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Chemical modulators of autophagy provide useful pharmaco-
logical tools for examination of autophagic processes, and also
may lead to new therapeutic agents for diseases in which control
of cellular sequestration and degradation capacity are benefi-
cial. We have identified that timosaponin A-III (TAIII), a medici-
nal saponin reported to exhibit anticancer properties and
improve brain function, is a pronounced activator of autophagy.
In this work, the salient features and functional role of TAIII-
induced autophagy were investigated. In TAIII-treated cells,
autophagic flux with increased formation of autophagosomes
and conversion into autolysosomes is induced in association
with inhibition of mammalian target of rapamycin activity
and elevation of cytosolic free calcium. The TAIII-induced
autophagy is distinct from conventional induction by rapamy-
cin, exhibiting large autophagic vacuoles that appear to contain
significant contents of endosomal membranes and multivesi-
cular bodies. Furthermore, TAIII stimulates biosynthesis of
cholesterol, which is incorporated to the autophagic vacuole
membranes. The TAIlll-induced autophagic vacuoles capture
ubiquitinated proteins, and in proteasome-inhibited cells TAIII
promotes autophagy of aggregation-prone ubiquitinated pro-
teins. Our studies demonstrate that TAIII induced a distinct
form of autophagy, and one of its pharmacological actions is
likely to enhance the cellular quality control capacity via
autophagic clearance of otherwise accumulated ubiquitinated
protein aggregates.

Autophagy, or precisely referred to macroautophagy, is a dis-
tinct lysosomal degradation pathway for intracellular materials
(1, 2). Although the ubiquitin proteasome system (UPS)* usu-
ally degrades short-lived soluble proteins, autophagy comple-
ments UPS to degrade long-lived proteins, protein aggregates,
or organelles (3-5). Autophagy is essentially a regulated intra-
cellular vacuolization process consisting of two key steps: for-
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mation of autophagosomes that capture the cytosolic sub-
strates, and fusion of autophagosomes and lysosomes to form
autolysosomes in which the autophagic content is degraded.
The membrane trafficking processes in autophagy are specifi-
cally controlled by proteins encoded by highly conserved
autophagy related genes, ATGs, as well as the signaling lipid
phosphatidylinositol 3-phosphate that recruits effector pro-
teins to the membranes of autophagic vacuoles (6 - 8).

A major function of autophagy is to recycle free amino acids,
lipids, and carbohydrates for resynthesis of biomolecules or
energy production, particularly under starvation conditions. In
this regard, autophagy was thought to be a nonspecific process
involving random sequestration and degradation of cytoplas-
mic components, but it is now evident that cargo can also be
selectively incorporated into autophagosomes (9). Emerging
evidence has shown that autophagy may play a role in selective
sequestration and degradation of aggregated protein com-
plexes and/or damaged organelles, thereby serving as a cellular
quality control system for elimination of defective macromole-
cules. Thus, impairment of autophagy has been linked to
degenerative diseases and carcinogenesis in which pathological
molecules build up (10). On the other hand, induction of
autophagy is proposed as an attractive therapeutic strategy for
diseases in which an enhanced cellular sequestration and deg-
radation capacity is beneficial (11). Thus, a number of small
molecule-based autophagy inducers, including drugs already in
clinical uses (12, 13) or those from natural products (14, 15),
have been identified with the purpose for treating or preventing
degenerative diseases.

In the course of screening chemical modulators of
autophagy, we have identified timosaponin A-III (TAIII) as a
robust inducer of autophagy (16). TAIll is a spirostanol saponin
consisting of a galactose-glucose disaccharide moiety attached
to the C, position of the aglycone sarsasapogenin (supplemen-
tal Fig. S1). TAIII is isolated from the medicinal herb Anemar-
rhena asphodeloides, which is used as an antipyretic, anti-
inflammatory, antidiabetic, and antidepressive agent in
traditional Chinese medicine (17, 18). Experimental evidence
shows that purified timosaponins or the medicinal fractions
containing timosaponins exhibit various pharmacological
properties, including improvement of learning and memory
in subjects with dementia (17, 18). We have reported the
anticancer activities of TAIIl, and demonstrated that TAIII
induces autophagy, which plays a cytoprotective function (16).
Recently, TAIII was also shown to be preferentially toxic to
breast cancer cell lines but not non-transformed cells (19).
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In the view that autophagy induction is a characteristic
action of TAIIIL, we have identified several novel features of the
autophagy induced by this compound. Herein we report that
TAIII induced a distinct form of autophagy with the involve-
ment of multivesicular bodies, cholesterol biosynthesis, mTOR,
and calcium signaling. The pharmacological significance of
TAIII-induced autophagy is linked to degradation of ubiquiti-
nated proteins and may play a role in clearance of otherwise
accumulated aggregation-prone proteins.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—Expression plasmids for tfL.C3 (20)
and mRFP-LC3 were gifts of Dr. Tamotsu Yoshimori. Ubiqui-
tin-GFP (21) and YFP-CL1 (22) were obtained from Addgene.
Timosaponin AIIl was from Wako Biochemicals. Bafilomycin
A, was obtained from Sigma. BODIPY FL-pepstatin A, Oregon
Green 488-labeled phosphatidylethanolamine, and Fluo-4 were
obtained from Invitrogen. Mevastatin, BAPTA-AM, MG132,
and antibodies to ubiquitin (FK2) were from Enzo Life Science.
Filipin was from Cayman Chemical. p62 antibody was from BD
Bioscience. LC3 antibody was from Abgent. mTOR, p70 S6
kinase and phospho-p70 S6 kinase (threonine 389), 4E-BP1,
and GAPDH antibodies were from Cell Signaling. ULK1 anti-
body was from Santa Cruz Biotechnology.

Cells and Transfection—HeLa cells were maintained in min-
imum essential medium supplemented with 10% fetal bovine
serum and 2 mM glutamine. HeLa cells stably expressing tfL.C3,
mRFP-LC3, Ub-GFP, or YFP-CL1 were established by trans-
fecting cells with the corresponding constructs using Lipo-
fectamine 2000 (Invitrogen) and selected with 1 mg/ml of
G418. HeLa cells expressing YFP-CL1 reporter were further
selected for inducible expression of the reporter protein in the
presence of MG132. Cells were grown to near confluence
before experiments. 0.1% DMSO was added to the cells as vehi-
cle control.

Immunofluorescence Staining—Cells were fixed with 3%
paraformaldehyde in PBS for 10 min, permeabilized with 50
png/ml of digitonin for 5 min, and blocked with 1% BSA in PBS.
The fixed cells were incubated with primary antibodies at 1
png/ml for 1 h followed with appropriate Alexa Fluor fluores-
cence dye-conjugated antibodies (Invitrogen) at 1 pg/ml for
1 h. The stained cells were visualized with a Zeiss fluorescence
microscope.

Filipin Staining—Cells were fixed with 3% paraformaldehyde
in PBS for 10 min, incubated with 5 ug/ml of filipin for 30 min,
and then examined with a fluorescence microscope.

BODIPY FL-Pepstatin A Labeling—Cells were incubated
with 1 um BODIPY-pepstatin in culture medium at 37 °C for
1 h, washed with PBS, and then examined with a fluorescence
microscope.

Oregon Green 488-conjugated Phosphatidylethanolamine
(PE) Labeling—Cells were incubated with 3 um Oregon Green
488-PE in culture medium for 1 h at 4 °C to allow labeling at the
plasma membrane. The medium was removed and replaced
with medium containing TAIIIl or DMSO vehicle and incu-
bated for a further 18 h.

Fluorescence Image Analysis—The degree of colocalization
of two independent fluorescent images were analyzed by Colo-
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calizer Pro software to obtain the Pearson correlation coeffi-
cient (R). R, values from 0.5 to 1 indicates significant
colocalization.

Transmission Electron Microscopy (TEM)—Cells were
washed, trypsinized, and fixed with 2.5% glutaraldehyde in 0.1
M sodium cacodylate buffer, pH 7.4, at 4 °C overnight. After
washing, cells were post-fixed with 1% osmium tetroxide and
embedded in Polybed resin. Ultrathin sections were doubly
stained with uranyl acetate and lead citrate and analyzed with
208S Philips TEM.

Intracellular Free Calcium Measurement—After TAIII treat-
ment, cells were incubated with 1 uM Fluo-4 in culture medium
at 37 °C for 30 min, washed, and examined with a fluorescence
microscope. The relative intracellular free calcium concentra-
tion was determined by measuring the cell-associated Fluo-4
fluorescence using a plate reader.

Immunoblot Analysis—Cells were lysed with buffer (50 mm
Tris-Cl, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibi-
tor. Equal amount of proteins (20 ug) was resolved by SDS-
PAGE and transferred onto PVDF membrane. The membrane
was blocked with Tris-buffered saline containing 0.1% Tween
20 and 3% BSA and then incubated with primary antibodies at
4 °C overnight, followed with appropriate secondary antibodies
for 2 h. The immunoreactivities were detected using enhanced
chemiluminescence reagents (GE Healthcare). Protein signals
were quantitated using Image J software.

c¢DNA Microarray Analysis—HeLa cells were treated with 10
M TAIIL or 0.1% DMSO for 6 h. The total RNA was isolated by
TRIzol reagent (Invitrogen) followed by clean-up with the
RNeasy kit (Qiagen). cDNA microarray analysis was performed
with the Affymetrix Human Genome U133 Plus 2.0 GeneChip
and hybridization data were analyzed using the Affymetrix
Expression Console software (Genome Research Centre, The
University of Hong Kong). The regulated genes (with more than
2-fold differences in expression) were listed under supplemen-
tal Table S3.

RESULTS

TAIIl Induces Autophagic Flux—¥W e have previously demon-
strated that TAIII induces autophagy using TEM, immunoblot
for microtubule-associated protein 1 light chain 3 (LC3)
expression, and immunofluorescence detection of GFP-LC3
punctates (16). Nonetheless, these assays are instructive of for-
mation of autophagosomes without a direct indication of
autophagic flux involving the eventual merging of the autopha-
gosomal and lysosomal pathways (23, 24). In this work, an
experimental system using a tandem fluorescent mRFP-GFP-
LC3 expression construct (tfLC3) was employed for monitoring
the TAIIl-induced autophagic flux (20). Cells transfected with
tfLC3 would show characteristic fluorescent punctate upon
induction of autophagy. Because GFP fluorescence is quenched
at the acidic environment, whereas mRFP fluorescence is insen-
sitive to pH changes, tfLC3 associated with neutral compart-
ments show both green and red fluorescence, whereas those
associated with acidic compartments appear as localized red
but not green fluorescent signals. Thus monitoring the tfLC3
fluorescence allows distinguishing of the neutral autophago-
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FIGURE 1. Induction of autophagy by TAIll as revealed by tfLC3 imaging. A, Hela cells expressing tfLC3 were treated with 10 um TAIll or DMSO vehicle
(control) and then examined with fluorescence microscope. Scale bars, 10 um. B, quantitation of the percentage of cells showing tfLC3 dots after TAIll
treatment. For cells expressing the tfLC3 dots, the fractions of yellow spots (autophagosomes) and orange spots (autolysosomes) in the merged images were
determined. At least 100 cells were counted. C, Hela cells were treated with 10 um TAIll, 200 nm rapamycin (rpm), 5 nm bafilomycin A1 or their combination as
indicated for 8 h. Immunoblot analysis of the cell lysates was performed to examine the levels of LC3-Il and p62.

somes and more mature, acidified autophagic vacuoles such as
autolysosomes. Fig. 1 shows the time course of autophagy
induction by TAIII using HeLa cells stably transfected with
tfLC3. Treatment of the tfLC3 expressing cells with TAIII for
3-6 h (Fig. 1, A and B) resulted in a significant increase in
green/red fluorescent LC3 dots indicative of autophagosomes,
and an even more dramatic increase in red-only LC3 dots, pre-
sumably being mature acidic autophagic vacuoles. Prolonged
treatment for 18 h (Fig. 1B and Fig. 2A) resulted in predominant
formation of acidic autophagic vacuoles.

If the autophagic vacuoles induced by TAIII treatment rep-
resent steady state autophagic activities, blocking the interme-
diate steps should result in accumulation of the premature form
of vacuoles. Bafilomycin A, is an inhibitor of vacuolar H*-
ATPase that prevents acidification of autophagosomes and
impairs autophagosome-lysosome fusion (25). It was found
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that cells treated with TAIII and bafilomycin A, resulted in
accumulation of green/red fluorescent punctates, presumably
being autophagosomes (supplemental Fig. S2). Thus, the
autophagic vacuoles eventually formed after TAIII treatment
were predominantly mature vacuoles that have been fused with
acidic lysosomes. The TAIll-induced autophagic vacuoles
could also be labeled by fluorophore-conjugated pepstatin A,
which binds to lysosomal hydrolyase cathepsins (supplemental
Fig. S3, Pearson coefficient of colocalization, R, = 0.8960). Fur-
thermore, immunoblot analysis indicates that TAIII induced
expression of LC3-II, which can be further enhanced in the
presence of bafilomycin A, (Fig. 1C). TAIII treatment also
reduced the autophagy-specific substrate p62, and such a
reduction was abrogated by bafilomycin A, treatment (Fig. 1C).
Fluorescence microscopy reveals that the immunoreactivity
of p62 was colocalized with the TAIIl-induced autophagic
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FIGURE 2. TAlll-induced autophagic vacuoles exhibit features of multivescicular bodies. A, HeLa cells expressing tfLC3 were treated with 10 um TAlll or 200
nm rapamycin for 18 h and then examined with a fluorescence microscope. In TAlll-treated cells, locations of the tfLC3-associated autophagic vacuoles were
also recognized under light microscope. Scale bars, 5 um. B, HelLa cells expressing mRFP-LC3 were incubated with Oregon Green 488-labeled phosphatidyle-
thanolamine (OG-PE) for 1 h to label the plasma membrane (shown in the inset in the upper left micrograph). Medium was removed and replaced with medium
containing 10 um TAIIl or 200 nm rapamycin and incubation was continued for 18 h. Cells were then examined with fluorescence microscope. Portions of
TAlll-treated cells were enlarged to show features of autophagic vacuoles. Scale bars, 20 um.

vacuoles (supplemental Fig. S4), and this was much more
apparent when TAIII-induced autophagy was intercepted by
bafilomycin A,;. Collectively, TAIIl induces functional
autophagic flux and degradation.

TAIIl Induces Formation of Large Autophagic Vacuoles
Apparently Containing Endosomal Membranes and Multive-
sicular Bodies—When TAIll-induced autophagy is compared
with that by a conventional inducer like rapamycin (Fig. 2A4), a
striking difference is that the TAIlI-induced autophagic vacu-
oles were much larger in size (diameter >1 wm) than those
mediated by rapamycin treatment, and even recognizable
under phase-contrast light microscope. Furthermore, we have
observed that in HeLa cells expressing tfLC3, some luminal LC3
dots were frequently found inside the TAIII-induced vacuoles.
These led us to postulate that the TAIIl-induced autophagic
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vacuoles characteristically constitute specialized structures
such as multivesicular bodies (MVB)/late endosomes, which
harbor smaller vesicles derived from perimeter membranes
(26). Thus, we labeled the MVB in mRFP-LC3-transfected
HeLa cells with Oregon Green 488-labeled PE and traced its
association with autophagic vacuoles according to a previously
described procedure (27, 28) (Fig. 2B). The fluorophore-conju-
gated phosphatidylethanolamine is initially incorporated to the
plasma membrane, efficiently internalized via endocytosis, and
targeted to the MVBs. In TAlll-treated cells, intense Oregon
Green 488-PE labeling was significantly colocalized with the
mRFP-LC3-labeled autophagic vacuoles (R, = 0.6481). Closer
examination of these vacuoles shows the presence of smaller
luminal Oregon Green 488-labeled PE vesicles, resembling
the expected MVB appearance. Coincidently, ultrastructural
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FIGURE 3. TAlll-induced autophagy and cholesterol localization. A, Hela cells expressing tfLC3 were treated with 10 um TAIll or DMSO vehicle (control) for
18 h. Cells were fixed and stained with 5 wg/ml of filipin, and then examined with fluorescence microscope. Portions of TAlll-treated cells were enlarged to show
features of autophagic vacuoles. B, Hela cells expressing tfLC3 were treated with 10 um TAIll and 5 nm bafilomycin A,. C, Hela cells expressing tfLC3 were
treated with 1 um mevastatin for 24 h and then 10 um TAlll for further 18 h. Scale bars, 20 pm.

examination of TAIIl-treated cells by TEM (supplemental Fig.
S5) also shows that vacuolar structures of 1-5 um diameter
were formed with luminal vesicle-like structures (29). In com-
parison with rapamycin-treated cells (Fig. 2B), Oregon Green
488-PE labeling was much less conspicuous and was not found
co-localized with mRFP-LC3-labeled autophagic vacuoles
(R, = 0.483).

TAIII Induces Autophagy in Concomitance with Up-regula-
tion of Cholesterol Biosynthesis—We have performed cDNA
microarray analysis to identify possible genetic changes
involved in the mechanism of action of TAIII (supplemental
Tables S1-S3). Treatment of HeLa cells with TAIII for 6 h
resulted in ~800 up-regulated and ~200 down-regulated tran-
scripts. Notably, a number of transcripts encoding proteins
functioning at different hierarchy levels of autophagy were sig-
nificantly up-regulated (supplemental Table S1) (30). These
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include proteins involved in formation of autophagic vacuoles
such as unc-51-like kinase (ULK1), ATG2 autophagy-related 2
homolog B (ATG2B), microtubule-associated protein 1 light
chain 38 (MAP1LC3B), phosphoinositide 3-kinase, catalytic,
a-peptide (PIK3C2A), and phosphoinositide kinase FYVE fin-
ger containing (PIKFYVE). The simultaneous up-regulation of
autophagy-related genes suggests autophagic activities are per-
haps coordinated by a specific transcriptional mechanism.
Through the use of the DAVID functional annotation tool
(31), a number of significant pathways modulated by TAIII are
revealed (supplemental Table S2). The most prominent TAIII-
induced transcriptional change is an increase in the mRNA
encoding enzymes for cholesterol biosynthesis, including the
rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A
reductase (supplemental Tables S1 and S2). The induction of
the mRNA of several key cholesterogenic enzymes by TAIIl was
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FIGURE 4. TAlll inhibits mTOR signaling. Hela cells were treated with 10 um
TAIIl, 200 nm rapamycin or DMSO vebhicle (control) for 1, 4, and 8 h and the
phosphorylation of mTOR substrate (p70 S6K, 4E-BP1,and ULK1) and the levels
of autophagy marker proteins (LC3-/l and p62) were analyzed by immunoblot.
Dotted lines were positioned to indicate the changes in mobility of the pro-
teins (4E-BP1 and ULK1) as a result of phosphorylation events. C, control; T,
TAIll; R, rapamycin.

confirmed by RT-PCR (supplemental Fig. S6). Conventional
induction of autophagy by rapamycin was not associated with
marked changes in some cholesterogenic enzyme expressions
(supplemental Fig. S7). To investigate the specific role of cho-
lesterol in TAIII-induced autophagy, the localization of choles-
terol-enriched compartments was examined by filipin staining
of tfLC3 cells. In untreated (Fig. 34) as well as in rapamycin-
treated cells (supplemental Fig. S8), filipin-stained cholesterol
was predominantly localized at the cell surface plasma mem-
brane. In TAIlII-treated cells, additional cholesterol was colo-
calized with the autophagic vacuoles, with most localized at the
membranes lining the vacuoles (Fig. 34). In cells treated with
TAIII and bafilomycin A, (Fig. 3B), the autophagy was clamped
at the autophagosomal stage and the filipin-stained cholesterol
was even more explicitly colocalized with the autophagosomes
(R, = 0.9051). When cholesterol biosynthesis was inhibited by
mevastatin, an inhibitor of 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase, the filipin-stained vacuolar cholesterol was
markedly diminished (Fig. 3C). Furthermore, mevastatin treat-
ment inhibited maturation of autophagosomes to acidic autoly-
sosomes, as indicated by increased colocalization of GFP and
RFP signals of tfLC3 (R, = 0.9407) (Fig. 3C). Mevastatin treat-
ment also induced accumulation of the autophagic substrate
p62 in TAlll-treated cells (supplemental Fig. S9). These results
suggest that TAIII induces the up-regulation of biosynthesis of
cholesterol, which impacts on the autophagy process.

TAIII Activates Autophagy via Inhibition of mTOR Signaling—
Suppression of mTOR signaling is an important pathway of
autophagy induction (32). In this work, involvement of the
mTOR pathway in TAIll-induced autophagy was examined
(Fig. 4). Immunoblot analysis of the mTOR substrate reveals
that TAIII treatment markedly inhibited p70 S6 kinase (p70
S6K) phosphorylaton at threonine 389 and induced dephos-
phorylation of 4E-BP1, of which both are experimental read-
outs of inhibition of rapamycin-sensitive mTORC1 complex
kinase activity. In one model of mTOR-regulated autophagy,

SEPTEMBER 9, 2011 «VOLUME 286+NUMBER 36

mTORCI can suppress autophagy through inhibitory phos-
phorylation of autophagy-initiating kinase ULK1 (the mam-
malian orthologue of ATG1) (32). When mTOR activity is
inhibited upon nutrient starvation, ULK1 is relived from the
inhibition and hypophosphorylated, thereby initiating
autophagy. Fig. 4 shows that TAIII treatment resulted in a
significant increase in ULK1 mobility in immunoblot analy-
sis, indicative of dephosphorylation of the protein as previ-
ously reported (33, 34).

TAIll-induced Autophagy Is Associated with Cytosolic Cal-
cium Mobilization—In literature, TAIII was shown to increase
cytosolic calcium levels in vascular endothelial cells and
smooth muscle cells in buffered salt medium (35). This lead us
to investigate TAIII-induced calcium mobilization in rela-
tionship to autophagy. Fig. 54 shows that treatment of cul-
tured HeLa cells with TAIII elicited a rapid and sustained
elevation of intracellular free calcium levels as measured by
the calcium probe Fluo-4. Imaging calcium localization
reveals that TAIIl induced an increase in Fluo4 fluorescence
not only in cytoplasm but also remarkably in the mRFP-LC3-
labeled autophagic vacuoles (Fig. 5B). To examine the role of
calcium in TAIII-induced autophagy, BAPTA-AM was used
to buffer the intracellular calcium levels. Treatment of cells
with BAPTA-AM was found to markedly inhibit TAIII-in-
duced formation of autophagic vacuoles in tfLC3 cells (Fig.
5C), as well as the TAIll-induced LC3-II expression (Fig.
5D). BAPTA-AM treatment did not affect TAIII-induced
S6K and ULK1 dephosphorylation, and even itself exerted
inhibition on S6K phosphorylation (similar to previously
reported (36). Thus there is no correlation between the
TAIll-induced cytosolic calcium increase and inhibition of
mTOR signaling, suggesting calcium may act downstream of
mTOR in the autophagy induction pathway.

TAIll-induced Autophagic Vacuoles Capture Ubiquitinated
Proteins—Autophagy was previously considered to be a bulk
lysosome-dependent degradation system with little specificity,
but cumulative evidence indicates that there is specific,
autophagic degradation of ubiquitinated proteins, whose accu-
mulation is implied in a number of degenerative diseases. Thus,
whether ubiquitinated proteins are substrates of TAIIl-induced
autophagy was investigated. mRFP-LC3 expressing HeLa cells
were transfected with GFP-tagged ubiquitin (ubiquitin-GFP),
which has been previously demonstrated to conjugate cellular
protein substrates, thereby allowing microscopic tracing of the
ubiquitinated proteins (21). Fig. 6 shows that in TAIlI-treated
cells, there was a small amount of ubiquitin-GFP-labeled
structures colocalized with the induced mRFP-LC3-labeled
autophagic vacuoles. When TAIll-induced autophagy was
inhibited by bafilomycin A,, mRFP-LC3-labeled vacuoles were
accumulated and all of these were found colocalized with ubiq-
uitin-GFP-labeled materials. Taken together, these results sug-
gest that TAIII-induced autophagy capture ubiquitinated pro-
teins and deliver them to lysosomes for degradation.

TAIIl Induces Autophagy of Ubiquitinated Protein Aggregates
Resulting from Proteasome Inhibition—We have investigated
the effect of TAIll-induced autophagy on the ubiquitinated
protein expression after proteasomal degradation was inhib-
ited. Fig. 7A shows that in cells treated with proteasome inhib-
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10 um TAIl or DMSO vehicle (control) for 18 h. Cells were then loaded with Fluo-4 and examined with fluorescence microscope. C, Hela cells expressing tfLC3
were treated with 20 um BAPTA-AM or left untreated for 1 h, followed by treatment with 10 um TAlll for 6 h. Scale bars, 20 wm. D, Hela cells were treated as in
Cand LC3-Il, p-S6K (Thr-389), and ULK1 expression was determined by immunoblot.

itor MG132, ubiquitinated proteins were accumulated and part
of them were presented as perinuclear inclusions. Exposure of
these proteasome-inhibited cells to TAIII resulted in a signifi-
cant reduction of ubiquitinated protein inclusions (Fig. 74,
right panel). In mRFP-LC3 expressing cells, the ubiquitinated
protein inclusions were colocalized with mRFP-LC3 (Fig. 7B).
Treatment of these cells with TAIIl resulted in a decrease in the
protein inclusions together with an increase in mRFP-LC3-la-
beled autophagic vacuoles. The TAIll-induced autophagy in
the presence of proteasome inhibitor was also examined using
tfLC3 expressing cells (Fig. 7C). In cells treated with MG132,
inclusion bodies labeled with tfLC3 showing both mRFP and
GFP fluorescence were obvious, suggesting that these LC3
harboring inclusions were relatively neutral compartments.
Importantly, TAIII treatment induced a significant increase in
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the red-only LC3-labeled vacuoles, revealing that TAIII
induced autophagic flux during the proteasome inhibition.
We have also investigated the effect of TAIII treatment on
the expression of a YFP reporter for the ubiquitination sub-
strate YFP-CL1 (22) (Fig. 8). CL1 is a hydrophobic peptide and
conveys proteasome-dependent degradation when fused to
YFP. The YFP-CL1 fusion protein resembles misfolded pro-
teins, serving as a model protein for studies of disease-linked,
aggregation-prone proteins (37, 38). In HeLa cells stably trans-
fected with YFP-CL1, the reporter protein was subjected to
proteasomal degradation and expressed at very low levels.
When the cells were treated with proteasome inhibitor MG132,
YFP-CL1 was accumulated and formed perinuclear inclusions
(Fig. 84) (22), which were found colocalized with transfected
mRFP-LC3 (Fig. 8B). When these cells were treated with TAIII,
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FIGURE 6. TAlll-induced autophagic vacuoles capture ubiquitinated pro-
teins. Hela cells expressing ubiquitin-GFP were transiently transfected with
mMRFP-LC3. Cells were then treated with DMSO vehicle, 10 um TAlll, or 10 um
TAllland 5 nm bafilomycin A, for 18 h, and then examined with a fluorescence
microscope. Scale bars, 20 um.

there was an induction of autophagic vacuoles exhibiting
mRFP-LC3 fluorescence, concomitant with a significant reduc-
tion of cells with YFP-CLI inclusions (Fig. 8, A and B). Immu-
noblot analysis also shows that TAIII treatment resulted in a
reduction of accumulated YFP-CL1, which could be reversed
by co-treatment with the autophagosome-lysosome fusion
inhibitor bafilomycin A, (Fig. 8C). Furthermore, the levels of
the adaptor protein and autophagic substrate p62 were also
reduced upon TAIII treatment, and such p62 loss could be
recovered in the presence of bafilomycin A,;. The LC3-II
expression was stimulated in the MG132-treated cells, as pre-
viously demonstrated (39, 40). Importantly, LC3-1I expression
was markedly increased in the presence of bafilomycin A; and
this was further augmented in TAIlI-treated cells, suggesting
that TAIIl enhanced autophagy in the proteasome-inhibited
cells. Collectively, these results support that TAIII treatment
could mediate autophagic degradation of ubiquitinated aggre-
gation-prone proteins accumulated upon impairment of UPS.

DISCUSSION

Modulation of autophagy is a potential therapeutic strategy
for treatment of cancer and degenerative disorders. We have
identified TAIII as a chemical inducer of autophagy and char-
acterized its special autophagy-inducing properties. Our data
reveal that TAIII induces robust autophagic responses involv-
ing initial autophagosome formation and merging of the lyso-
somal pathway with formation of autolysosomes, the eventual
end point for autophagic degradation (Fig. 1). The TAIIl-in-
duced autophagy flux is not a generic response of saponins as a
panel of structurally similar saponins has been found incapable
of inducing significant formation of autophagic vacuoles.?

A striking feature of TAlIl-induced autophagy is the forma-
tion of large acidic, cathespins containing autophagic vacuoles
(autolysosomes) upon prolonged drug treatment; some of
which are even observable using light microscopy (Fig. 24).
These autophagic vacuoles were apparently distinct from those

3 C.N. Lok, L. K. Sy, and C. M. Che, unpublished data.

SEPTEMBER 9, 2011 «VOLUME 286+NUMBER 36

formed during early time course of TAIII treatment or those
induced by conventional autophagy inducers such as rapamy-
cin or starvation (Fig. 24). We speculate that these large vacu-
oles may signify a high autophagy-activating capacity of TAIII.
When the plasma membranes were labeled with fluorophore-
conjugated phosphatidylethanolamine and their cellular distri-
bution was followed (Fig. 2B), there was significant colocaliza-
tion of the fluorescent label with the TAIII-induced autophagic
vacuoles. Although the fluorescent label may redistribute in
various cellular compartments in addition to endosomes after
internalization, the possibility exists that TAIII may affect the
endosomal pathway, allowing the autophagosomes to have a
higher chance to contain endosomal membranes. The phos-
phatidylethanolamine labeling experiments also provide evi-
dence that the TAIII-induced autophagic vacuoles may have an
origin from MVB (Fig. 2B and supplemental Fig. S5), a form of
late endosome that harbors smaller vesicular structures derived
from perimeter plasma membranes (26). Emerging evidence
indicates that MVB can be incorporated into amphisomes, and
eventually mature to autolysosomes after lysosomal fusion (26).
Importantly, it has been shown that alteration in MVB biogen-
esis blocks the degradation of protein aggregates associated
with neurodegeneration through autophagy (41, 42), indicating
that coupling of MVB and autophagy is necessary to allow an
efficient autophagic degradation.

TAIII induces autophagy in association with increased cho-
lesterol incorporation into the autophagic vacuoles (Fig. 3A).
Notably, transcriptional profiling data shows that up-regula-
tion of mRNA levels for cholesterol biosynthetic enzymes is the
most prominent feature of TAIll-induced gene expression
(supplemental Table S1-S3). A link between TAIII-induced
autophagy and cholesterol is revealed by the observation that
an inhibitor of cholesterol biosynthesis, mevastatin, decreased
vacuole-associated cholesterol and blocked the maturation of
autophagic vacuoles (Fig. 3C). King et al. (19) have also shown
that TAIII induced cholesterol biosynthesis in breast cancer
cell lines but no functional role was assigned. Our experiments
herein independently show this in HeLa cells but, in addition,
demonstrate that augmented cholesterol biosynthesis has a sig-
nificant impact on TAIll-induced autophagy. The incorpora-
tion of cholesterol into autophagic vacuoles is dynamic, as lock-
ing autophagy at the autophagosomal stage by bafilomycin A,
leads to a more significant accumulation of cholesterol in the
resulting premature autophagic vacuoles (Fig. 3B). It has been
shown in earlier TEM studies that cholesterol is detected in the
membrane of the autophagic vacuoles (43), and our micro-
scopic images also provide evidence for marked enrichment of
cholesterol on autophagic vacuole membranes in TAIII-treated
cells. It is conceivable that the high cholesterol content in the
autophagic vacuole membranes support autophagic degrada-
tion, as cholesterol is required to maintain the integrity of the
vacuolar membrane, preventing leakage of lysosomal enzymes
and death-inducing factors. Sterols can fill the spaces between
the acyl chains of phospholipids in the hydrophobic portion of
the membrane bilayer, thereby conferring rigidity and decreas-
ing permeability. It is noteworthy that tamoxifen, a known
autophagy inducer in breast cancer cells, also activates
autophagy with sterol accumulation (44).
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FIGURE 7. TAlll-induced autophagy is associated with reduced ubiquitinated protein deposition upon proteasome inhibition. A, Hela cells were
treated with 2.5 um MG132 for 14 h, followed by treatment with 10 um TAIIl or DMSO vebhicle (control) for 8 h. Cells were fixed and stained with antiubiquitin
antibody, and then examined with a fluorescence microscope. B, Hela cells expressing mRFP-LC3 were treated as in A, fixed, and stained with anti-ubiquitin
antibody. C, Hela cells expressing tfLC3 were treated as in A to show induction of autophagy. Scale bars, 20 um.

The present studies demonstrated the involvement of mTOR
in the signaling of the TAIII-induced autophagy (Fig. 4). nTOR
activation stimulates cell growth and proliferation, and inhibits
autophagy (32). Inhibition of mTOR is one of the conventional
signals leading to autophagy induction under starvation condi-
tions, which can be mimicked by rapamycin treatment. A
model of the control of autophagy by mTOR has recently
emerged, with the mTORC1 complex being the suppressor of
autophagy through a direct interaction with the ULK1-Atg13-
FIP200 complex, which are phosphorylation substrates of
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mTOR (32). Induction of autophagy can be mediated by inhi-
bition of mTOR activity, resulting in activation of the ULK1
complex, which is the most upstream component of core
autophagy machinery. In the present work, TAIII is shown to
inhibit mTOR kinase activity (p70 S6K and 4E-BP1 phosphor-
ylation) and induce dephosphorylation of ULK1. Thus TAIII-
induced autophagy is apparently mediated at least in part by an
mTOR/ULK1-regulated mechanism.

TAIIl also induces an immediate and sustained increase of
cytosolic calcium concentration, which appears to modulate
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FIGURE 8. TAlll-induced autophagy is associated with reduction of an aggregation-prone UPS reporter substrate. A, Hela cells with YFP-CL1 reporter
were treated with 2.5 um MG132 for 14 h to induce accumulation of YFP-CL1, followed by treatment with 10 um TAlll or DMSO vehicle (control) for 8 h, and then
examined with fluorescence microscope. B, Hela cells with YFP-CL1 reporter were transiently transfected with mRFP-LC3. The transfected cells were then
treated asin A. Scale bars, 20 um. C, Hela cells with YFP-CL1 reporter were treated with 2.5 um MG132 for 14 h to induce accumulation of YFP-CL1, followed by
treatment with DMSO vehicle (control) or 10 um TAlll in the presence or absence of 5 nm bafilomycin A, for 8 h. Immunoblot analysis of the cell lysates was
performed to examine the levels of YFP-CL1, p62, and LC3-Il. The relative densitometric values of the protein signals normalized against GAPDH values are
indicated. The values of the protein signals of the sample treated with MG132 alone are set at unity.

autophagy independently or act downstream to mTOR (Fig.
5). A number of calcium mobilizing agents were shown to
affect autophagy. Seglen and colleagues (45) first reported
that autophagy depends on cytosolic calcium levels. Ex-
tended mechanistic studies on the role of calcium in
autophagy have just emerged albeit with conflicting conclu-
sions. Changes in cytosolic calcium have been shown to
regulate the induction of autophagy via calmodulin-depen-
dent protein kinase kinase, AMP-activated protein kinase,
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and mTOR (46). Recently, AMP-activated protein kinase-
independent induction of autophagy by cytosolic calcium
increase has also been demonstrated (47). Nonetheless, it has
been demonstrated that calcium channel blockers induce
autophagy in neuronal cells, and an increase in cytosolic cal-
cium is suggested to be inhibitory to autophagic flux (48).
Thus, it still remains to be elucidated how autophagy is
exactly controlled by the complex dynamics of spatial and
temporal calcium signals. In the present study, it is notewor-
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thy that in TAIIIl-treated cells, autophagic flux could occur
even in the presence of cytosolic calcium elevation. Further-
more, buffering the cytosolic calcium with BAPTA-AM
abrogated the initial formation of autophagic vacuoles
induced by TAIII (Fig. 5C). These findings are consistent
with those previous studies suggesting that autophagy is
dependent on mobilization of cytosolic calcium and the
presence of calcium in some intracellular compartments
(45—-47). We have also shown that a salient feature of TAIII-
induced autophagy is the intralumenal accumulation of cal-
cium ions in autophagic vacuoles (Fig. 5B). Similar observa-
tions on the calcium accumulation in MVB-associated
autophagic vacuoles in human erythroleukemia cells has
been reported (28). Intravesicular accumulation of calcium
and local calcium release is linked to intracellular fusion and
exocytotic processes (49). Thus the possibility exists that
fusion events in the autophagy pathway are controlled by the
localized calcium concentration in autophagic vacuoles (8,
26). It has been demonstrated that autophagic vacuoles and
lysosomal compartments are equipped with several calcium
channels that may mediate local calcium fluxes (50).

The second part of our work concerns the functional role
of TAIll-induced autophagy. We have demonstrated that the
TAIlI-induced autophagic vacuoles harbor ubiquitinated pro-
teins (Fig. 6). Inhibition of TAIII-induced autophagy at the lys-
osomal fusion step by bafilomycin A, resulted in accumulation
of ubiquitinated materials in the autophagic vacuoles. Increas-
ing evidence indicates that ubiquitinated proteins are sub-
strates for autophagic degradation (51, 52). The selective
autophagic turnover of ubiquitinated proteins may be mediated
by p62 (53, 54). p62 binds both to ubiquitinated proteins and
LC3, thereby serving as an “autophagic receptor.” One current
model suggests that p62 binds ubiquitinated proteins, promot-
ing oligomerization to form aggregates that are captured in
autophagic vacuoles via its affinity with LC3 (9). Furthermore, it
has also been demonstrated that when autophagy is blocked at
the lysosomal fusion stage, p62 accumulates and binds ubiquiti-
nated proteins, thereby preventing their delivery to and degra-
dation by the proteasome (55).

The ubiquitinated proteins targeted for autophagy may
include misfolded, aggregation-prone proteins or damaged
organelles that accumulate during cellular stress. Accumu-
lation of misfolded protein aggregates is often linked to var-
ious pathological conditions. Although the role of autophagy
in these conformational diseases remains to be clarified,
enhancement of autophagic activities is proposed to exhibit
a beneficial effect on elimination of disease-associated pro-
tein aggregates (11). We have also examined whether TAIII-
induced autophagy may impact on the accumulation of ubig-
uitinated proteins in the UPS-impaired cells (Figs. 7 and 8). In
the presence of proteasome inhibitor, cells accumulate ubiq-
uitinated proteins. Part of them are present as misfolded pro-
tein aggregates that eventually deposit in the perinuclear region
as inclusion bodies. When the UPS-impaired cells were treated
with TAIII, autophagy was induced with a marked decrease in
ubiquitinated protein deposits. These observations have been
obtained from experiments on both endogenous ubiquitinated
proteins (Fig. 7) as well as on a UPS reporter that models aggre-
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gation-prone proteins (Fig. 8). We reason that TAIIIl-induced
autophagy mediates degradation of aggregation-prone proteins
formed upon UPS inhibition, resulting in less protein aggre-
gates accumulated as inclusions. It is noteworthy that localized
deposition of aggregated proteins not only signifies a preceding
accumulation of denatured or damaged proteins particularly in
conditions when protein degradation (UPS or autophagy) is
limiting, but may also represent a sequestration mechanism for
disposal of toxic aggregates (56 —61). Thus, protein inclusions
may also be subjected to autophagic clearance, which may be
enhanced by TAIII treatment. Further work is clearly required
to elucidate the spatial and temporal regulation of aggregation-
prone protein degradation.

The pronounced induction of autophagic flux with
enhanced autophagosome formation and autophagosomes-
lysosomes fusion is a characteristic action of TAIII and may in
part account for its versatile reported pharmacological actions
(16 -19). For example, the autophagy-inducing properties of
TAIII may render protein degradation predominant over syn-
thesis, thereby compromising the growth of rapidly prolifer-
ating cancer cells. Although prolonged TAIII treatment
results in anticancer activities, evidence exists that TAIII
induced early autophagy, which is cytoprotective in nature
(16, 19). Also of particular interest is the reported claims on
the effects of timosaponins, particularly TAIIIL, on the ame-
lioration of learning and memory deficits associated with
dementia (17, 18), a pathological condition in which
autophagy in neural cells may impact. TAIII is thus on the
emerging list of compounds that exhibit antiproliferative
and cytoprotective properties attributable to autophagy (14,
62-64), and its application in relationship to autophagy acti-
vation warrants further investigation.
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