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Autophagy is a lysosome-dependent cellular catabolic mechanism
mediating the turnover of intracellular organelles and long-lived
proteins. Reduction of autophagy activity has been shown to lead
to the accumulation of misfolded proteins in neurons and may be
involved in chronic neurodegenerative diseases such as Huntington’s disease and Alzheimer’s disease. To explore the mechanism
of autophagy and identify small molecules that can activate it, we
developed a series of high-throughput image-based screens for
small-molecule regulators of autophagy. This series of screens
allowed us to distinguish compounds that can truly induce autophagic degradation from those that induce the accumulation of
autophagosomes as a result of causing cellular damage or blocking
downstream lysosomal functions. Our analyses led to the identification of eight compounds that can induce autophagy and
promote long-lived protein degradation. Interestingly, seven of
eight compounds are FDA-approved drugs for treatment of human
diseases. Furthermore, we show that these compounds can reduce
the levels of expanded polyglutamine repeats in cultured cells. Our
studies suggest the possibility that some of these drugs may be
useful for the treatment of Huntington’s and other human diseases
associated with the accumulation of misfolded proteins.
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utophagy is a cellular catabolic mechanism mediating the
turnover of intracellular organelles and proteins through a
lysosome-dependent but proteasome-independent degradative
pathway (1, 2). An autophagosome sequesters cytoplasmic constituents, such as mitochondria, endoplasmic reticulum, and
ribosomes, by forming a double-membrane vesicle. The outer
membrane of the autophagosome then fuses with the lysosome
in mammalian cells delivering the sequestered content to the
lumen of lysosome for degradation. Autophagy is critical for the
survival of yeast and mammalian cells under starvation conditions because it functions to recycle intracellular material for
macromolecular synthesis and energy production (3).
Autophagy occurs in all cells at low basal levels under normal
conditions to perform homeostatic functions, but it can be
rapidly up-regulated under starvation or stress conditions (3).
Elegant genetic analysis has identified 17 genes that are essential
for autophagy in yeast (referred to as the ATG genes) (4, 5). In
mammalian cells, mTOR kinase, the target of rapamycin, mediates the major inhibitory signal that shuts off autophagy under
nutrient-rich conditions (3). On the other hand, mammalian type
III PI3-kinase, the homolog of yeast VPS34 and inhibitable by
3-methyladenine (3-MA) (a nonspecific inhibitor of PI3-kinase),
is required for the onset of autophagy. In this regard, rapamycin
and 3-MA, the most commonly used chemicals to induce and
inhibit autophagy, respectively, provide convenient tools to study
autophagy.
To explore the mechanism of autophagy and identify additional small molecules that can activate it, we developed a
high-throughput image-based screen. This system takes advantage of the localization of light chain 3 coupled to GFP (LC3-
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GFP) to the autophagosomal membrane upon induction of
autophagy (6). Mammalian LC3, the ortholog of yeast ATG8,
has been shown to mark the autophagosome membrane specifically. The number of LC3-GFP-positive autophagosomes per
cell is very low under normal growth conditions but is rapidly
increased upon serum starvation or the addition of rapamycin
(7). Other compounds that increase the cellular levels of LC3GFP, however, are not necessarily able to increase the degradative activities of autophagy. Instead, the increases of LC3-GFP
may be associated with cell death or may be the result of
lysosomal defects and thus associated with the blockage of
autophagy. Furthermore, because many compounds may affect
more than one cellular target, the information on the known
targets of compounds is not necessarily useful for identifying
those that may influence the activity of autophagy. To overcome
these limitations, we developed a series of image-based screens
and assay criteria for selecting compounds that regulate autophagy. When coupled with an assay for long-lived protein
degradation, these assays allowed us to distinguish compounds
that can truly induce autophagic degradation from those that
increase the levels of LC3-GFP as a result of causing cellular
damage or blocking downstream lysosomal functions. Using this
series of image-based screens, we analyzed 480 compounds in the
ICCB known bioactive library (BIOMOL). Our analyses led to
the identification of eight compounds that can induce autophagy
and promote long-lived protein degradation without causing
obvious cellular injury.
Results
An Image-Based Screen for Inducers of Autophagy. We established

a human glioblastoma H4 cell line stably expressing human
microtubule-associated protein (MAP) LC3-GFP. As reported
previously (7), LC3-GFP specifically marks the autophagosomal
membrane, and thus, each LC3-GFP spot represents an individual autophagosome. H4-LC3-GFP cells were cultured in
96-well plates and incubated individually with 480 compounds in
a known bioactive compound library (BIOMOL catalog 2840;
www.biomol.com) at concentrations of 3–12 M, with the exception of rapamycin (0.22 M) and bafilomycin A1 (0.40 M)
for 24 h. The levels of autophagy were analyzed with LC3-GFP
as a marker by measuring the number, size, and intensity of
LC3-GFP spots with high-throughput fluorescent microscopy.
DMSO and rapamycin were used as negative and positive
controls, respectively.
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Fig. 1. Typical morphological changes of autophagosome. H4-LC3-GFP cells
were treated with DMSO (A), grayanotoxin III (B), bafilomycin A1 (C), and
rapamycin (D) for 24 h, and the images were analyzed by fluorescence microscopy. The concentrations of the compounds were the same as that used in
the screening (SI Table 4).

We found that the treatment of H4 cells with 72 of 480 known
bioactive compounds led to a ⬎50% increase in the fluorescence
levels of LC3-GFP compared with DMSO control-treated cells
[supporting information (SI) Table 4]. This screen identified
rapamycin and tamoxifen, two known activators of autophagy, as
having an increasing effect on the levels of LC3-GFP (7, 8). This
screen also identified inhibitors of lysosomal function, such as
bafilomycin A1, a vacuolar ATPase inhibitor, which is known to
increase the numbers of intracellular autophagosomes by blocking the ability of the lysosome to degrade autophagosome. The
compounds that can change intracellular pH, such as nigericin or
monensin, which are known to be capable of blocking lysosomal
(i.e., methylamine-sensitive) protein degradation in isolated rat
hepatocytes (9), also led to an increase effect in the levels of
LC3-GFP. These results suggest that this LC3-GFP-based image
screen is able to identify the compounds that increase the levels
of autophagy.
We noted that the cells treated with different compounds
exhibited distinct characteristics in the morphology and intracellular distributions of autophagosomes as marked by the size,
intensity, and distribution of LC3-GFP⫹ vesicles. Such changes
can be categorized into three groups based on the features of the
LC3-GFP⫹ vesicles (Fig. 1). However, because the effects of the
compounds on the sizes and distributions of the LC3-GFP⫹
vesicles may exhibit dynamic changes during incubation, we
chose to only provide images of typical changes noted, rather
than a complete classification of all of the compounds analyzed.
Type 1. Compounds that may have a more profound effect on the
surface area and intensity of an individual LC3-GFP⫹ vesicle
than on the total number are classified as type1. Grayanotoxin
III, a member of a family of toxic diterpenoids found in
Rhododendron species and an activator of voltage-sensitive
sodium channels, is such an example (Fig. 1 A and B).
Type 2. Compounds that may not only increase the surface area
and intensity of LC3-GFP⫹ vesicles but also lead to the aggregation of LC3-GFP⫹ vesicles around the nuclear membrane (Fig.
1C) are classified as type 2. Many compounds that have influence
on the lysosomal functions, e.g., monensin and bafilomycin A1,
19024 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709695104

belong to this class, suggesting that such compounds may cause
the accumulation of autophagosomes by blocking the downstream lysosomal pathway and/or intracellular trafficking of
autophagosomes. Consistent with this hypothesis, wiskostatin,
an inhibitor of N-WASP and actin dynamics, belongs to this class.
Type 3. Compounds that may increase the number, individual
surface area, and intensity of LC3-GFP⫹ vesicles (Fig. 1D) are
classified as type 3. Rapamycin, a known activator of autophagy
and immunosuppressant compound that inhibits the mTOR
complex 1 (mTORC1) in the mTOR pathway, is such an example
(Fig. 1). In addition, the treatment with tamoxifen, an estrogen
antagonist and known activator of autophagy, also led to similar
changes in the LC3-GFP⫹ vesicles (data not shown). Because
two known activators of autophagy, rapamycin and tamoxifen,
both belong to this class, we expected that at least some of the
compounds that increase number, individual surface, area and
intensity of LC3-GFP⫹ vesicles can truly activate the autophagic
degradation.
Whereas the induction of LC3-GFP⫹ vesicles by some of the
compounds was accompanied by cell death, others induced
autophagy without obvious effects on cell viability. Specifically,
23 compounds listed in the SI Table 4 were found to induce
significant toxicity as indicated by ⬎30% of reduction in the cell
numbers based on nuclear counterstain with 4,6-diamidino-2phenylindole (DAPI) after the treatment for 24 h as analyzed by
high-throughput microscopy. One such example was trichostatin
A, a histone deacetylase inhibitor, consistent with an earlier
report that histone deacetylase inhibitors are capable of causing
autophagic cell death (10). Thapsigargin, an inhibitor of sarco/
endoplasmic reticulum Ca2⫹ ATPase, also induced autophagy
associated with a reduction in the cell number. Thapsigargin
induces endoplasmic reticulum (ER) stress by disrupting intracellular Ca2⫹ homeostasis, and ER stress is known to induce
autophagy (11), possibly as a compensatory regulatory mechanism. Because the goal of this project was to identify compounds
that truly induce autophagic degradation without causing significant cell death, we removed the compounds associated with
⬎30% reduction of cell numbers from further analysis. The
subsequent analysis concentrated on 47 compounds that can
induce an increase in the levels of LC3-GFP without significant
loss of cell viability in 24 h (marked with * in SI Table 4).
Effects of Compounds on the Intracellular Phosphatidylinositol
3-Phosphate [PtdIns(3)P]. Although we still understand very little

about the molecular mechanisms that regulate autophagy beyond starvation, autophagy has been shown to be activated in
response to a variety of extracellular and intracellular stresses,
including nutrient deprivation, bacterial infection, misfolded
proteins, and damaged organelles. Many intracellular signaling
molecules, such as AMP-activated protein kinase (AMPK),
mTOR, Class I PI3K, MAPK, are implicated in the regulation of
autophagy (12). In addition, Ca2⫹ and Ca2⫹-regulated proteases,
calpains (13), and calmodulin (11) may also be involved. Our
task, therefore, is to distinguish compounds that can truly
accelerate autophagic degradation by regulating the activities of
molecules involved in autophagy from those that induce autophagy as a result of causing cellular injury. Because compounds
may have unintended effect(s) on multiple protein targets, the
known target of a given compound is not necessarily informative
when deciding whether this compound can be a true inducer of
autophagic degradation. We decided to use a series of additional
image-based screens to develop a set of criteria that would allow
us to identify selective inducers of autophagy.
PtdIns(3)P, formed by the phosphorylation of phosphatidylinositol by the class III PI3-kinases, is crucial for endocytic and
autophagic membrane traffic (14). Vps34/beclin1, the mammalian homologs of yeast type III PI3-kinase complex, are essential
for autophagy (15). We reason that because PtdIns(3)P is
Zhang et al.

Table 1. Compounds that increase the levels of FYVE-RFP

Table 2. Compounds that have no effect on the levels of
FYVE-RFP

% of control FYVE-RFP spot intensity per cell

Rapamycin
Nigericin
Wiskostatin
Fluspiriline
Niguldipine
Trifluoperazine
Nicardipine
Penitrem A

% of control FYVE-RFP spot intensity per cell

2h

4h

8h

164.93 ⫾ 10.96
148.43 ⫾ 5.17
267.90 ⫾ 6.16
224.98 ⫾ 16.90
147.18 ⫾ 25.39
136.58 ⫾ 15.74
132.05 ⫾ 19.93
121.40 ⫾ 12.66

131.41 ⫾ 26.64
145.40 ⫾ 8.39
240.08 ⫾ 4.26
142.15 ⫾ 5.77
148.26 ⫾ 3.67
111.52 ⫾ 13.45
112.51 ⫾ 10.09
87.41 ⫾ 5.90

152.35 ⫾ 4.55
140.54 ⫾ 18.21
131.93 ⫾ 11.05
108.53 ⫾ 6.07
125.53 ⫾ 2.84
94.28 ⫾ 2.87
104.77 ⫾ 31.63
72.71 ⫾ 5.57

Name
Tamoxifen
Loperamide
Amiodarone
Pimozide
Clozapine
Cyclopamine
Paxilline
FPL-64176
Verapamil
Propafenone
Bay K-8644
Quinine
SDZ-201106
TMB-8
Cyclosporin A
NapSul-Ile-Trp-CHO
CA-074-Me
Ac-Leu-Leu-Nle-CHO
CAPE
H9
K252A
AM 92016

The levels of FYVE-RFP were measured at 2, 4, and 8 h after the compound
addition as described in Methods and expressed as a percentage of that of
control DMSO-treated cells.

essential for autophagy, compounds that truly induce autophagic
degradation should not lead to a reduction in the levels of
PtdIns(3)P.
The FYVE domain is a conserved ⬇70-residue zinc finger
protein domain that binds PtdIns(3)P with high specificity (16).
The interactions of PtdIns(3)P with the FYVE domains in
different proteins have been shown to function in regulating
membrane dynamics and protein trafficking. Fluorescentlabeled FYVE domains have been used as a marker for the levels
and location of intracellular PtdIns(3)P (17). To analyze the
effect of compounds on the intracellular levels of PtdIns(3)P, we
established an H4 cell line expressing FYVE-RFP. As reported
previously, the treatment with rapamycin led to an increase in
the levels of FYVE-RFP⫹ vesicles (Table 1). On the other hand,
the treatment with tamoxifen, another known inducer of autophagy, did not lead to any significant change in the levels of
FYVE-RFP spots (Table 2). As a negative control, the treatment
with LY-294002, a PI3-kinase inhibitor, led the reduction in the
levels of FYVE-RFP⫹ vesicles (SI Table 5).
We analyzed the effects of the 47 compounds determined not
to cause cellular toxicity (marked with * in SI Table 4) on the
levels of FYVE-RFP⫹ vesicles in H4 cells. We classified the
compounds into three classes: compounds that led to increases
(Table 1), no change (Table 2), or decreases (SI Table 5) in the
levels of FYVE-RFP⫹ vesicles, respectively. We reason that
because PtdIns(3)P is essential for autophagic degradation, the
compounds that induce autophagic vesicles associated with a
reduction of PtdIns(3)P levels as marked by a reduction in the
FYVE-RFP⫹ vesicles are likely inducing LC3-GFP by causing
intracellular damage. Thus, the 21 compounds that led to the
reduction of FYVE-RFP⫹ vesicles (SI Table 5) may be unlikely

2h

4h

8h

77.66 ⫾ 4.43
115.39 ⫾ 5.20
92.50 ⫾ 5.51
94.42 ⫾ 4.71
64.04 ⫾ 2.94
108.75 ⫾ 12.44
100.56 ⫾ 0.58
99.43 ⫾ 9.62
83.96 ⫾ 20.67
114.69 ⫾ 8.90
110.18 ⫾ 25.18
70.35 ⫾ 10.23
65.87 ⫾ 4.72
89.59 ⫾ 4.79
73.62 ⫾ 5.70
89.37 ⫾ 3.52
65.94 ⫾ 12.73
72.86 ⫾ 10.18
86.89 ⫾ 20.98
102.35 ⫾ 12.94
76.86 ⫾ 6.51
68.06 ⫾ 1.20

71.55 ⫾ 0.73
123.62 ⫾ 1.37
89.23 ⫾ 3.47
103.96 ⫾ 9.06
74.79 ⫾ 13.43
75.21 ⫾ 1.18
52.37 ⫾ 1.65
78.17 ⫾ 1.90
70.15 ⫾ 13.00
78.75 ⫾ 18.93
57.79 ⫾ 3.76
78.03 ⫾ 6.33
59.79 ⫾ 2.38
74.72 ⫾ 13.74
71.69 ⫾ 27.87
64.10 ⫾ 11.47
79.82 ⫾ 4.66
84.85 ⫾ 2.83
71.17 ⫾ 18.70
79.63 ⫾ 1.52
65.58 ⫾ 9.36
71.97 ⫾ 15.67

85.37 ⫾ 7.59
95.70 ⫾ 12.84
83.45 ⫾ 3.64
73.64 ⫾ 12.18
78.38 ⫾ 1.35
96.38 ⫾ 5.12
56.82 ⫾ 4.44
87.62 ⫾ 2.42
71.28 ⫾ 11.29
62.87 ⫾ 3.38
79.70 ⫾ 7.28
60.70 ⫾ 6.59
72.40 ⫾ 20.27
78.64 ⫾ 10.26
55.82 ⫾ 4.16
62.34 ⫾ 8.21
86.43 ⫾ 4.15
88.42 ⫾ 6.29
69.14 ⫾ 4.32
83.01 ⫾ 6.62
70.33 ⫾ 5.89
66.35 ⫾ 17.66

The procedure was the same as that in Table 1.

to induce autophagic degradation. This hypothesis was further
tested experimentally below.
Compounds That Promote the Degradation of Long-Lived Proteins.

Autophagy mediates the turnover of intracellular long-lived
proteins (5). To identify compounds that truly induce autophagy,
we analyzed the effects of the 47 nontoxic compounds (marked
with * in SI Table 4 and see SI Methods) on long-lived protein
degradation. Our control experiment indicated that the longlived protein degradation assay alone had no effect on autophagy
as indicated by no changes in the levels of LC3II/LC3I compared
with the control cells (data not shown). This analysis identified
eight compounds, including fluspirilene, trifluoperazine, pimozide, niguldipine, nicardipine, amiodarone, loperamide, and
penitrem A, that can significantly increase the rate of long-lived
protein degradation (Table 3 and SI Table 6). Interestingly, most
of the compounds that increased the levels of FYVE-RFP⫹
vesicles indeed also promoted the degradation of long-lived

Table 3. Compounds that increase long-lived protein degradation
% of control long lived protein degradation
Name
Rapamycin
Fluspirilene
Trifluoperazine
Pimozide
Nicardipine
Penitrem A
Niguldipine
Loperamide
Amiodarone

1h

2h

4h

24 h

159.89 ⫾ 11.46
93.82 ⫾ 3.25
76.62 ⫾ 2.32
129.13 ⫾ 11.46
84.62 ⫾ 4.48
92.88 ⫾ 2.83
71.65 ⫾ 2.68
78.70 ⫾ 13.17
101.32 ⫾ 5.95

171.67 ⫾ 10.41
143.17 ⫾ 4.26
105.60 ⫾ 5.01
155.80 ⫾ 9.22
126.59 ⫾ 3.83
126.09 ⫾ 0.47
107.42 ⫾ 2.72
122.10 ⫾ 6.48
122.42 ⫾ 9.71

149.89 ⫾ 24.83
144.79 ⫾ 9.02
109.00 ⫾ 5.22
152.01 ⫾ 9.63
122.60 ⫾ 7.70
132.13 ⫾ 10.01
105.68 ⫾ 2.74
125.21 ⫾ 4.29
110.75 ⫾ 3.68

165.87 ⫾ 4.08
145.50 ⫾ 2.98
124.78 ⫾ 2.05
162.47 ⫾ 3.50
121.03 ⫾ 13.43
141.83 ⫾ 1.25
117.85 ⫾ 1.98
139.19 ⫾ 18.77
116.73 ⫾ 5.54

The rates of long-lived protein degradation were measured as described in Methods. The percentages of
change were expressed by dividing the rate of degradation in compound-treated cells by that of DMSO-treated
cells.
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Fig. 2. Effects of compounds on the ratio of LC3II to LC3I. H4 cells were
treated with the indicated compounds for 4 h. The cell lysates were harvested
and analyzed with Western blotting and anti-LC3 antibody. Anti-actin was
used as a loading control. The LC3II/LC3I ratio was quantified. The presented
result is a representative of three independent experiments. D, DMSO; R,
rapamycin; 3, amiodarone; 4, niguldipine; 5, trifluoperazine; 6, loperamide; 7,
penitrem A; 8, pimozide; 9, fluspiriline; 10, nicardipine. The concentrations of
the compounds were the same as that used in the screening (SI Table 4).

proteins (Table 1). Additionally, a few compounds that did not
change the levels of FYVE-RFP⫹ vesicles (Table 2) were also
able to promote the degradation of long-lived proteins. Finally,
consistent with our hypothesis that class III PI3-kinase activity
is necessary for the induction of autophagy, none of the compounds that led to a reduction in the levels of FYVE-RFP⫹
vesicles promoted the degradation of long-lived proteins.
To further verify the effects of the eight compounds listed in
Table 3 on the induction of autophagic degradation, we determined the effects of these compounds on the ratio of LC3II/
LC3I, a well established biochemical assay for the activation of
autophagy (7). H4 cells were treated with compounds individually and analyzed for the levels of LC3II and LC3I by Western
blotting with anti-LC3 antibody. As expected, the treatment with
these eight compounds led to significant increases in the ratio of
LC3II/LC3I (Fig. 2). From these results, we conclude that we
have identified eight compounds, fluspirilene, trifluoperazine,
pimozide, niguldipine, nicardipine, amiodarone, loperamide,
and penitrem A, that can truly induce autophagic degradation
without causing obvious cellular damage.
Effects of Compounds on the Accumulation of Mutant Polyglutamine.

The accumulation of misfolded proteins is a hallmark of multiple
human chronic neurodegenerative diseases exemplified by polyglutamine expansion diseases such as Huntington’s disease, and activation of autophagy has been proposed as a mechanism to enhance
the clearance and reduce the accumulation of misfolded proteins
(18). To examine whether the eight autophagy inducers that we
have identified can reduce the accumulation of misfolded proteins,
we tested the effects of these compounds on the accumulation of
poly(Q). H4 cells were transiently transfected with a GFP-Q79-HA
construct (19) and treated with compounds individually. Interestingly, the treatment of eight autophagy inducers, with the possible
exception of nicardipine, reduced the accumulation of expanded
polyglutamine in a dose-dependent manner, as indicated by the
reduction of anti-HA signal on the dot blots (Fig. 3). From these
results, we conclude that we have identified an interesting set of
compounds that can reduce the accumulation of misfolded proteins
by promoting autophagic degradation.

Fig. 3. Effect of compounds on the accumulation of expanded polyglutamine. H4 cells were transiently transfected with an EGFP-Q79-HA expression
vector (19). Six hours after the transfection, media were changed, and the
compounds were added. After an additional 24 h of incubation, the cells were
harvested for analysis of the levels of poly(Q) by dot blotting with anti-HA
antibody (Upper). Anti-actin antibody was used as a loading control (Lower).
DMSO and rapamycin were used as negative and positive controls, respectively. The I concentrations of the compounds were the same as that used in
the screening (SI Table 4).

growth, and proliferation and leads to activation of autophagy (21).
To explore whether any of the autophagy inducers that we have
identified might function similarly to rapamycin by inhibiting
mTOR, we examined the phosphorylation of mTOR in cells treated
with these compounds. As shown in Fig. 4, the treatment of
rapamycin led to the dephosphorylation of mTOR as reported; on
the other hand, the phosphorylation status of mTOR in cells treated
with any of the eight compounds was not altered compared with
that of control. Thus, we conclude that we have identified eight
compounds that induce autophagy through mechanism(s) distinct
from that of rapamycin.
Discussion
In this work, we describe the development of image-based assays
coupled with a long-lived protein degradation assay to identify
compounds that regulate autophagy. Using these image-based
assays, we identified eight compounds that can promote autophagy.
The ability of these eight compounds to promote autophagy was
validated by using cellular assays of long-lived protein degradation

Effects of Compounds on the Activation of mTOR. mTOR is a member

of the PI3-kinase-related kinase (PIKK) family and a central
modulator of cell growth in response to environmental signals (20).
mTOR plays a critical role in transducing proliferative signals
mediated through the PI3-kinase/Ser/Thr protein kinase B/Akt
signaling pathway by activating downstream protein kinases that are
required for both ribosomal biosynthesis and translations. By
targeting mTOR, rapamycin mimics the cellular starvation response by inhibiting signals required for cell cycle progression, cell
19026 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709695104

Fig. 4. Effects of compounds on mTOR. H4 cells were treated with the
indicated compounds for 4 h. The cell lysates were harvested and analyzed
with Western blotting and anti-phosphate/nonphosphate mTOR antibody.
Anti-actin antibody was used as a loading control. D, DMSO; R, rapamycin; 3,
amiodarone; 4, niguldipine; 5, fluspirilene; 6, pimozide; 7, loperamide; 8,
nicardipine; 9, penitrem A; 10, trifluoperazine. The concentrations of the
compounds were equal to that used in the screening (SI Table 4).
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Ca2⫹-binding protein and is involved in a variety of cellular functions through the activation of calmodulin-dependent enzymes,
such as adenylate cyclase, phosphodiesterases, Ca2⫹/calmodulindependent protein kinases, Ca2⫹/calmodulin-dependent nitric oxide synthase, mitogen-activated protein kinase, and other protein
kinases. The role of Ca2⫹ in the regulation of autophagy has been
noted in recent studies. Using MCF-7 cells, Jäättelä et al. showed
that vitamin D compounds induced both autophagy and apoptosis
(30, 31). In subsequent studies, they demonstrate that elevated
levels of Ca2⫹ per se can promote autophagy (11). Consistent with
the studies of Jäättelä group, our screen also identified compounds
that are known to mobilize intracellular Ca2⫹, such as thapsigargin
and A-23187, as activators of autophagy. Because thapsigargin and
A-23187 also significantly increased the levels of cell death, we
eliminated these compounds from further analysis. Because our
screen found that multiple inhibitors of intracellular Ca2⫹ currents
function as positive regulators of autophagy, we suggest the possibility that inhibition of intracellular Ca2⫹ levels may also promote
autophagy.
This screen was carried out by using the H4 cell line that was
derived from human neuroglioma (32). Brain tumors frequently
have mutations in Pten, a dual protein/lipid phosphatase (33).
The main substrate of Pten is phosphatidylinositol 3,4,5triphosphate (PIP3), the product of type I PI3-kinase and is
inhibitory for autophagy (1). As a result of Pten mutation, brain
tumors were found to have increased phosphorylated mTOR
(34). Because none of the autophagy inducers identified in our
work affects the status of mTOR, our work pointed out the
possibility of activating autophagy downstream of mTOR in cells
with increased levels of PIP3 as a result of Pten mutations.
In summary, our work has identified eight compounds that can
induce autophagic degradation and reduce the accumulation of
misfolded proteins. Interestingly, other than penitrem A, all seven
FDA-approved drugs showed surprisingly little toxicity in our assay,
even though both rapamycin and tamoxifen had a negative impact
on the cell numbers (SI Table 4). Although rapamycin has been
suggested for the treatment of polyglutamine expansion diseases,
the cytotoxicity of rapamycin is clearly incompatible with the goal
of neuronal protection. Thus, the low cytotoxicity of the seven
autophagy inducers identified in our screen provides an exciting
possibility for reducing misfolded proteins without causing cellular
damage. We suggest that further in vivo analysis of these seven
FDA-approved compounds in animal models may lead to the
identification of promising drugs that can be clinically tested for the
treatment of human diseases characterized by the accumulation of
misfolded proteins including expanded polyglutamine diseases such
as Huntington’s disease.
Methods
Mammalian Cell Culture and Transfection. H4 cells used for the

experiments were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, 100 units/ml penicillin/
streptomycin, and 2 mM L-glutamine (Invitrogen) at 37°C, 5% CO2.
High-Throughput Image Analysis. H4-LC3 or H4-FYVE cells were

seeded in 96-well plates and cultured in the presence of
compounds for given time, then fixed with 4% paraformaldehyde (Sigma) and stained with 3 g/ml DAPI (Sigma). Images
data were collected with an ArrayScan HCS 4.0 Reader with
a 20⫻ objective (Cellomics) for DAPI-labeled nuclei and
GFP/RFP-tagged intracellular proteins. The Spot Detector
BioApplication was used to acquire and analyze the images
after optimization. Images of 1,000 cells for each compound
treatment were analyzed to obtain the average cell number per
field, f luorescence spot number, area, and intensity per cell.
DMSO and rapamycin were used as negative or positive
control, respectively. The percentages of changes of LC3-GFP
were calculated by dividing with that of DMSO-treated samPNAS 兩 November 27, 2007 兩 vol. 104 兩 no. 48 兩 19027
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and the turnover of expanded polyglutamine aggregates. We can
further divide these eight compounds into two classes. The class 1
compounds consist of three FDA-approved antipsychotic drugs,
fluspirilene, trifluoperazine, and pimozide. The class 2 compounds
consist of five compounds, including three FDA-approved drugs for
cardiovascular indications, niguldipine, nicardipine and amiodarone, that inhibit intracellular Ca2⫹ currents, loperamide, a FDAapproved drug for diarrhea, and penitrem A.
Fluspirilene is a potent diphenylbutylpiperidine antipsychotic
drug, used for the treatment of schizophrenia (22). Trifluoperazine is a typical antipsychotic drug of the phenothiazine group.
It is believed to exert its effect by blocking central adrenergic and
dopaminergic neural transmission. Fluspirilene and trifluoperazine were found to be equally effective in the treatment of acute
schizophrenic psychosis (23). Interestingly, trifluoperazine has
been found to be effective in the symptomatic relief of chorea,
including that of Huntington’s disease patients (24). In addition,
trifluoperazine, described as an inhibitor of calmodulin and
mitochondrial permeability transition, can inhibit the excitotoxicity of glutamate, which has been implicated in the mechanism
of neurodegeneration in Huntington’s disease (25).
Pimozide is a diphenylbutylpiperidine derivative with neuroleptic
properties that has been found to be useful in the management of
chronic schizophrenic patients. The basic mechanism of pimozide
action is believed to be related to its action on central aminergic
receptors. Pimozide is used in its oral preparation in schizophrenia
and chronic psychosis, Gilles de la Tourette syndrome, and resistant
tics. Interestingly, in a clinical study, pimozide was found to reduce
hyperkinesias associated with Huntington’s disease (26).
Three compounds in the class 2, niguldipine, nicardipine, and
amiodarone, are FDA-approved drugs for the treatment of
cardiovascular disorders such as hypertension, angina, and cardiac arrhythmia, and are known inhibitors of intracellular Ca2⫹
current. Niguldipine is known to inhibit T-type Ca2⫹ currents in
atrial myocytes. Nicardipine is a dihydropyridine calciumchannel blocking agent used for the treatment of vascular
disorders such as chronic stable angina, hypertension, and
Raynaud’s phenomenon. Amiodarone is a highly effective antiarrhythmic drug and also has activity to block Ca2⫹ channels. In
addition, trifluoperazine is known as an inhibitor of calmodulin,
which recently has been proposed to regulate autophagy (11).
On the other hand, loperamide, a piperidine derivative, is an
opioid receptor agonist and acts on the -opioid receptors in the
myenteric plexus large intestines with no effect on the central
nervous system because it does not cross the blood–brain barrier.
Loperamide is an FDA-approved drug effective against diarrhea
resulting from gastroenteritis or inflammatory bowel disease. In
vitro culture experiments, however, show that loperamide blocks
high-voltage-activated Ca2⫹ channels and N-methyl-D-aspartateevoked responses in rat and mouse cultured hippocampal pyramidal neurons (27). In addition, loperamide was shown to block the
action of voltage-dependent Ca2⫹ channels in cultured dorsal root
ganglion neurons (28). Thus, regulation of intracellular Ca2⫹ may
also be involved in the ability of loperamide to induce autophagy.
Penitrem A, a fungal neurotoxin found on ryegrass, is a
selective, irreversible blocker of the high-conductance Ca2⫹activated K⫹ (maxi-K) channel (100% block at 10 nM). Although
it is not toxic to H4 cells, it exhibits in vivo neurotoxicity by
inducing severe generalized tremors and ataxia that is associated
with pathology of Purkinje cell dendrites including cytoplasmic
condensation accompanied by fine vacuolation of smooth ER
and enlargement of perikaryal mitochondria (29). Thus, although penitrem A is not toxic to H4 cells, it may exhibit
cytotoxicity in a cell type-specific manner and not be suitable for
further development as a therapeutic agent to reduce the
accumulation of misfolded proteins by inducing autophagy.
Ca2⫹ is an important intracellular second messenger involved in
the regulation of many cellular processes. Calmodulin is a major

ples. Each treatment was done in triplicate to obtain the
mean ⫾ SD. The images were also analyzed by using a
conventional f luorescence microscope for visual inspection.
The experiments were repeated three times with consistent
results.
Antibody Sources. The antibodies used were anti-HA antibody(Sigma), anti-phosphate/nonphosphate mTOR antibody (Cell Signaling Technology), and anti-LC3 antibody (Novus).
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