CAV1 is implicated in autophagy
via lipid rafts, we tested the effect of MBCD on autophagy.
MBCD depletes cholesterol from the plasma membrane and dis-
rupts lipid rafts.30 The disruptive effects of MBCD on lipid rafts
were confirmed by using 3 different approaches: (i) reduction of
Alexa Fluor 594–CTxB staining, (ii) reduction of filipin staining
and (iii) loss of CAV1 in the isolated raft fraction and the accu-
mulation in the nonraft fraction.31 MBCD treatment signifi-
cantly decreased the intensity of both CTxB staining (Fig. 1D)
and filipin staining (Fig. 1B), and caused CAV1 and the other
lipid raft protein FLOT1 (flotillin 1) to redistribute from the
detergent-resistant lipid raft fraction (DRF, representing the lipid
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raft components) to the detergent-soluble fraction (DSF, repre-
senting the nonlipid raft components, using TFRC [transferrin
receptor] as the marker) (Fig. 1E and S2), indicating that

MBCD is able to disrupt lipid rafts effectively. As expected,
MBCD enhanced both the basal and amino acid starvation-
induced autophagy level, based on the observations of

Figure 1. For figure legend, see page 764.
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GFP-LC3B puncta formation (Fig. 1F) and increased LC3B-II
level (Fig. 1G) in both normal and amino acid starvation condi-
tions, with or without the presence of CQ. These observations
demonstrate that disruption of lipid rafts by MBCD increases
autophagic flux.

Moreover, to exclude the possibility that MBCD-mediated
autophagy observed above was caused by mechanisms indepen-
dent of lipid rafts, we used cholesterol (CHO) replenishment to
restore the lipid rafts. As shown in Figure 1D and E, CHO
replenishment recovered the decreased intensity of CTxB stain-
ing and the redistribution of CAV1 caused by MBCD. Notably,
CHO loading decreases LC3B-II flux, as noticed by the reduc-
tion in the CQ-induced accumulation of LC3B-II (Fig. 1H). To
further confirm the notion that the regulatory role of CAV1 in
autophagy is associated with cholesterol, we performed MBCD
treatment in cav1-KO cells. As shown in Figure 1I, compared to
Cav1 WT cells, MBCD treatment was less effective in inducing
autophagy in cav1-KO cells, suggesting that the regulatory role
of CAV1 in autophagy is associated with cholesterol and lipid
rafts.

In addition, lipid rafts are implicated in the AKT-MTOR sig-
naling pathway, which is a key negative regulator of autoph-
agy.21,22 We next tested the involvement of MTORC1 in
autophagy induced by lipid raft disruption. As shown in
Figure S3A, MBCD disruption did not show a significant inhib-
itory effect on MTOR downstream target protein RPS6/S6
(Ser235/Ser236). Consistently no difference was found in the
phosphorylation level of between CAV1 WT and KO MEFs
(Fig. S3B). Moreover, we disrupted lipid rafts by MBCD treat-
ment in tsc2 (tuberous sclerosis 2)-KO MEFs. TSC2 is an essen-
tial component in the formation of a functional heterodimer to
suppress MTORC1 activity, and loss of TSC2 leads to the con-
stitutive MTOR activation and impaired autophagy.32 The
effects of MBCD disruption on the autophagic flux were similar
in both Tsc2C/C and tsc2¡/¡ MEFs (Fig. S3A), suggesting that
MTORC1 is unlikely to play a role in autophagy-mediated by
CAV1 deficiency and lipid raft disruption.

CAV1 deficiency promotes lysosomal function
Lysosomes are the key organelles responsible for autophagy

degradation.33 Recently we have demonstrated upregulation of

lysosomal function in the course of autophagy induced by starva-
tion and MTOR inhibition.23 In this study, we examined
whether CAV1 deficiency affects lysosomal function, measured
by the following assays: (i) lysosomal pH evaluation by Lyso-
Tracker and LysoSensor, (ii) lysosomal proteolysis by DQ-BSA,
and (iii) detection of cathepsin enzyme activity coupled with
flow cytometry and confocal microscopy. First, there was a signif-
icant increase in LysoTracker Green, LysoSensor and DQ-BSA
signal in cav1¡/¡ MEFs when comparing to WT cells (Fig. 2A
and, S4A and B), indicating enhanced acidification of lysosomes
and proteolysis activity, respectively. The lysosomal pH was also
significantly decreased in cav1¡/¡ cells (Fig. S4C). Second, a sig-
nificant increase in lysosomal CTSL (cathepsin L) enzyme activ-
ity in cav1¡/¡ cells was detected by flow cytometry (Fig. 2B) and
confocal microscopy (Fig. S4D).

To further understand the role of lipid rafts in regulation of
lysosomal function, we also assessed the effect of MBCD and
cholesterol replenishment on lysosomal function. Consistently, a
higher level of LysoTracker Green staining, LysoSensor staining,
DQ-BSA intensity, and CTSL enzyme activity were found in
cells treated with MBCD (Fig. 2C, D, S4A and B). MBCD
treatment also led to a significant decrease of the lysosomal pH
(Fig. S4C). Notably, the same cholesterol replenishment which
effectively recovered lipid rafts (Figs. 1D and E) reversed the pro-
moting effect of MBCD on lysosomal function (Figs. 2C
and D).

To confirm whether the increase of these markers used for
lysosomal function was due to increased lysosomal membrane
permeability or even increased lysosome numbers, we exam-
ined the distribution of CTSL and the LAMP1 (lysosomal-
associated membrane protein 1) level. In this study, most of
the CTSL magic red staining colocalized with LysoTracker
Green in both Cav1C/C and cav1¡/¡ cell lines before
and after raft disruption by MBCD (Fig. S4D and E), indi-
cating that increased CTSL by lipid raft disruption was in
the lysosome but not due to its leakage into the cytosol.
Moreover, in our data, the LAMP1 protein level was not
affected by CAV1 deficiency or MBCD treatment (Fig. S5A
and B), thus excluding the possibility that the observed
changes of lysosomal functions are due to increased lysosome
numbers.

Figure 1 (See previous page). CAV1 deficiency promotes autophagy via disruption of lipid rafts. (A) Lipid raft marker CTxB (Red) staining in Cav1C/C and
cav1¡/¡ MEFs. Cell identity was shown by western blots. (B) Cholesterol indicator filipin (blue) staining of both CAV1 deficiency and MBCD pretreatment
(5 mM, 1 h). Scale bar: 10 mm. (C) CAV1 deficiency increases both basal and amino acid starvation-induced autophagy (AA-, 2 h). Autophagic flux was
detected by the treatments with or without chloroquine diphosphate (CQ, 20 mM) for 2 h. Quantification of the LC3B-II/ACTB ratios is presented
(*P <0.05). (D) Cholesterol replenishment rescues the lowering effect of MBCD on CTxB staining. MEFs were pretreated with or without MBCD (5 mM) for
1 h, then incubated in the presence or absence of cholesterol (CHO, 30 mg/ml) and then stained with CTxB. (E) CAV1 redistribution in detergent-resistant
fractions (DRF, proteins rich in membrane rafts) and detergent soluble fractions (DSF) after the same treatments as indicated in (D). Cell lysates were sep-
arated and immunoblotted with the indicated markers. (F) MBCD increases the GFP-LC3B puncta formation in both normal and starvation condition.
MEFs with stable expression of GFP-LC3B were pretreated with or without MBCD (5 mM) for 1 h, then incubated in both normal DMEM and AA- medium
with or without CQ (20 mM) for 2 h. The GFP-LC3B punctation and lipid raft marker CTxB were observed under a confocal microscope (£600). Scale bar:
10 mm. (G) MBCD increases autophagic flux in both normal and amino acid starvation-induced autophagy. Cells were exposed to the same treatments
indicated in panel. Quantification of the LC3B-II/ACTB ratios is presented (*P < 0.05). (F) then cell lysates were collected and subjected to western blot
analysis for the indicated markers. Quantification of the LC3B-II/ACTB is presented. (H) Cholesterol replenishment overcomes the effect of MBCD disrup-
tion on autophagy. MEFs were pretreated with or without MBCD (5 mM) for 1 h, then incubated in the presence or absence of CHO (30 mg/ml) and CQ
(20 mM). (I) MBCD disruption does not further enhance autophagy flux in cav1¡/¡ MEFs. Cav1C/C and cav1¡/¡ MEFs were pretreated with or without
MBCD (5 mM) for 1 h, then incubated in the presence or absence of CQ (20 mM).
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CAV1 deficiency promotes V-ATPase assembly
In order to understand the molecular mechanisms underlying

lysosomal activation mediated by CAV1 deficiency, we examined
changes in lysosomal V-ATPase assembly. V-ATPase is known as
the crucial protein complex that regulates the acidification pro-
cess of the lysosomal lumen and lysosomal degradation.34 The
V-ATPase, a proton-pumping membrane protein complex, is
controlled by the assembly of 2 domains (the cytosolic V1

domain and the integral membrane V0 domain).34 Since there
are studies showing that lipid rafts contain V-ATPase subunits,35

we thus determined whether CAV1 deficiency regulates the

V-ATPase assembly via lipid raft disruption. First, more than
50% of lysosomes (labeled by LysoTracker Green) were colocal-
ized with lipid rafts (visualized by CTxB) (Fig. 3A), suggesting
the existence of lipid rafts on lysosomes. Such a finding was fur-
ther supported by the evident colocalization between LAMP1
and CAV1 (Fig. S6). Second, isolated lysosome membranes con-
tained a significant amount of CAV1 (Fig. 3B), suggesting the
possible existence of CAV1-dependent lipid rafts on the lysosome
membrane. And finally, we used the proximity ligation assay
(PLA) to assess the colocalization of the V0 and V1 subunits.
Indeed, a higher level of signal was detected in CAV1-deficient

Figure 2. CAV1 deficiency promotes lysosomal function. (A) cav1¡/¡ MEFs has a higher DQTM Red BSA (red) and LysoTracker� Green DND-26 (green)
staining intensity when comparing to Cav1C/C cells. Cav1C/C and cav1¡/¡ MEFs were preloaded with DQTM Red BSA (red) and costained with
LysoTracker� Green DND-26 (green). Then examined by confocal microscopy (£600). Scale bar: 10 mm. The mean florescence intensity were analyzed
by ImageJ, means §SD were presented. (B) CTSL enzyme activity is increased in cav1¡/¡ MEFs. Cav1C/C and cav1¡/¡ MEFs were loaded with Magic RedTM

CTSL reagent for 15 min. Fluorescence intensity of 10,000 cells per sample was determined by flow cytometry using the BD FACS cytometer. Three inde-
pendent experiments were analyzed, means §SD were presented. (C). MBCD increases the DQTM Red BSA and LysoTracker Green DND-26 staining inten-
sity, while cholesterol replenishment overcomes these effects. MEFs were costained with DQTM Red BSA and LysoTracker Green DND-26, then pretreated
with MBCD (5 mM) for 1 h, and then treated with or without CHO (30 mg/ml) and examined by confocal microscopy (£600). Scale bar: 10 mm. (D) MBCD
increases the CTSL enzyme activity, while cholesterol replenishment overcomes this effect. MEFs were pretreated with MBCD (5 mM) for 1 h. Then CTSL
enzyme activities were measured by FACS cytometer. Three independent experiments were analyzed, means §SD were presented (*P < 0.05,
** P < 0.01).
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cells and after MBCD treatment (Fig. 3C), indicating enhanced
V1 translocation to lysosomes and V-ATPase assembly in cells
after lipid raft disruption. In addition, we found that the colocali-
zation between CAV1 and ATP6V0D1 (ATPase, HC transport-
ing, lysosomal 38kDa, V0 subunit d1) was decreased after lipid
raft disruption by MBCD (Fig. S7). Interestingly, the amino
acid-free starvation, which promotes lysosomal function,23 also
decreased the colocalization between CAV1 and ATP6V0D1
(Fig. S7). These observations support the notion that the CAV1-
dependent lipid rafts localize at lysosome membranes and disrup-
tion of these lipid rafts increases the V-ATPase V0 and V1

assembly.

Disruption of lipid rafts promotes autophagosome-lysosome
fusion

It is known that activation of lysosomal function in the course
of autophagy is also dependent on autophagosome-lysosome

fusion.23 Here, we assessed the effect of
lipid rafts on this fusion process by
using the L929 cells with stable trans-
fection of tfLC3B (mRFP-GFP tandem
fluorescent-tagged LC3B) as a tool.
First, in these cells, the RFP is more
resistant than GFP to the acidic lyso-
some environment. Therefore, RFP-
positive/GFP-negative puncta can be
used to evaluate the fusion of autopha-
gosomes and lysosomes.36 We observed
increased RFP puncta after MBCD
pretreatment and Cav1 knockdown,
indicating a positive effect of raft dis-
ruption on autophagosome-lysosome
fusion (Figs. 4A, B and S8). Second, as
shown in Figure 4C and D, in cells
treated with bafilomycin A1 (Baf) for
15 h, all of the puncta were double
positive for GFP and RFP, indicating a
complete blockage of autophagosome-
lysosome fusion. Removal of Baf from
the cell culture medium would elimi-
nate the blockage and resume the auto-
phagosome-lysosome fusion process.37

After Baf was removed, the nonfused
autophagosomes (both GFP and RFP
positive) would proceed with lysosome
fusion to form autolysosomes, which
are detectable with RFP due to the
quenching of GFP in the acidic autoly-
sosome.36 Therefore, by comparing the
ratio of GFP/RFP signals after Baf
removal we are able to evaluate the
autophagosome-lysosome fusion pro-
cess. In comparison to control cells,
MBCD treatment markedly reduced
the relative ratio of GFP/RFP, indicat-
ing a higher rate of autophagosome-

lysosome fusion and autolysosome formation in MBCD-treated
cells (Figs. 4C and D). Notably, the effect of MBCD was even
more evident than those observed in the positive control with
amino acid starvation (Figs. 4C and D).

Autophagy induced by CAV1 deficiency promotes cell
survival under starvation

One important physiological role of autophagy is to prolong
cell survival under starvation by recycling cytoplasmic compo-
nents to provide the essential nutrients needed.38-40 Here, we
examined the cell viability by morphological changes and propi-
dium iodide (PtdIns) exclusion assay to test if CAV1 deficiency-
induced autophagy would have any impact on the cell death
induced by amino acid starvation. As expected, we observed that
cav1¡/¡ MEFs were more resistant to amino acid starvation than
WT MEFs (Figs. 5A and B).

Figure 3. CAV1 deficiency promotes V-ATPase assembly. (A) Lipid raft marker CTxB (red) and lyso-
some marker LysoTracker Green DND-26 (green) are colocalized. MEFs were costained with CTxB
(red) and LysoTracker Green DND-26 (green), then observed by confocal microscopy (£600). Scale
bar: 10 mm. (B) CAV1 is accumulated in lysosome fractions. Lysosome fractions were collected as
described in Materials and Methods. LAMP1 was used as a marker for the lysosome fraction, and MT-
CYB was used as a marker for mitochondria. Lysosome fractions and total cell lysates were blotted for
indicated proteins. (C) V-ATPase assembly is increased in CAV1-deficient cells or after MBCD treat-
ment. Cav1C/C MEFs, which were treated with or without MBCD (5 mM) for 1 h, and cav1¡/¡ MEFs
were fixed and followed by proximity ligation assay (PLA). The nuclei were counterstained with DAPI.
Representative PLA images were selected and shown. Scale bar: 10 mm.
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Next, to confirm whether this survival advantage in
CAV1-deficient cells is autophagy dependent, we compared
the effect of MBCD treatment, which mimics the lipid raft
disruption effect of CAV1 deficiency, on the cell viability in
both Atg5C/C and atg5¡/¡ MEFs after starvation. First, we
found that treatment with MBCD enhanced autophagic flux
level only in Atg5C/C MEFs (Fig. 5C). Second, MBCD alone
did not affect cell viability in normal growth medium in
both Atg5C/C and atg5¡/¡ cells, while pretreatment with
MBCD offered significant protection against starvation-medi-
ated cell death in Atg5C/C cells, but not in atg5¡/¡ cells
(Figs. 5D and E). As expected, the atg5¡/¡ MEFs were
much more susceptible to cell death under starvation

(Figs. 5D and E). These results thus indicate that the protec-
tive effect by lipid raft disruption against starvation-induced
cell death is autophagy or Atg5-dependent.

Altogether, we provide evidence to demonstrate that the
higher level of autophagy induced by CAV1 deficiency via lipid
raft disruption promotes cell survival under starvation
conditions.

Reduced CAV1 expression level in human breast cancer cells
and re-expression of CAV1 in MCF7 cells recovers lipid rafts
and suppresses autophagy and lysosome function

Data from an earlier part of our study demonstrate that CAV1
deficiency promotes autophagy. Since autophagy is widely

Figure 4. Disruption of lipid rafts promotes autophagosome-lysosome fusion. (A) MBCD pretreatment increases the RFP signal in the tfLC3B-L929 cells.
The tfLC3B-L929 cells were pretreated with or without MBCD (5 mM) for 1 h, then incubated in both normal DMEM and amino acid-free medium for 2 h.
Cells were examined using a confocal microscope (£600). Scale bar: 10 mm. (B) Statistical analysis of the figures in panel (A) by the average RFP fluores-
cence per cell. Values were represented as means §SD of 3 experiments (*P < 0.05). (C) MBCD pretreatment increases autophagosome-lysososme
fusion. The tfLC3B-L929 cells were treated with bafilomycin A1 (Baf, 50 nM) for 15 h. Then medium was changed to the indicated treatments and cells
were observed under confocal microscopy at each time (3, 6, and 9 h). Representative data from 9-h treatment were presented. Scale bar: 10 mm. (D) Sta-
tistical analysis of GFP/RFP ratio. The rate of autophagosome maturation was measured by the green/red fluorescence ratio (Relative Ratio of GFP/RFP) of
indicated treatments at each time (3, 6, and 9 h) after Baf removal (0). The ratio of GFP/RFP was normalized to the value at T0. Values were represented as
means § SD of 3 experiments.
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considered to be a tumor-suppressive mechanism,38,39,41 we
hypothesized that CAV1 expression is associated with cancer
development via modulation of autophagy. We first measured
the CAV1 protein level in a set of different breast cancer cell lines
and a nontumorigenic MCF10A. Among them, ZR 75–1, SK-
BR3 and MCF7 had low levels of CAV1 expression, while the
CAV1 protein levels in MDA-MB-231, MDA-MB-436 were
found to be higher, similar to MCF10A cells (Fig. 6A). Such
results are generally consistent with the earlier reports with regard
to CAV1 expression in breast cancer cells.14 We next chose 2
breast cancer cell lines MDA-MB-231 and MCF7 to elucidate
the function of CAV1 in autophagy and cell survival. The
mRNA level of CAV1 was found to be consistent with the pro-
tein level in these 2 cell lines (Fig. 6B). We then compared
CTxB and filipin staining intensity as direct evidence for lipid

raft levels. Consistent with CAV1 expression differences, MDA-
MB-231 cells with high CAV1 expression had a relatively higher
CTxB and filipin level when comparing to MCF7 cells (Figs. 6C
and D). These data thus suggest that CAV1 expression level is
associated with lipid rafts in breast cancer cell lines.

In order to evaluate the role of CAV1 in autophagy regulation,
we established a stable cell line in which the MCF7 cells were
reconstituted with CAV1. As expected, the lipid raft markers
CTxB and filipin staining were recovered in MCF7 cells with
CAV1 expression (Figs. 6E and F). Moreover, expression of
CAV1 led to reduced LysoTracker Red staining (Fig. 6G). More
importantly, the autophagy marker LC3B-II level was decreased in
MCF7 cells with exogenous expression of CAV1 with or without
CQ treatment (Fig. 6H), consistent with the earlier notion that
CAV1 negatively regulates autophagy. Finally, the expression of

Figure 5. Autophagy induced by CAV1 deficiency promotes cell survival under starvation. (A and B) cav1¡/¡ MEFs are more resistant to amino acid star-
vation compared to Cav1C/C cells. Cav1C/C and cav1¡/¡ MEFs were treated with amino acid-free medium for 48 h. Then the cells were observed under
phase-contrast microscopy (A) Scale bar: 200 mm. The percentage of dead cells was measured with the propidium iodide (PtdIns) uptake assay coupled
with flow cytometry (B) Values were represented as means §SD of 3 experiments (*P <0.05). (C) MBCD pretreatment induces autophagic flux in
Atg5C/C cells, and autophagy is deficient in atg5¡/¡ cells. WT and atg5¡/¡ MEFs were pretreated with or without MBCD (5 mM) for 1 h, then incubated
in the presence or absence of CQ (20 mM). (D and E) MBCD protects against cell death in ATG5 WT cells after amino acid starvation (AA-). Atg5C/C and
atg5¡/¡ MEFs were pretreated with MBCD (5 mM) for 1 h, followed by amino acid starvation. Then the cells were observed under phase-contrast micros-
copy. Scale bar: 200 mm. The percentage of dead cells was measured with the PtdIns uptake assay coupled with flow cytometry.
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Figure 6. Reduced CAV1 expression level in human breast cancer cells and re-expression of CAV1 inMCF7 cells recovers lipid rafts and suppresses autophagy and lyso-
some function. (A) The CAV1 level in different breast cancer cell lines. The lysates of MCF-10A and 5 breast cancer cell lines were immunoblotted with the indicated
markers. (B) mRNA level of CAV1 inMCF7 andMDA-MB-231 cells. Quantitative real-time RT-PCR analysis ofmRNA levels of CAV1 in theMDA-MB-231 andMCF7 cells. The
amount of CAV1expression inMDA-MB-231 cellswas set to 100% (CandD). Lipid raftmarker inMDA-MB-231 andMCF7 cells.MDA-MB-231 andMCF7 cellswere stained
by raftmarker CTxB (C) and filipin (D) and observed by confocalmicroscopy (X600). (E andF) Re-expression of CAV1 inMCF7 recovers lipid raft levels. MCF7 cellswith sta-
ble expressionof EGFPandEGFP-CAV1were stainedby the raftmarkerCTxB (E) andfilipin (F). (G) Re-expressionofCAV1decreases lysosome function.MCF7cellswith sta-
ble expression of EGFP and EGFP-CAV1 were incubated with LysoTracker Red and assessed by confocal microscopy (£600). To avoid signal saturation, the power of the
green laser was reduced. (H) Re-expression of CAV1 decreases the autophagy level inMCF7 cells. MCF7 cells with stable expression of EGFP and EGFP-CAV1were treated
with CQ (20 mM) for 2 h, then the cell lysates were blotted for the indicated markers. (I) Re-expression of CAV1 decreases cell survival after amino acid starvation. EGFP
and EGFP-CAV1 MCF7 cells were treated with or without wortmannin (Wort, 50 nM) under both normal and amino acids starvation conditions after 72 h, then stained
with PI. The PtdIns stainingwas observed through fluorescencemicroscopy. Scale bar: 200mm. (J) The percentage of PI-positive cells were counted and analyzed. Three
independent experimentswere analyzed,Means §SDare presented (** P< 0.01).
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CAV1 sensitized the MCF7 cells to cell death induced by amino
acid starvation (Figs. 6I and J), indicating that deficiency of
CAV1 in MCF7 cells promotes cell survival under starvation con-
ditions. In addition, the inhibition of autophagy by wortmannin

(Wort) almost totally diminished the prosurvival advantages in
CAV1-deficient cells (Figs. 6I and J). These results further con-
firm that the protective effect of CAV1 deficiency against starva-
tion-induced cell death is autophagy-dependent.

Figure 7. Downregulation of CAV1 with enhanced autophagy in human breast cancer tissues. (A) Levels of CAV1 and autophagy markers in breast tumor
and adjacent normal tissues. The lysates of 7 pairs of tumors and their adjacent normal tissue samples were immunoblotted with the indicated markers.
(B) mRNA level of CAV1 in breast tumor and their adjacent normal tissue samples. Quantitative real-time RT-PCR analysis of mRNA levels of CAV1 in the 7
pairs of tumor and their adjacent normal tissue samples. The amount of CAV1 expression in the normal tissue of the first pair was set to 100%. (C) Immu-
nostaining of CAV1 in paraffin-embedded sections from breast tumor and their adjacent normal samples. Samples were immunostained with anti-CAV1,
then counterstained with hematoxylin (400X). The tissue morphology was confirmed by H&E staining (200X). (D) The statistical analysis of 7 pairs of
breast tumor and adjacent normal samples. The intensities of CAV1 proteins were quantified using the Motic Images Advanced software, followed by sta-
tistical analysis. Means §SD are presented (** P < 0.01). (E) Model of the regulatory role of lipid rafts and CAV1 in autophagy and the cellular stress
response. Loss of CAV1 and the associated disruption of lipid rafts promote autophagy by promoting lysosome function and possibly increasing of auto-
phagosome formation. Inducible autophagy serves as a cell survival mechanism under stress conditions such as starvation.
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Downregulation of CAV1 with enhanced autophagy
in human breast cancer tissues

In order to understand the pathological implication of CAV1
in human breast cancer, we analyzed and compared the CAV1
mRNA and CAV1 protein levels in 7 pairs of breast cancer and
their adjacent normal tissues. As shown in Figure 7A, we found
marked downregulation for CAV1 protein levels in the cancerous
tissues. Similarly, the mRNA level of CAV1 was significantly lower
or undetectable in the cancerous tissues (Fig. 7B). Consistently, in
all of the samples, we observed a lower level of CAV1 in
breast tumor tissues (one representative pair was shown in
Fig. 7C and the statistical analysis of the semiquantification of the
CAV1 level in 7 pairs of tissue samples were shown in Fig. 7D).
Since CAV1 is associated with autophagy as shown earlier, we fur-
ther analyzed and compared the autophagic markers in those
human breast cancer and adjacent tissue samples. As shown in Fig-
ure 7A, among the 7 pairs tested, LC3B-II level was increased in
cancerous tissues in 4 pairs of the samples (#11, #20, #19 and
#86), with corresponding reduction of the level of the autophagy
substrate SQSTM1/p62 in all of the 7 samples. Taken together,
these data suggest that downregulation of CAV1 is associated with
upregulated autophagy in human breast cancer tissues.

Discussion

In this study, we report a novel function of CAV1 in modula-
tion of lysosomal function and autophagy. This regulatory func-
tion of CAV1 is believed to act via lipid rafts independent of
caveolae. As summarized in Figure 7E, CAV1 deficiency and lipid
raft disruption promote lysosomal function, increase autophagic
flux and promote cell survival under starvation. Moreover, in
breast cancer cells and tissues, downregulated CAV1 was associated
with an enhanced autophagy level. Thus our data reveal a novel
function of CAV1 in cell stress responses and possibly cancer
development via modulation of lysosomal function and autophagy.

Caveolae and lipid rafts are structurally and functionally dis-
tinct, while CAV1 has been well established to play a critical role
in the structure and function of caveolae.6 At present, there are 2
lines of evidence demonstrating that CAV1 is also involved in
lipid rafts: (i) CAV1 plays an important role in the regulation of
cholesterol homeostasis in various membrane structures,4,6 and (ii)
distribution of CAV1 in cellular organelles such as mitochondria,
endoplasmic reticulum, and the late endosome/lysosome, has also
been well reported.7-9 In this study, we provide convincing evi-
dence demonstrating that the function of CAV1 in autophagy is
most probably lipid raft-dependent but caveolae-independent.
First, depletion of another critical caveolae regulator PTRF did
not affect autophagy (Fig. S1). Second, depletion of cholesterol by
MBCD treatment had a similar effect as Cav1 deficiency on
autophagy, and moreover, MBCD was unable to further promote
autophagy in Cav1-KO cells (Fig. 1I). We acknowledge that treat-
ment with MBCD would have a different impact on lipid rafts
than CAV1 deficiency, the fact that MBCD is ineffective in Cav1-
KO cells to promote autophagy, indicating the proautophagy
function of MBCD and CAV1 deficiency are most likely lipid

raft-related. Third, there was partially colocalization of lipid rafts
with lysosomal markers, and a large quantity of CAV1 accumula-
tion in the lysosomal fraction (Figs. 3A, B). Based on the fact that
caveolae primarily localize at the plasma membrane and PTRF sta-
bilizes CAV1 protein at the plasma membrane,29 it is thus
believed that CAV1 regulates lysosomal function and autophagy
in a caveolae-independent and lipid raft-dependent manner.
Therefore, data from this study demonstrate a novel function of
CAV1 in regulation of lysosomal functions and autophagy.

Our results are generally consistent with several earlier studies
in which CAV1 and lipid rafts are able to negatively regulate
autophagy, via multiple mechanisms. First, in adipocytes, Cav1
deficiency suppresses insulin and lipolytic responses, which will
lead to autophagy induction.19 Second, loss of CAV1 promotes
autophagy via enhanced oxidative stress and NFKB1/NF-kB
activation.20,42 Third, a recent study provides direct evidence to
show a competitive interaction of CAV1 and the ATG12–ATG5
system, which suppresses the formation and function of the
ATG12–ATG5 complex in lung epithelial cells.43 In contrast,
some components of lipid rafts are reported to promote autoph-
agy. For instance, a paradigmatic component of lipid rafts, GD3
ganglioside, plays a positive role in autophagosome formation.25

In addition, another component of lipid rafts, ceramides, has also
been implicated in autophagy induction via blockage of AKT
activation, upregulation of BECN1 or suppression of nutrient
transporter expression.24,26,44 Notably, these studies do not pro-
vide the direct evidence to show whether the function of those
lipids in autophagy regulation is lipid rafts dependent and
whether CAV1 is involved in the regulation of these lipids. It
remains to be further determined whether those individual com-
ponents of lipid rafts act through lipid rafts per se in the regula-
tion of autophagy and whether the CAV1- dependent lipid rafts
are affected by the changes of these lipids.

In our attempt to understand the molecular mechanisms under-
lining the regulatory role of CAV1 in autophagy, we focused our
attention on lysosomes. The roles of lipid rafts in different cellular
organelles have been reported previously. For instance, the lipid
raft adaptor CDKN2C/p18 controls endosome dynamics by
anchoring the MAP2K1/7-MAPK1/3 (formerly also known as
MEK–ERK) pathway to late endosomes.45 Lipid rafts also play an
important role in the trans-Golgi network for membrane traffick-
ing.46 Furthermore, several lysosome membrane proteins associate
with lipid rafts, such as V-ATPase, chloride channels CLCN6-
CLCN7, and LAMP2A, suggesting a possible role of lipid rafts in
regulation of lysosomal functions.35,47 However, the involvement
of CAV1 in lysosome regulation is unknown. Here, we provided
clear evidence to show the involvement of CAV1 and lipid rafts in
the regulation of lysosomal function. Disruption of lipid rafts by
CAV1 deficiency and MBCD treatment enhances lysosome func-
tion via promotion of V-ATPase assembly (Figs. 2 and 3). It has
been reported that CAV1 and lipid rafts localize to late endosome
and lysosome membranes.9 CAV1 moves to and from the lysosome
membrane during intracellular cholesterol trafficking based on the
evidence of increased lysosomal CAV1 accumulation after pertur-
bation of lysosome pH and blockage of cholesterol trafficking.9

Therefore, lysosomes might be critical for the regulation of CAV1
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and cholesterol trafficking. However, the functions of CAV1 on
lysosomes are not well understood. In some lysosomal storage dis-
eases, a higher level of lipid rafts is found on late endosomes or
lysosomes.48,49 A recent study also demonstrates that the abnormal
accumulation of ’cholesterol-enriched regions’ leads to lysosomal
disease.37 Such observations thus suggest the possibility that lipid
rafts may act as a negative regulator of lysosomal function. Data
from our study are indeed supportive of such a hypothesis. It is
thus believed that modulation of CAV1 and lipid rafts regulates
lysosome function. Interestingly, the degradation of CAV1 requires
acidic lysosomal or late endosomes.49 Here, we showed that the
CAV1 deficiency will promote lysosomal function, indicating a
positive feedback loop between CAV1 and lysosomal function.

In order to understand the molecular mechanisms underlying
the regulatory roles of CAV1 and lipid rafts on lysosomal func-
tion, we examined the changes of V-ATPase assembly. V-ATPase
is the main determinant in lysosome acidification and functions.34

The assembly of V1 and V0 domains is critical for its enzymatic
activity34 and the V-ATPase complex localizes to lipid rafts.35 We
found that deficiency of CAV1 and disruption of lipid rafts by
MBCD increased the rate of V-ATPase assembly (Fig. 3), suggest-
ing that CAV1 and lipid rafts may hinder the assembly process of
the V-ATPase complex. In addition, we have provided evidence
showing that both lipid rafts and amino acid starvation lead to the
decrease between CAV1 and a V-ATPase V0 subunit (Fig. S7),
which provides a possible explanation for the promoted V-ATPase
assembly. The membrane bonded V0 subunit localized in lipid
rafts and might interact with CAV1 directly. The CAV1 and lipid
rafts might prevent the V0 and V1 subunit-assembly process.
Thus, disruption of these lipid rafts will release the V0 subunits to
be assembled with the V1 subunits. However, this hypothesis still
needs to be further confirmed and assessed as to exactly how the
lipid rafts regulate the V-ATPase assembly.

Autophagy has been well established as a cell survival mecha-
nism under stress conditions such as starvation.50 Consistently,
in this study we found that autophagy mediated by CAV1 defi-
ciency via lipid raft disruption protects against cell death induced
by starvation (Figs. 5, 6I, and J). The prosurvival function of
autophagy is implicated in cancer development. Autophagy func-
tions as a tumor suppressor during the initiation stage of cancer
progression; on the contrary, once a tumor is formed, autophagy
in the tumor cells will provide a survival advantage to resist cell
death induced by cancer therapeutic agents.51 Based on this
understanding, suppression of autophagy using chemical inhibi-
tors becomes a novel approach in cancer therapy, including com-
binational therapy with autophagy inhibitors and established
therapeutic agents.38 CAV1 possesses a tumor suppression func-
tion in several types of cancer, especially in breast cancer,10 based
on observations that CAV1 is downregulated or exhibits loss of
function in mutants, in breast cancer cells.10,14,52 Moreover, in
breast cancer, lipid rafts and CAV1 are crucial for some key
processes, including apoptosis, cell fate regulation, growth
factor receptor signaling, and several important signaling path-
ways.53–55 For instance, the oncogenic proteins EGFR, ERBB2/
HER2, and IGFL are associated with lipid rafts.55-57 Targeting
lipid rafts may have an anticancer effect by promoting the

internalization and degradation of those oncogenic proteins.58 In
this study, we also found downregulated CAV1 levels in both
breast cancer cell lines and tissue samples (Figs. 6A, 7A, and D).
Our data also indicate that a higher autophagy level correlated
with lower CAV1 expression in the breast cancer tissues. There-
fore, breast cancer cells use autophagy as a prosurvival mecha-
nism to resist cell death, especially those cancer cells with lower
levels of CAV1 and impaired lipid raft function. The results pre-
sented in this study also suggest a possible explanation for the
poor clinical outcomes of those breast cancer patients with
CAV1 deficiency, as reported previously.10,52,59 At present, there
is no reported biomarker in the selection of cancer patients for
autophagy-targeted chemotherapies. Thus, our study indicates
that those breast cancer patients with CAV1 deficiency might be
more suitable for autophagy-inhibitor therapies.

In summary, our data reveal a novel function of CAV1 in cell
stress responses and breast cancer development via regulation of
lysosomal functions and autophagy, a process dependent on lipid
rafts but independent of caveolae. Understanding such a novel
function of CAV1 provides a clue for suppressing autophagy as a
potential therapeutic approach, especially for breast cancer
patients with deficient CAV1 expression.

Materials and Methods

Reagents and antibodies
The chemicals used in our experiments were: methyl-b-cyclo-

dextrin (MBCD; Sigma, C4555), cholesterol-water soluble
(Sigma, C4951), chloroquine diphosphate (CQ, Sigma, C6628),
bafilomycin A1 (Baf, Sigma, B1793), rapamycin (Sigma,
R8781), cholera toxin subunit B conjugated with Alexa Fluor
594 (CTxB, Invitrogen, C34777), LysoTracker� Green DND-
26 (Invitrogen, L7526), LysoTracker� Red DND-99 (Invitro-
gen, L7528), Magic RedTM CTSL reagent (Immunochemistry
Technologies, LLC, 942), DQTM Red BSA (dye quenched;
Molecular Probes, D12051). The antibodies used in our experi-
ments were: anti-MAP1LC3B/LC3B (Sigma, L7543), anti-
SQSTM1/p62 (Abnova, H00008878–2C11), anti-ACTB/
b-actin (Sigma, A5441), p-RPS6 (S235/236) (Cell Signaling
Technology, 2211), anti-TFRC/transferrin receptor (Invitrogen,
136800), anti-CAV1/caveolin-1 (BD Pharmingen, 610059),
anti-TSC2 (Cell Signaling Technology, 3990s), mouse anti-
ATP6V1B2/V-ATPase B2 (Santa Cruz Biotechnology, sc-
166122), goat anti-ATP6V0D1/V-ATPase D1 (Santa Cruz Bio-
technology, sc-69105), anti-PTRF/Cavin-1 (Merck, ABT131).

Cell culture
MEFs, MCF7, and L929 cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM; Sigma, D7777) with 10%
fetal bovine serum (Hyclone, SH30071.03) and 1% penicillin-
streptomycin (Pan-Biotech, P06–07100) (defined as normal
medium in this study) in a 5% CO2 incubator at 37�C. The
Cav1C/C and cav1¡/¡ MEFs were described previously.27 MCF-
7 cells (1 £ 106 cells) were transfected with 5 mg pEGFP DNA
and 5 mg pEGFP-CAV1 DNA using Lipofectamine 2000 (Life

780 Volume 11 Issue 5Autophagy



Technologies, 11668) according to the manufacturer’s instruc-
tions. G418 (Sigma Aldrich, A1720) was used as a selection
drug at 500 mg/ ml for 3 wk to establish stable lines. PTRF
WT and KO MEFs have been previously described.60 The
Atg5C/C and atg5¡/¡ and Atg5 Tet-off inducible MEFs (m5–7)
with stably expressing GFP-LC3B were all kindly provided by
Dr. N. Mizushima (Tokyo Medical and Dental University).
The Tsc2C/C and tsc2¡/¡ MEFs were a generous gift from
Dr. D. Kwiatkowski (Harvard Medical School). The tfLC3B
stably transfected L929 cells have been reported previously.61

Plasmids
The mRFP-GFP tandem fluorescence-tagged LC3B construct

(tfLC3B) was a kind gift provided by Dr. T. Yoshimori (Osaka
University).36

Western blotting
After the designated treatments, Laemmli SDS buffer were used

to lyse the collected samples (62.5 mM Tris, pH 6.8, 25% glyc-
erol, 2% SDS [Vivantis, PB0640], phosphatase inhibitor [Thermo
Scientific, 78428] and proteinase inhibitor cocktail [Roche,
11697498001]). An equal amount of protein of each sample was
resolved by SDS-PAGE, and then the SDS-PAGE gels were trans-
ferred onto PVDF membrane (Bio-Rad, 162–0177). Membranes
were blocked for 30 min with blocking buffer (Thermo, 37538)
and followed by incubations with the indicated primary and sec-
ondary antibodies. Then the membranes were visualized with the
enhanced chemiluminescence method (Thermo Scientific, 34076)
by the ImageQuant LAS 500 (GE).

Quantitative real-time RT-PCR
The CAV1 primer set (CAV1: forward, CGTAGACTCG-

GAGGGACATC and reverse, ACTTGCTTCTCGCT-
CAGCTC) were used for quantitative RT-PCR. SsoFast EvaGreen
(Bio-Rad, 1725201AP) was used in a thermal cycler (model
C1000TM, Bio-Rad). All samples were normalized to GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) expression levels.

Measurement of intralysosomal function using LysoTracker
The intralysosomal function was estimated by Lyso-

Tracker.62,63 Cells were cultured on coverglass slide chamber,
and then followed with the designated treatments. After 30 min
incubation with 50 nM LysoTracker� Green DND-26 or
LysoTracker� Red DND-99, the fluorescence intensity was
observed under a confocal microscope (Olympus Fluoview
FV1000, Shinjuku-ku, Tokyo, Japan) and representative cells
from 3 fields of view were selected and photographed. All the
images were single focal planes.

Cathepsin activity assay
The CTSL enzymatic activity was measured by Magic RedTM

reagent (ImmunoChemistry technologies, 942) with the method
described earlier with slight modifications.64 Cells were cultured
in 24-well plates and treated with indicated treatments. Then
cells were further loaded with Magic RedTM CTSL reagent for
15 min. The fluorescence intensities of 10,000 cells per sample
were quantified by a BD FACS cytometer (BD Biosciences).

Cell fractionation
Isolation of detergent-resistant lipid raft fraction from the deter-

gent-soluble fraction was performed based on a previously con-
ducted study with minor modifications.31 Briefly, after indicated
treatments, cells were washed with ice-cold phosphate-buffered
saline (PBS [Vivantis, PB0344]; 137mM NaCl, 2.7mM KCl and
10mM Phosphate Buffer, pH 7.4) and collected by centrifugation
at 400 g at 4�C for 3 min. Then cells were homogenized with
TNE buffer (25 mM Tris HCl, pH 7.4, 150 mM NaCl, 3 mM
EDTA, and protease inhibitor cocktail) with 1% Triton X-100
(Sigma, X100) by passage through a 27-gauge needle for 20 times
on ice. Cells were collected, lysed and kept on ice for 30 min. After-
wards, samples were spun down at 16,000 g at 4�C for 20 min,
and the supernatant fractions were collected as the DSF. The insol-
uble pellet fractions were resuspended and lysed in Laemmli SDS
buffer, and were regarded as the DRF. The isolation of lysosomes
was performed according to the manufacturer’s protocol of the
Lysosome Enrichment Kit for Tissue and Cultured Cells (Thermo
Scientific, 89839). Three£ 150-mm2 cell culture dishes were used
for each indicated treatment. The isolated lysosome fractions were
then subjected to western blot analysis.

Visualization of lipid rafts by CTxB staining
The lipid rafts were stained with CTxB conjugated with Alexa

Fluor 594 as reported previously with minor modifications.28

Briefly, MEFs were seeded on coverglass slide chambers. After
the incubation and indicated treatments, cells were loaded with
1 mg/mL CTxB for 15 min on ice and then washed with PBS
and followed by a 30 min incubation at 37�C. The fluorescence
intensity was observed under a confocal microscope (Olympus
Fluoview FV1000) and representative cells from 3 fields of view
were photographed. All the images were single focal planes.

Visualization of lipid rafts by filipin staining
For cholesterol staining, the cells were labeled by Filipin III

(Sigma, F4767) as reported previously.65 Briefly, cells were
seeded and treated on coverglass slide chambers. After treatments,
cells were fixed with 4% paraformaldehyde for 30 min and
quenched in 50 mM NH4Cl3 for 10 min. Then cells were
blocked, permeabilized and stained in the solution which con-
taining 0.2% BSA (Sigma, A7906), 0.2% fish skin gelatin
(Sigma, G7041) with 50 mm of filipin III for 20 min. After 3
washes in PBS, the fluorescence intensity was detected under a
confocal microscope (Olympus Fluoview FV1000). Representa-
tive cells from 3 fields of view were selected and photographed.
All the images were single focal planes.

Proteolysis activity assay
Proteolysis activity was performed by DQTM Red BSA staining,

conducted with the methods reported previously.66MEFs were cul-
tured on coverglass slide chambers and preloaded with DQ-BSA
(10 mg/ml) for 1 h. After 3 washes with PBS, the medium was
changed to the designated treatments. Confocal microscopy
(Olympus Fluoview FV1000) was used to detect the fluorescence
intensity. The representative cells from 3 fields of view were selected
and photographed. All the images were single focal planes.
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Proximity ligation assay (PLA)
Cells were cultured in coverglass slide chambers and treated as

indicated. After fixation with 4% paraformaldehyde and permea-
bilization by 0.1% saponin (Sigma, 47036), the cells were sub-
jected to PLA by Duolink detection kit (Olink Bioscience, [PLA
Probe Anti-Goat MINUS, 92006; PLA Probe Anti-Mouse
PLUS, 92001; Detection Reagent Red, 92008]).67 Briefly, per-
meabilized cells were blocked and incubated with mouse anti-
ATP6V1B2 and goat anti-ATP6V0D1 antibodies overnight at
4�C. Then after incubation with secondary antibodies conjugated
to unique DNA probes (anti-mouse and anti-goat for 2 primary
antibodies, provided by the kit), a rolling circle amplification
step was used to subject to the proximity ligation (<40 nm) and
circularization of the DNA. After the amplification process, repli-
cations of the DNA circle were labeled by complementary oligo-
nucleotide probes and the signals were observed under a confocal
microscope (Olympus Fluoview FV1000). Representative cells
from 3 fields of view were selected and photographed. All the
images were single focal planes.

CAV1 immunohistochemistry
The paraffin-embedded tissue sections of 7 breast cancer sam-

ples and their adjacent normal tissue samples were collected from
a Tissue Repository (NUH, Singapore) for determination of
CAV1 expression. Sections are dewaxed and rehydrated using
standard dewaxing protocol. Then the samples were subjected to
heat antigen retrieval by exposure to 10 mM citric acid buffer
(pH 6.0 for 15 min at 105�C). Endogenous peroxidase activity
was blocked by a 10 min incubation with 3% H2O2. Then the
samples were blocked by 3% BSA and incubated with the 1:100
dilution of the anti-CAV1 primary antibody overnight at room
temperature (RT) in a humid chamber. Envision HRP anti-rab-
bit polymer (Dako, K401011) was added for 30 min at RT.
Color is developed by incubation with DAB (Dako, K401011)
for 5 min, followed a counterstain with Mayer haematoxylin
(Sigma, MHS1). Then the sections were dehydrated through
ascending graded alcohols, cleared in xylene, mounted and visu-
alized. Representative regions were selected and photographed.
To quantify the immunohistochemistry result of positive staining
intensity, 3 observations of each sample were analyzed by an
experienced pathologist. Motic Images Advanced software (ver-
sion 3.2, Motic China Group) was used to analyze the protein
level. Mean values § SD were presented. Student t tests were
used to identify the significance of differences.

Detection of cell death
Several methods were used to detect cell death quantitatively

and qualitatively, which are (i) morphological changes under
phase-contrast microscopy, (ii) PtdIns exclusion assay coupled
with flow cytometry (5 mg/ml). (iii) PtdIns staining observed
under fluorescence microscopy. For the PtdIns exclusion assay,
trypsinized cells with the medium in each well were collected. The
pellets were resuspended into PBS containing 5 mg/ml PtdIns.
Then 10,000 cells from each sample were analyzed by using a BD
FACS cytometer (BD Biosciences). For PtdIns staining assay, cells

stained with PtdIns (5 mg/ml). Then, the cells with PtdIns stain-
ing were observed through fluorescent microscope. The percentage
of PtdIns-positive cells were counted and analyzed by ImageJ.

Measurement of lysosome pH
Several methods were used to evaluate lysosome pH, which are

(1) LysoSensor Green DND189 (1 mM; Life Technologies,
L7535) staining observed under a confocal microscope; (2) Lyso-
Sensor Green DND189 (1 mM) staining coupled with flow
cytometry; (3) lysosome pH quantification. For lysosome pH
quantification, briefly, cells were seeded in 96-well plates and
labeled with 2 mM LysoSensor Yellow/Blue DND160 (Life Tech-
nologies, L7545) for 45 min in regular medium, then washed in
HEPES solution (10 mM HEPES, 133.5 mM NaCl, 2.0 mM
CaCl2, 4.0 mM KCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4,
11 mM glucose, pH 7.4). The fluorescence emitted at 440 and
535 nm in response to excitation at 340 and 380 nm was mea-
sured immediately by a microplate reader at 37�C. The ratio of
light emitted with 340 and 380 nm excitation was calculated for
each well. The pH calibration curve for the fluorescence probe was
generated by using the 2-(N-morpholino) ethanesulfonic acid
(MES) calibration buffer (10 mM monensin [Sigma, M5273],
10 M nigericin [Sigma, N7143], 25 mM MES [Sigma, M2933],
5 mM NaCl, 115 mM KCl and 1.2 mMMgSO4, pH 3.5 to 6.0).

Statistical analysis
All image and western blot data presented above are represen-

tatives from 3 independent experiments. The numeric data are
presented as means § SD from at least 3 independent experi-
ments and analyzed by the Student t test.
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