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A group of phosphoinositide 3-kinase (PI3K) inhibitors, such
as 3-methyladenine (3-MA) and wortmannin, have been widely
used as autophagy inhibitors based on their inhibitory effect on
class III PI3K activity, which is known to be essential for induc-
tion of autophagy. In this study, we systematically examined and
compared the effects of these two inhibitors on autophagy under
both nutrient-rich and deprivation conditions. To our surprise,
3-MA is found to promote autophagy flux when treated under
nutrient-rich conditions with a prolonged period of treatment,
whereas it is still capable of suppressing starvation-induced
autophagy. We first observed that there are marked increases of
the autophagic markers in cells treated with 3-MA in full
medium for a prolonged period of time (up to 9 h). Second, we
provide convincing evidence that the increase of autophagic
markers is the result of enhanced autophagic flux, not due to
suppression of maturation of autophagosomes or lysosomal
function. More importantly, we found that the autophagy pro-
motion activity of 3-MA is due to its differential temporal effects
on class I and class III PI3K; 3-MA blocks class I PI3K persis-
tently, whereas its suppressive effect on class III PI3K is tran-
sient. Because 3-MA has been widely used as an autophagy
inhibitor in the literature, understanding the dual role of 3-MA
in autophagy thus suggests that caution should be exercised in
the application of 3-MA in autophagy study.

Autophagy refers to an evolutionarily conserved process in
which intracellular proteins and organelles are sequestered in
autophagosomes and subsequently degraded by lysosomal
enzymes for the purpose of recycling cellular components to
sustain metabolism during nutrient deprivation and to prevent
accumulation of damaged proteins and organelles (1, 2). Auto-
phagy is a dynamic process, consisting of several sequential
stages (initiation, nucleation, elongation, and maturation) con-
trolled by a group of autophagy-related genes (Azg genes). So
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far, more than 30 Atg genes have been identified in yeast, and
many of them have homologues in mammalian cells (3).
Upstream of ATG proteins, mammalian target of rapamycin
(mTOR)* has been well studied as the key regulatory molecule
(4). mTOR is a serine/threonine protein kinase serving as the
convergence point for many of the upstream stimuli and path-
ways to regulate cell growth, cell proliferation, cell motility, cell
survival, protein synthesis, translation, and autophagy (5-7).
Abundance of nutrients, including growth factors, glucose, and
amino acids will activate mTOR and suppress autophagy,
whereas nutrient deprivation will suppress mTOR, leading to
activation of autophagy. At present, the molecular mecha-
nisms downstream of mTOR responsible for its anti-autoph-
agic function have not been fully understood. In yeast, TOR
directly targets the ATG13-ATG1 complex and suppresses
its function at the initiation stage of autophagy (8). In mam-
malian cells, the complex containing ULK1 (the ATG1
homologue), ATG13, and FIP200 is directly controlled by
mTOR and is a critical part of the autophagy machinery in
response to nutritional status (9, 10).

Among many signaling pathways controlling mTOR activa-
tion, phosphoinositide 3-kinase (PI3K) is the key element in
response to growth factors, such as insulin (11). PI3K is a lipid
kinase that phosphorylates phosphatidylinositol (PI) at the
3'-position of the inositol ring. In mammalian cells, there are
three classes of PI3K: the class I PI3K mainly phosphorylates
PI 4,5-bisphosphate to produce phosphatidylinositol 3,4,5-
trisphosphate (PI(3,4,5)P;), whereas the class I1I PI3K/hVps34
only phosphorylates PI to generate phosphatidylinositol
3-phosphate (PI3P). Little is currently known about the class II
PI3K, which appears to catalyze PI3P and PI 3,4-bisphosphate
from PI (12, 13). The class I PI3K is a heterodimer consisting of
a p85 regulatory and a p110 catalytic subunit and is mainly
activated via the insulin receptor, leading to activation of AKT

*The abbreviations used are: mTOR, mammalian target of rapamycin; PI3K,
phosphoinositide 3-kinase; Pl, phosphatidylinositol; PI(3,4,5)P5, phospha-
tidylinositol 3,4,5-trisphosphate; PI3P, phosphatidylinositol 3-phosphate;
3-MA, 3-methyladenine; CQ, chloroquine diphosphate; CHX, cyclohexi-
mide; EBSS, Earles’ balanced salt solution; MEF, mouse embryonic fibro-
blast; GFP, green fluorescent protein; RFP, red fluorescent protein; mRFP,
monomeric RFP; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid; siRNA, small interfering RNA; WT, wild type; DOX,
doxycyclin; tfLC3, tandem fluorescence-tagged LC3 construct; ERK, extra-
cellular signal-regulated kinase.
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by two kinases: PDK1 (phosphoinositide-dependent kinase-1)
and mTORC2 (mTOR complex 2). The fully activated AKT
then acts on the tuberous sclerosis complex (consisting of
TSC1-TSC2) and Rheb, leading to activation of mTOR com-
plex 1 and subsequently suppression of autophagy (6, 14). In
contrast, the class III PI3K/hVps34 is known to be a positive
regulator of autophagy, in addition to its function in vesicular
trafficking in the endosomal/lysosomal system (12, 15). Recent
studies have revealed that hVps34 mediates autophagy at both
the initiation and maturation stage of autophagosomes by
forming different protein complexes with various partners,
including ATG6/Beclin 1, ATG14L, UVRAG, and Rubicon
(16 -20).

A group of PI3K inhibitors, including 3-methyladenine
(3-MA), wortmannin, and LY294002, have been well estab-
lished as autophagy inhibitors (21-23). Although all of these
tested PI3K inhibitors target both class I and class III PI3K
indiscriminately (24, 25), they have been proposed to suppress
autophagy by inhibiting the class III PI3K to block the produc-
tion of PI3P (26), which is essential for the initiation of autoph-
agy via recruitment of other ATG proteins at the isolation
membrane or phagophore (4, 27). Notably, most of the earlier
studies proving the anti-autophagic function of these inhibitors
were conducted in conditions where cells were isolated from
starved animals or cultured in nutrient-deprived medium with
relatively short periods of time (23, 26, 28). The effects of these
inhibitors on autophagy induced by other stimuli in a nutrient-
rich environment have not been evaluated systematically.

Here we investigated the effect of two commonly used PI3K
inhibitors 3-MA and wortmannin on autophagy under both
nutrient-rich and deprivation conditions. To our surprise,
3-MA is found to promote autophagy when treated in full
medium for a prolonged period, whereas it is still capable of
inhibiting starvation-induced autophagy. In contrast, wort-
mannin is able to suppress autophagy regardless of the nutrient
status. The autophagy promotion activity of 3-MA is due to its
differential temporal effects on class I and class III PI3K; 3-MA
blocks class I PI3K persistently, whereas its suppressive effect
on class III PI3K is transient. Because PI3K inhibitors, such as
3-MA, are widely used as autophagy inhibitors in the literature,
understanding the dual role of 3-MA in autophagy thus sug-
gests that great caution should be exercised in the application of
3-MA in autophagy study and in the data interpretation using
this inhibitor. Our data also indicate that wortmannin is a more
suitable autophagy inhibitor due to its more persistent inhibi-
tion on class III PI3K.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-LC3, anti-ULK1, anti-
FLAG, and anti-a-tubulin antibodies were purchased from
Sigma. Anti-p62 and anti-ATG5-ATG12 antibodies were from
Abnova and Nanotools, respectively. Anti-ATG7 antibody was
from Prosci, and anti-GFP antibody was from Covance. All
other antibodies were obtained from Cell Signaling. 3-MA,
wortmannin, doxycyclin, chloroquine diphosphate (CQ),
rapamycin, cycloheximide (CHX), actinomycin D, and
Earles’ balanced salt solution (EBSS) were purchased from
Sigma. Cathepsin B substrate (Z-Arg-Arg-AMC), cathepsin L

APRIL 2, 2010-VOLUME 285+-NUMBER 14

substrate (Ac-His-Arg-Tyr-Arg-ACC), E-64d, and pepstatin A
were purchased from Calbiochem. Lysosensor green DND-189
was from Invitrogen.

Cell Culture—Mouse embryonic fibroblasts (MEFs), 1929
cells, HEK293T cells, and HeLa cells were maintained in Dul-
becco’s modified Eagle’s medium (Sigma) containing 10% fetal
bovine serum (HyClone) and 1% penicillin/streptomycin
(Invitrogen) (defined as full medium in this study) in a 5% CO,
atmosphere at 37 °C. The Atg5~ '~ MEFs and the Tet-off AtgS
MEFs were provided by Dr. N. Misushima (Tokyo Medical and
Dental University). The Tsc2—/— MEFs were a generous gift
from Dr. D. J. Kwiatkowski.

Plasmids and Transfection—The HA-ULK1 plasmid was a
generous gift from Dr. N. Mizushima (Tokyo Medical and Den-
tal University), which has been described elsewhere (9, 29). The
mRFP-GFP tandem fluorescence-tagged LC3 construct (tfLC3)
was provided by Dr. T. Yoshimori (Osaka University) (30).
Transient transfection was performed using the Lipofectamine
and Plus reagents (Invitrogen) according to the manufacturer’s
protocol. The tfLC3 stably transfected 1929 cells have been
described previously (31).

Co-immunoprecipitation and Immunoblotting—Immuno-
blotting analysis was performed following standard procedures.
The cells were lysed in M2 lysis buffer: 20 mm Tris, pH 7, 0.5%
Nonidet P-40, 250 mm NaCl, 3 mm EDTA, 3 mm EGTA, 2 mMm
dithiothreitol, phosphatase inhibitor mixture (Pierce), and the
protease inhibitor mixture (Roche Applied Science). An equal
amount of protein was resolved on SDS-PAGE and transferred
onto polyvinylidene difluoride membrane (Bio-Rad). After it
was blocked with 5% nonfat milk, the membrane was probed
with the designated first and second antibodies and developed
with the enhanced chemiluminescence method (Pierce) and
visualized by a Kodak Image Station 440CF (Eastman Kodak
Co.). The co-immunoprecipitation assay was performed fol-
lowing the established protocol with minor modifications (29).
Briefly, cells after treatment were lysed for 1 h in the co-immu-
noprecipitation lysis buffer: 40 mm HEPES, pH 7.4, 2 mm
EDTA, 0.3% CHAPS, phosphatase inhibitor mixture (Pierce),
and protease inhibitor mixture. The lysate containing the same
amount of protein was precleared by 20 ul of protein A/G-
agarose beads (Pierce) for 1 h. The postcleared lysate was then
incubated with 30 ul of protein A/G-agarose beads and 1 ug of
antibody and mixed overnight at 4 °C. After incubation, the
beads were extensively washed with lysis buffer five times, and
the immunoprecipitated proteins were eluted by boiling for 5
min in sample buffer (Bio-Rad) for Western blotting.

Confocal Microscopy—Cells were seeded to a coverglass slide
chamber (Lab-Tek®, NUNC), and after the designated treat-
ments, the cells were examined under a confocal microscope
(Olympus Fluoview 2000). The GFP-LC3 puncta were quanti-
fied by counting the number in cells as described elsewhere
(32). Briefly, the GFP-LC3 puncta in a single cell were manually
counted under a confocal microscope. For each group, 50 cells
were randomly selected for the average number of GFP-LC3
puncta/cell. The data presented were from one representative
experiment of at least three independent repeats.

Small Interfering RNA (siRNA)—The nonspecific siRNA oli-
gonucleotides and siRNA oligonucleotides targeting mouse
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Atg7 (ON-TARGETplus SMARTpool ™) were obtained from
Dharmacon (Layfayette, CO). The siRNAs was transfected into
the L929 cells with stable expression of tfLC3 using the Dhar-
maFECT 4 transfection reagent according to the manufactur-
er’s protocol.

Measurement of Cathepsin B/L Activity—Determination of
cathepsin B/L activity in total cell extracts was conducted as
described previously with modifications (33). Briefly, cells were
lysed in M2 buffer, and the lysate (25 ug of cellular protein) was
then incubated with a 50 um concentration of the fluorogenic
cathepsin B/L substrates, respectively, in 100 ul of cell-free sys-
tem buffer (10 mm HEPES-NaOH, pH 7.4, 220 mM mannitol, 68
mM sucrose, 2 mM NaCl, 2.5 mm KH,PO,, 0.5 mMm EGTA, 2 mm
MgCl,, 5 mM pyruvate, 0.1 mm phenylmethylsulfonyl fluoride,
and 1 mm dithiothreitol) in a 96-well plate for 1 h at 37 °C. The
released AMC/ACC fluorophores were monitored by a fluo-
rometer (Tecan SpectraFluor Plus) at an excitation wavelength
of 409/380 nm and an emission wavelength of 505/460 nm.
Data are presented as percentage of fluorescence intensity
compared with the control group.

Measurement of Intralysosomal pH—The measurement of
intralysosomal pH was performed based on an established
method with modifications (34). Briefly, after designated treat-
ments, cells were incubated with 1 um Lysosensor probe
(Invitrogen) for 1 h and then were trypsinized and collected and
resuspended in phenol red-free medium. Ten thousand cells
from each sample were analyzed using FACSCalibur flow
cytometry (BD Biosciences) and CellQuest software.

Reverse Transcription-PCR—RNA was extracted with the
RNeasy kit (Qiagen). 1 ug of total RNA from each sample was
used as a template for cDNA synthesis with a QuantiTect
reverse transcriptase kit (Qiagen). An equal volume of cDNA
product was used in the PCR performed using the TopTaq
Master Mix Kit (Qiagen). PCR amplification was performed
using the following primers (purchased from Sigma): mouse
p62 gene 5'-AGCTGCCCTCAGCCCTCTA-3' (forward) and
5'-GGCTTCTCTTCCCTCCATGTT-3' (reverse) and mouse
glyceraldehyde-3-phosphate dehydrogenase 5'-GTGTTCCT-
ACCCCCAATGT-3' (forward) and 5'-TGTCATCATACTT-
GGCAGGTTTC-3' (reverse). The PCR conditions were set
according to the standard protocol. The PCR products were
resolved on agarose gel containing GelRed™ nucleic acid gel
stain (Biotium) and exposed using a Kodak Image Station
440CF.

Quantification of PI3P/PI(3,4,5)P;—Cells were seeded on
75-cm? flasks and grown to 60% confluence and then treated as
indicated in the legend to Fig. 5. The extraction and quantifica-
tion of the PI3P/PI(3,4,5)P, were determined by the PI3P/
PI(3,4,5)P, mass strip kits, respectively (Echelon Biosciences),

following the instructions from the manufacturer. In addition,
we also adopted another method for the quantification of
PI(3,4,5)P,, following a method described previously (35).
Briefly, cells were collected in 0.8 ml of ice-cold methanol, 12 x
HCI (96:4), supplemented with 2 mm AICl,. Lipids were then
extracted by adding 0.4 ml of ice-cold chloroform and 0.4 ml of
ice-cold water. The lower organic phase was collected, and
remaining solution was re-extracted twice with 0.4 ml of ice-
cold chloroform. The three lipid extracts were then combined
and washed with 1 ml of ice-cold methanol, 2 mm oxalic acid in
water (1:0.9). Lower organic phase was collected and dried
using Speedvalc (Thermo Savant, Milford, MA) and deacylated
by incubation with 0.5 ml of methylamine/water:n-butanol/
MetOH (36:8:9:47) at 50 °C for 1 h. The aqueous phase was
dried, resuspended in 0.5 ml of 1-butanol/petroleum ether/
ethyl formate (20:40:1), and extracted twice with an equal vol-
ume of water. Aqueous extracts were dried, resuspended in
water, and subjected to anion exchange high pressure liquid
chromatography analysis using a Dionex Ion Chromatography
3000 system (Dionex, Sunnyvale, CA).

Protein Degradation Assay—Protein degradation was mea-
sured as described previously (36). Briefly, HeLa cells were
radiolabeled for 24 h with 0.05 mCi/ml L-[U-'*C]valine. At the
end of the labeling period, cells were rinsed three times with
PBS. Cells were incubated for the designated times in either full
medium or EBSS with or without the presence of 10 mm 3-MA.

Statistical Analysis—All data presented are representatives
from at least three independent experiments. The numeric data
from the protein degradation assay, cathepsin activity analysis,
GFP-LC3 puncta counting, and quantification of PI(3,4,5)P,
using chromatography are presented as means * S.D. from
three independent experiments and analyzed using student ¢
test. A p value less than 0.05 was considered as statistically
significant.

RESULTS

Prolonged Treatment with 3-MA Induces Accumulation of
Autophagic Markers under Nutrient-rich Conditions—PI3K
inhibitors, such as 3-MA and wortmannin, have been widely
used to inhibit autophagy (23, 26). Because most of the initial
studies establishing the anti-autophagic function of these
inhibitors were conducted under starvation condition, our ini-
tial intention was to examine the effects of these inhibitors on
autophagy induced by other stimuli under nutrient-rich condi-
tions (in full culture medium). To our surprise, it was found that
prolonged treatment with 3-MA (up to 9 h) induced significant
LC31to Il conversion in wild type MEFs (Fig. 14, left), whereas
it was still effective in suppressing LC3 II conversation in the
same cell type induced by starvation (by culturing in EBSS) (Fig.

FIGURE 1. Prolonged treatment with 3-MA in full medium leads to accumulation of autophagic markers. A, induction of LC3 | to Il conversion by 3-MA in
WT MEFs. WT MEFs were treated with 3-MA (5 mm) in full medium (left) or in EBSS (right; in the presence of 20 um CQ) for the indicated periods of time. Cell lysate
was collected and subject toimmunoblotting. B, similar treatments were also performed in L929 cells. C, effect of wortmannin (Wort) on LC3 | to Il conversion.
WT MEFs were treated with wortmannin (50 nm) either in full medium (left) or in EBSS (right; in the presence of 20 um CQ) for the indicated periods of time.
D, induction of GFP-LC3 punctuation/aggregation in cells cultured in full medium by 3-MA but not by wortmannin. MEFs with stable expression of GFP-LC3
were treated with 3-MA (5 mm) or wortmannin (50 nm) as indicated and examined under a confocal microscope (X600, top). The enlarged area demonstrates
the punctuated distribution of GFP-LC3 with a higher magnification. The number of GFP-LC3 puncta/cell were counted and presented (bottom; **, p < 0.01).
E, effect of 3-MA and wortmannin on starvation-induced GFP-LC3 punctuation/aggregation. MEF cells with stable expression of GFP-LC3 as described in E were
treated with 3-MA (5 mm) or wortmannin (50 nm) for 3 h under EBSS. The GFP-LC3 punctuation/aggregation was observed under a confocal microscope (X600,
top). The GFP-LC3 puncta/cell were counted and presented (bottom; *, p < 0.05; **, p < 0.01).
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1A, right). Moreover, similar results
were also observed in 1929 mouse
fibrosarcoma cells (Fig. 1B) and
human renal epithelial 293T cells
(data not shown). These results thus
suggest that the proautophagy
effects of 3-MA are unlikely to be
cell type-specific. The effectiveness
of 3-MA as a PI3K inhibitor was
confirmed by the suppression of S6
protein phosphorylation (Fig. 1, A
and B, left), a surrogate marker for
mTOR activity (37). In contrast, no
similar results were observed in cells
treated with wortmannin, another
commonly used PI3K and autoph-
agy inhibitor (26), in WT MEFs (Fig.
1C) and in L929 and 293T cells (data
not shown). Interestingly, the inhib-
itory effect of wortmannin on S6
phosphorylation was found to be
rather transient because the S6 pro-
tein phosphorylation level returned
to normal after 6 h in cells cultured
in full medium (Fig. 1C, left).

In order to confirm the above
results of LC3 detected by Western
blot, we next tested the changes of
the GFP-LC3 distribution pattern in
MEFs with stable expression of the
GFP-LC3 (38, 39). As shown in Fig.
1D, prolonged treatment with
3-MA, but not wortmannin, in full
medium, markedly increased GFP-
LC3 punctuation/aggregation. In
contrast, both 3-MA and wortman-
nin were able to block starvation-in-
duced GFP-LC3 punctuation/ag-
gregation in cells cultured in EBSS
(Fig. 1E). Taken together, these
results demonstrate that prolonged
treatment with 3-MA, but not wort-
mannin, under nutrient-rich condi-
tions is capable of increasing LC3 11
conversation and punctuate forma-
tion of GFP-LC3, indicating the
possibility of enhanced autophagic
flux.

3-MA Increases Autophagic Flux—
One important note in the evalua-
tion of autophagy is that the
increase of autophagic markers may
represent the increased generation
of autophagosomes and/or a block-
age in autophagosomal maturation
and degradation (33, 40-42).
Moreover, it has been reported that
LC3 I to II conversion could be
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caused by unidentified autophagy-independent mechanisms
(29). Here we set out to examine whether the increased auto-
phagic markers as observed above in cells treated with 3-MA
are due to enhanced autophagic flux. First, we tested whether
the induction of LC3 II conversion and punctuation/aggrega-
tion of GFP-LC3 upon 3-MA treatment are relevant to autoph-
agy by using Atg5~/~ MEFs in which the autophagy-dependent
LC3ItoII conversion is known to be completely abolished (43).
As shown in Fig. 24, 3-MA failed to induce LC3 conversion in
Atg5~'~ MEF cells, suggesting that LC3 II accumulation is
autophagy-dependent. Next, we utilized the Tet-off Atg5 MEFs
in which the ATG5 and the GFP-LC3 were stably expressed
(38). In this system, the Atg5 gene expression was abolished
following treatment with doxycyclin (DOX) (Fig. 2B). Consis-
tently, evident LC3 conversion was only observed in MEF cells
with the presence of ATG5 (without treatment of DOX) but not
in cells with the absence of ATG5 (pretreated with DOX) (Fig.
2B). Moreover, the punctuation/aggregation of GFP-LC3 was
evidently induced in cells expressing ATG5 but not in cells
without ATG5 (after treatment with DOX) (Fig. 2C). Previous
studies have reported that LC3 II was present at both the outer
and inner membrane of autophagosome, and the LC3 II will be
degraded by lysosomal hydrolases after fusion with lysosome
(44, 45). The GFP-tagged LC3 essentially follows the same
process. Hence, the free GFP protein will be released after LC3
is degraded in autolysosome, which makes the free GFP another
useful marker for autophagic flux (38, 46). As expected, in cells
with ATGS5, the free GFP protein increased upon 3-MA treat-
ment, indicating the possible induction of autophagic flux,
whereas no liberation of GFP was observed in Atg5-deficient
MEFs (Fig. 2B).

In order to further confirm the effect of 3-MA on autophagy,
here we used L929 cells with stable expression of tfLC3. We
silenced Atg7, another critical gene required for autophagy, in
the above mentioned L929 cells and found that 3-MA-induced
LC3 conversion and free GFP liberation were ATG7-dependent
(Fig. 2D). Moreover, 3-MA-induced GFP-LC3 punctuation/ag-
gregation was also diminished in L929 cells with Atg7 knock-
down (Fig. 2E), further supporting the notion that 3-MA-in-
duced accumulation of autophagic markers is dependent on
autophagy and is indicative of increased autophagic flux.

The longlived protein degradation assay has been well estab-
lished for assessing autophagy flux (36). In this study, the effect
of 3-MA on long lived protein degradation was assessed in
HeLa cells. As shown in Fig. 2F, treatment with 3-MA for a
relatively short period of time (4 h) reduced the rate of protein
degradation in cells cultured in EBSS (fop). In contrast, longer

treatment with 3-MA (8 h) in full medium significantly
increased the rate of protein degradation (bottom), being con-
sistent with the results obtained in both MEF and L929 cells.
Taken together, data from this part of our study present clear
evidence that prolonged treatment with 3-MA in full medium
induces autophagy.

3-MA-induced Accumulation of Autophagic Markers Is Not
Due to Blockage of Lysosomal Functions—Here we attempted to
further exclude the possibility that 3-MA-induced accumula-
tion of autophagic markers is due to suppression of autophago-
some maturation and lysosomal degradation. The tfLC3 has
been reported to be a valuable tool for examining autophago-
some maturation and autolysosome formation (30). Essentially,
this assay is based on the difference in the nature of the two
fluorescent proteins (GFP and RFP) (i.e. RFP is much more
resistant to lysosomal quenching than GFP in the acidic envi-
ronment). Therefore, if the autolysosome maturation proceeds
normally, it would give rise to more red-only puncta. Con-
versely, if the autophagosome does not fuse with lysosome or
the lysosome function is impaired, most of the puncta should
exhibit both red and green signals and appear to be yellow (30).
Here we used the 1929 cells with stable transfection of tfLC3 to
analyze the effect of 3-MA on this process. As shown in Fig. 34,
treatment with 3-MA (in full medium for 9 h) led to more mRFP
punctuation and accumulation than that with GFP, similar to
the effect of rapamycin that was used as a positive control. More
importantly, CQ, an agent capable of impairing lysosomal acid-
ification and suppressing the protease activity, can obviously
enhance both GFP and mRFP puncta formation and colocaliza-
tion induced by 3-MA. The similar effects of CQ on rapamycin
were also observed. These results thus provide further evidence
that 3-MA is unlikely to inhibit autophagosome maturation
and autolysosome formation. We further confirmed the
above findings in MEF cells with stable expression of GFP-
LC3 (the same cell system in Fig. 1E). As shown in Fig. 3B,
CQ is able to further enhance punctuation/aggregation of
GFP-LC3 in cells treated with 3-MA. Consistently, the pres-
ence of CQ also further increased the LC3 II protein level
induced by 3-MA (Fig. 3C).

On the other hand, because the intralysosomal pH is a critical
factor in determining the cathepsin enzymatic activity and lyso-
somal functions, we examined the effect of 3-MA on intralyso-
somal pH by using the Lysosensor (34). As shown in Fig. 3D,
3-MA treatment (in full medium for 9 h) did not affect intraly-
sosomal pH, whereas treatment with CQ evidently enhanced
the intralysosomal pH value. Finally, we tested whether 3-MA
can directly affect the enzymatic activity of cathepsins mea-

FIGURE 2. 3-MA increases autophagic flux. A, 3-MA-induced LC3 | to Il conversion is ATG5-dependent. Both WT and Atg5 ™/~ MEF cells were incubated with
3-MA (5 mm) for up to 9 h in full medium. Cell lysates were subject to immunoblotting. B, Tet-off Atg5 MEFs with stable expression of GFP-LC3 were pretreated
with or without doxycyclin (DOX) for 4 days, and then cells were treated with 3-MA (5 mm) for 9 h in full medium, and cell lysate was subject to Western blotting.
C, Tet-off Atg5 MEFs were prepared as described in B and treated with 3-MA (5 mm) for 9 h. Cells were examined with a confocal microscope for GFP-LC3
punctuation/aggregation (top). The GFP-LC3 puncta/cell were counted and presented (bottom; **, p < 0.01). D, L929 cells stably transfected with tfLC3
(tfLC3-L929) were transfected with Atg7 siRNA for 48 h. Cells were then treated with 3-MA (5 mm) for 9 h in full medium. Cell lysates were subject to
immunoblotting. £, tfLC3-L929 as described in D were treated with 3-MA (5 mm) for 9 h in full medium, and the GFP-LC3 punctuation/aggregation was observed
under a confocal microscope (X600, top). The GFP-LC3 puncta/cell were counted and presented (bottom; **, p < 0.01). F, 3-MA promotes long lived protein
degradation in cells cultured in full medium. HeLa cells were radiolabeled for 24 h with 0.05 mCi/ml .-[U-'*Clvaline. At the end of the labeling period, cells were
rinsed three times with PBS. Cells were then incubated in full medium or in EBSS with 10 mm valine in the presence or absence of 10 mm 3-MA for 4 h (top) or
8 h (bottom). The data in F are presented as means = S.D. from three independent experiments and analyzed using Student’s t test (¥, p < 0.05; **, p < 0.01).

Ctrl, control.
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sured with cell lysates on known A co 3MA 3-MA+CQ Rapamycin  Rapamycin+CQ
cathepsin substrates. Treatment 3 3
with 3-MA did not have any effect
on cathepsin B and L activities (Fig.
3E). In contrast, evident inhibitory

effect was found with the two
known cathepsin inhibitors (E64d
RFP
and pepstatin A). The negative
effect of CQ on cathepsin enzymatic

activity is understandable because
CQ acts through neutralization of
lysosomal pH. Taken together,
these results collectively demon-
strate that 3-MA has no adverse €0 -
effect on lysosomal function, thus
further strengthening our earlier
observation that 3-MA-induced
accumulation of autophagic mark-
ers is due to an increase of autoph-
agic flux.

3-MA Up-regulates p62/SQSTM1
Gene Transcription—One intrigu- 04
ing observation from our study is
that 3-MA treatment led to evident B
increase of p62 protein level (Figs. 2
(A, B,and D) and 3C). p62/SQSTM1
is a multifunctional protein that
binds to LC3 and can be destructed
within the autolysosome (47, 48).
Thus, reduction of p62 has been
regarded as a marker for increase of
autophagic flux (49, 50). In this
study, the p62 protein level in
Atg5~'~ MEFs (Fig. 24) and in the
Tet-off Atgh MEFs pretreated with '
DOX (Fig. 2B) was much higher C D
than that in the control cells, being cQ - - ow o
consistent with the common under- 3IMA - 4+ -+ Cn . |
standing that a defect in autophagy
could result in accumulation of p62 .
(49, 50). Thus, an intriguing ques- —— - 62 1
tion arises. How does 3-MA result
in a higher level of p62 with
enhanced autophagic flux? When
we carefully examined the change of
p62 upon 3-MA treatment, it was
found that 3-MA increased the p62
level even in Atg5 '~ MEFs (p62
short exposure in Fig. 4A4) as well as |
in cells with DOX-mediated dele-
tion of ATG5 (Fig. 2B), thus sug-
gesting that such a change of p62
is independent of autophagy and
is not the result of autophagy
suppression. 20 | I—x—

To determine whether the in- 0 . . .
crease of p62 protein level by Cctrl 3MA CQ  EST+Pepstatin
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A WT  Atg5-/- transcription, we tested the effect of 3-MA on p62 mRNA level.
-_ As shown in Fig. 4B, it is clear that treatment with 3-MA mark-
3MA - + - + edly enhanced the mRNA level of p62, with a temporal pattern

consistent with the change of the p62 protein level (Fig. 2A4). As
expected, 3-MA-induced p62 mRNA induction was abolished
by Act D, a de novo mRNA synthesis inhibitor (Fig. 4B). We
i i ~‘ next investigated the effect of 3-MA on p62 protein level when

P62 long exposure de novo protein synthesis was blocked by CHX. As shown in Fig.
4C, in the presence of CHX, 3-MA could no longer enhance the
p62 protein level. Importantly, 3-MA still induced LC3 conver-
sion in the presence of CHX. These data thus suggest that the
increased p62 protein level observed in cells treated with 3-MA
is mediated by p62 gene expression and is not the result of
autophagy suppression.

3-MA Inhibits Class I and Class III PI3K in Different Tempo-
ral Patterns—It has been well accepted that 3-MA inhibits
autophagy through suppression of class III PI3K activity (26).
B 3ma -t + 4 Both 3-MA and wortmannin are known to inhibit both class I
and III PI3K unselectively (24, 25), whereas they show different
effects on autophagy with prolonged treatment under nutrient-
rich conditions (Fig. 1). Thus, it would be of interest to examine
and compare the effects of these two inhibitors on class I and
class III PI3K activity in defined treatment conditions. As
shown in Fig. 54, treatment with 3-MA in full medium signifi-
cantly reduced the level of PI3P, the product of class III PI3K, at
early time points (1 and 3 h), whereas the PI3P level was
restored to the control level at 9 h. In contrast, treatment with
wortmannin resulted in sustained reduction of PI3P. Thus, data
from this experiment demonstrate that 3-MA and wortmannin
3-MA -+ .+ possess different temporal patterns on class III PI3K; the effect

of 3-MA is transient, whereas that of wortmannin is more per-
LC3 sistent. Interestingly, there was no evident reduction of PI3P
e — level in cells cultured in EBSS for 9 h, consistent with earlier
reports that the class III PI3K activation is largely constitutive
—— — | D62 and is not adversely affected by starvation (51, 52).

Next, we measured the level of PI(3,4,5)P;, the product of
class I PI3K (Fig. 5B). It is indeed interesting to note that 3-MA
almost completely blocked the product of PI(3,4,5)P5 up to 9 h,
whereas the effect of wortmannin was transient because there
was a recovery of PI(3,4,5)P, at 9 h. As expected, culturing cells
EIGMUARE: 3;;/IA ::Jlt):ir:gI:\I/:Tei; 3\6t2/553§T|\'/\|nE1F Sgevr\;?_ té:r:gs;:i;;tjt/)p. !\ﬁi&ifsf?;:e (r)ef in EBSS completely elirTlinated PI(3,4,5‘)P3 production. In order
treated w’i)th 3‘—)MA (5 mm) for 9 I?in full medium, and thgen cell lysate was to confirm the above flr.l(.fllngs, we utilized a chromatography-
collected and subjected to immunoblotting. B, effect of 3-MA on p62 mRNA  based method for quantification of PI(3,4,5)P;. As shown in Fig.
level. WT MEFs were treated Yvith 3-MA (.5 mwm), actinomycin D (Act D) (10 um),  5C, the PI(3,4,5)P, level was dramatically reduced for up to 9 h
or 3-MA + ActD for 1 or 3 h in full medium. The p62 mRNA level was deter-

upon 3-MA treatment, whereas there was a recovery from 6 h

mined by reverse transcription-PCR. C, CHX blocks 3-MA-induced increase of
p62 protein level. WT MEFs were treated with 3-MA (5 mm), CHX (10 um), or  onward in cells treated with wortmannin. The level of PI3P

3-MA + CHX for 9 h in full medium, and cell lysate was subjected to immuno- : : :
blotting. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. C(.)u.ld not.be measu.red using this method due to the technical
difficulty in separating PI3P and PI4P (data not shown). Collec-

e <—LC3 I

s === p62 short exposure

— = p-S6

—_—— Atg5-Atgl2

— = T bylin

ActD - - -+ 4

— — p_S6

— amn s | Tubulin

FIGURE 3. 3-MA does not affect lysosomal functions. A, effect of 3-MA on autolysosome maturation and lysosomal degradation. The L929 cells with stable
expression of the tfLC3 construct (tfLC3-L929) were treated with CQ (20 um), 3-MA (5 mm), 3-MA + CQ and rapamycin (10 nm), or rapamycin + CQ for 9 hiin full
medium. The cells were examined using a confocal microscope (X600, top). The RFP- and GFP-LC3 puncta/cell were counted and presented (bottom; **, p <
0.01). B, effect of CQ on GFP-LC3 punctuation/aggregation induced by 3-MA. WT MEFs with stable expression of GFP-LC3 (same as in Fig. 2B without DOX
treatment) were treated with 3-MA (5 mm), CQ (20 um), or 3-MA + CQ for 9 h in full medium. The cells were examined by confocal microscopy (X600, left). The
GFP-LC3 puncta/cell were counted and presented (right; **, p < 0.01). C, MEFs were treated as described in B, and the cell lysate were subjected to immuno-
blotting. D, effect of 3-MA on intralysosomal pH. WT MEF cells were treated with 3-MA (5 mm) or CQ (20 um) for 9 h in full medium, and the intralysosomal pH
values were determined using a Lysosensor probe coupled with flow cytometry, as described under “Experimental Procedures.” E, effect of 3-MA on cathepsin
B/L activity. WT MEFs were treated with 3-MA (5 mm), CQ (20 um), or cathepsin inhibitors (E64d + pepstatin A, 20 ug/ml each) for 9 h, and the lysate was
subjected to the cathepsin B/L activity assay, as described under “Experimental Procedures.” The data in E are presented as means = S.D. from three
independent experiments and analyzed using Student’s t test (**, p < 0.01). Ctrl, control.
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ttest (**, p < 0.01).

tively, these data demonstrate that under nutrient-rich condi-
tions, 3-MA and wortmannin inhibit both class I and III PI3K
but in opposite temporal patterns. It is thus possible that the
induction of autophagy by prolonged treatment with 3-MA in
nutrient-rich conditions is due to suppression of class I PI3K
while sparing the class III PI3K.

3-MA Disrupts the Anti-autophagic Function of mTOR Com-
plex 1—1It has been well established that activation of class I
PI3K will lead to activation of the Akt-mTOR signaling cascade,
which in turn suppresses autophagy (14, 15). Recently, a com-
plex consisting of ULK1 (mammalian homologue of ATG1),
ATG13, and FIP200 has been identified as the downstream tar-
get molecule of mMTORC1 (mTOR complex I) for autophagy
regulation (9, 10, 29). Under nutrient-rich conditions, the
ULK1-ATG13-FIP200 complex is binding to mTORCI1
through the interaction between ULK1 and raptor, whereby
mTORCI1 phosphorylates ULK1 and ATG13 to inhibit autoph-
agy. When the class I PI3K-Akt-mTOR pathway is inhibited,
such as under starvation conditions, the ULK1-ATG13-FIP200
complex will disassociate from mTORC1 and become activated
to promote autophagy. We thus utilized this model to deter-
mine whether 3-MA can trigger autophagy via modulation of
mTORCI1-ULK1 interaction. First, we found that treatment
with 3-MA, wortmannin, and EBSS at an early time point (1 h)

10858 JOURNAL OF BIOLOGICAL CHEMISTRY

led to disruption of the interaction between ULK1 and
mTORCI, evidenced by diminished mTOR and raptor that co-
immunoprecipitated with ectopically expressed FLAG-ULK1
(Fig. 6A, left). The inhibitory effects of these treatments on the
PI3K class I-Akt-mTORC1 pathway were confirmed by the
reduction of p-S6 (Fig. 6A, left). Moreover, disruption of
mTORCI and ULK1 interaction and suppression of p-S6 were
maintained in cells treated with 3-MA or EBSS up to 9 h,
whereas they were restored in cells treated with wortmannin at
9 h (Fig. 6A, right). Such observations are indeed consistent
with their different inhibitory capability on class I PI3K as
shown earlier (Fig. 5).

Finally, we utilized the Tsc2~/~ MEFs to further confirm that
sustained suppression of class I PI3K transforms 3-MA into an
autophagy inducer. The deletion of TSC2 leads to constitutive
activation of mTORC]1 (53). As expected, there was a high level
of p-S6 due to hyperactivation of mTOR in Tsc2 '~ MEFs (Fig.
6B). Notably, 3-MA was unable to effectively inhibit p-S6 in
Tsc2™ '~ cells, and as a result, 3-MA-induced LC3 I to LC3 II
conversion was dramatically compromised in Tsc2~ '~ cells
compared with wild type cells (Fig. 6B). Such observations thus
support the notion that 3-MA suppresses the PI3K-Akt-mTOR
signaling pathway upstream of mTOR to induce autophagy. It is
also noteworthy that the autophagy machinery is still compe-

VOLUME 285-NUMBER 14+APRIL 2, 2010
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FIGURE 6.3-MA disrupts the function of mTOR complex . A, 3-MA suppresses the interaction between ULK1
and mTOR complex 1. HEK293T cells were transfected with FLAG-ULK1 for 36 h, and cells were then treated in
EBSS or with 3-MA (5 mm), wortmannin (50 nm) in full medium for 1 h (left) or 9 h (right). The cell lysate was
subjected to immunoprecipitation (/P) using an antibody against FLAG, followed by immunoblotting. A frac-
tion of the cell lysate was used forimmunoblotting as indicated. B, the effect of 3-MA on autophagy in Tsc2™/~
MEFs.WT and Tsc2~/~ MEFs were treated with 3-MA (5 mm) or rapamycin (10 nm) for 9 h, and the cell lysate was

subject to immunoblotting.

tentin Tsc2~ '~ MEFs, based on the observation that rapamycin
was able to block mTORCI1 activity and subsequently induce
LC3 conversion (Fig. 6B).

DISCUSSION

3-MA as an autophagy inhibitor was first discovered via
screening of purine-related substances using isolated hepato-
cytes from starved rats (28). Subsequent studies confirmed that
3-MA, together with wortmannin and LY294002, suppresses
autophagy via inhibition of class III PI3K (23, 26). However,
there are several concerns regarding the role of 3-MA as an
autophagy inhibitor. For instance, 3-MA, which is usually used
at very high concentrations to inhibit autophagy, can target
other kinases and affect other cellular processes, such as glyco-
gen metabolism, lysosomal acidification, endocytosis, and
mitochondrial permeability transition (54-56). Moreover, it
has been reported earlier that 3-MA can suppress proteolysis
even in Atg5-deficient cells, suggesting that its effects on pro-
tein degradation extend beyond its role in autophagy inhibition
(57). In this study, we present a surprising finding that 3-MA
has a dual role in modulation of autophagy; although it is capa-
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strates the unique dual role of 3-MA
in modulation of autophagy.

The autophagy induction func-
tion by 3-MA is indeed intriguing.
In order to understand the underly-
ing mechanisms for the proautoph-
agic effect of 3-MA, we compared
the kinetics of 3-MA and wortman-
nin on class I and III PI3K with a
prolonged treatment in full me-
dium. Based on our data, it is
believed that the induction of auto-
phagy by 3-MA is due to its persis-
tent inhibition on class I PI3K,
whereas the class III PI3K is largely
spared toward the end of the treat-
ment (Fig. 5). It appears that under
such specific treatment conditions,
3-MA acts similarly as rapamycin, a
well established autophagy inducer
via suppression of mTOR function
(58). Here there are several important questions that remain to
be investigated further. First, the molecular basis for a different
temporal pattern by 3-MA on class I and class III PI3K is not
known. Because the class I PI3K is mainly located within the
plasma membrane (11), one can speculate that 3-MA may accu-
mulate or associate with membrane to make the persistent sup-
pression of class I PI3K activity possible. Second, it is not clear
whether 3-MA has a similar temporal effect on class III PI3K
under starvation conditions. In this study, we were logistically
constrained to examine the effect of 3-MA on cells cultured in
EBSS for more than 6 h, due to the fact that prolonged 3-MA
treatment in EBSS in combination with CQ dramatically
affected cell viability (data not shown). There is one important
observation in this study that starvation (culturing cells in EBSS
for 9 h) has little effect on class III PI3K activity (Fig. 5).
Although at present it is still controversial whether class III
PI3K activity is subject to modulation by nutrients (12), data
from this study are indeed consistent with a number of earlier
reports that the class III PI3K has been found to be nutrient-
independent (26, 51, 52). For instance, simultaneous measure-
ment of these two kinase activities showed that the presence of

9 hrs
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IL-13 only affects class I and not class III PI3K (26). Therefore,
future studies examining the temporal effect of 3-MA on class
IIT PI3K under starvation conditions will give rise to important
information for understanding the effect of 3-MA as an auto-
phagy inhibitor.

On the other hand, the inhibitory effects of wortmannin are
just opposite to that of 3-MA: persistent on class III PI3K and
transient on class I PI3K. The initial report showing that the
inhibitory effect of wortmannin on PI3K was assessed based on
class I PI3K found that wortmannin achieves its inhibitory
effect via covalent binding with class I PI3K, and such binding is
irreversible (22). Interestingly, the inhibition by wortmannin of
class I PI3K is known to be transient (22, 26), thus consistent
with the data from this study. Similar to 3-MA, the molecular
basis for the different temporal pattern by wortmannin on class I
and class IIT PI3K is not known and remains an important
topic for future study. At present, the so-called class-specific
PI3K inhibitors are not available; understanding the different
temporal patterns of 3-MA and wortmannin on class I and III
PI3K thus suggests a type of conditional selectivity by these two
commonly used PI3K inhibitors. It is also obvious that data
from this study tend to suggest that wortmannin is a more suit-
able autophagy inhibitor than 3-MA, due to its persistent inhi-
bition on class III PI3K activity.

Another interesting finding from this study is that 3-MA is
capable of up-regulating p62 protein expression at the mRNA
level, a process independent of the autophagy machinery (Figs.
2 and 4). p62 is a ubiquitin-binding scaffold protein that can
target ubiquitinated protein aggregates for selective degrada-
tion by autophagy (47, 59) It is now believed that p62 plays a
critical role in the control of autophagy, apoptosis, and cancer
development (60). On the other hand, the transcriptional reg-
ulation of p62 is relatively less understood. We have some pre-
liminary data to show that 3-MA activates ERK and ERK inhib-
itors abolish the up-regulation of p62 (data not shown),
indicating the possibility that 3-MA up-regulates p62 gene
transcription via an ERK-dependent pathway. Further studies
are required to examine the molecular mechanisms and the
biological significance of p62 up-regulation in the course of
autophagy induction.

Understanding the dual role of 3-MA in autophagy may have
important implications in autophagy study because 3-MA is the
first specific autophagy inhibitor identified and widely used
even since 1982 (28, 61). One particularly important and yet
highly controversial issue in autophagy study is the role of auto-
phagy in cell death. Although autophagy is well established as a
prosurvival mechanism under starvation and several other cell
stress conditions, there are numerous reports demonstrating
the prodeath function of autophagy (62— 64). It is now acknowl-
edged that part of the confusion is due to the misconception
that the level of autophagosomes equals the autophagic flux
(58). Now, with the recognition of the autophagy induction
function of 3-MA with prolonged treatment under nutrient-
rich conditions, it is possible that the use of 3-MA as an auto-
phagy inhibitor may also contribute to such confusion regard-
ing the role of autophagy in cell death. A careful examination of
the literature shows that there are many reports using 3-MA for
prolonged treatment (more than 24 h) in full medium to inhibit

10860 JOURNAL OF BIOLOGICAL CHEMISTRY

autophagy induced by stimuli, such as cancer therapeutics,
DNA damage agents, and radiation (65—-70), without providing
direct evidence showing the effect of 3-MA on class III PI3K
activity. Therefore, great cautions need to be exercised when
3-MA is used as an autophagy inhibitor with a prolonged period
of treatment under nutrient-rich conditions.
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