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Suppression of Lysosome Function Induces Autophagy via a
Feedback Down-regulation of MTOR Complex 1 (MTORC1)
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Background: Lysosomes are required for autophagic degradation, which can be suppressed by lysosome inhibitors.

Results: Inhibition of lysosome function resulted in autophagy activation via down-regulation of MTORCI.

Conclusion: Lysosomes can affect autophagy initiation in addition to its role in autophagy degradation.

Significance: The finding expands lysosome function to include regulation of autophagy activation and indicates a dual effect of

lysosome inhibitors in autophagy.

Autophagy can be activated via MTORC1 down-regulation by
amino acid deprivation and by certain chemicals such as rapa-
mycin, torin, and niclosamide. Lysosome is the degrading
machine for autophagy but has also been linked to MTORC1
activation through the Rag/RRAG GTPase pathway. This asso-
ciation raises the question of whether lysosome can be involved
in the initiation of autophagy. Toward this end, we found that
niclosamide, an MTORCI1 inhibitor, was able to inhibit lyso-
some degradation and increase lysosomal permeability. Niclos-
amide was ineffective in inhibiting MTORCI1 in cells expressing
constitutively activated Rag proteins, suggesting that its inhibi-
tory effects were targeted to the Rag-MTORCI signaling system.
This places niclosamide in the same category of bafilomycin A,
and concanamycin A, inhibitors of the vacuolar H" -ATPase, for
its dependence on Rag GTPase in suppression of MTORCI. Sur-
prisingly, classical lysosome inhibitors such as chloroquine,
E64D, and pepstatin A were also able to inhibit MTORC1 in a
Rag-dependent manner. These lysosome inhibitors were able to
activate early autophagy events represented by ATG16L1 and
ATG12 puncta formation. Our work established a link between
the functional status of the lysosome in general to the Rag-
MTORCI1 signaling axis and autophagy activation. Thus, the lys-
osome is not only required for autophagic degradation but also
affects autophagy activation. Lysosome inhibitors can have a
dual effect in suppressing autophagy degradation and in initiat-
ing autophagy.
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Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved mechanism by which cytoplasmic
materials can be transported to and degraded in the lysosome.
Autophagy serves to provide nutrients to starving cells or to
remove superfluous subcellular organelles, aggregated proteins,
or intracellular pathogens (1). As an important pathophysiological
regulation mechanism during development, aging, and pathogen-
esis, autophagy can be induced or suppressed by a variety of sig-
naling events. However, many of the signaling pathways have not
been well defined.

In general, autophagy can be induced by MTOR complex 1
(MTORC1)?-dependent pathway or -independent pathway
(2, 3). MTORC1 negatively regulates autophagic initiation,
and many agents can thus induce autophagy by suppressing
MTORCI1 (2). A commonly used physiological autophagy stim-
ulus is the deprivation of nutrients such as amino acids, which
inactivates MTORC1. Rapamycin and Torin 1 are well defined
small molecule chemicals that inhibit MTORC1 (4). Niclos-
amide is another chemical recently found to be able to induce
autophagy and inhibit MTORCI (5). The latter was attributed
to the ability of niclosamide to cause cytoplasmic acidification
by releasing protons from lysosomes (6).

The lysosome has recently been found to play a uniquely
important role in MTORC1 activation (7). Activation of
MTORCI by amino acids depends on the Rag/RRAG family of
GTPase, which is found on the lysosomal membrane (8, 9). The
Rag proteins are composed of RagA, RagB, RagC, and RagD.
The functionally equivalent RagA and RagB can form het-
erodimers with RagC or RagD, which are also functionally
redundant. The heterodimers with the GTP-loaded RagA or
RagB are the active form that can recruit MTORCI to the lys-

2 The abbreviations used are: MTORC1, mammalian target of rapamycin com-
plex 1; AC, ammonia chloride; AO, acridine orange; Baf, bafilomycin A;;
ConA, concanamycin A; CQ, chloroquine; CSTB, cathepsin B; CSTD, cathep-
sin D; CSTE, cathepsin E; E/P, E64D plus pepstatin A; LTR, LysoTracker Red;
MEF, mouse embryonic fibroblast cell; Nic, niclosamide; Rap, rapamycin;
3-MA, 3-methyladenine; v-ATPase, vacuolar H*-ATPase.
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osome where it can be activated by RHEB. Expression of a con-
stitutively activated RagA mutant (RagA " or RagAS™"/S1P)
can activate MTORC]1 independently of amino acids (8, 10).

Heterodimeric Rag proteins interact with another pente-
meric complex called Regulator/LAMTOR, which is tethered
to the lysosome membranes via one of the subunits, p18/
LAMTORI1 (11, 12). Both complexes can interact with the vac-
uolar H"-ATPase (v-ATPase) on the lysosome (10). Under a
nutrient-replete condition, amino acids accumulated in the
lumen of the lysosome will weaken the interaction of v-ATPase
with  LAMTOR, thus activating its guanine nucleotide
exchange factor activity toward RagA and RagB (12). Upon
GTP loading to RagA/B, the interaction of Rag with LAMTOR
complex is reduced, allowing the interaction of Rag het-
erodimers with MTORC]1 and thus recruiting the latter to the
lysosomal surface (11, 12).

It is thus possible to inhibit MTORCI activity by interfering
with the function or the interaction of v-ATPase, LAMTOR,
and/or Rag as in the case of amino acid deprivation. In addition,
v-ATPase inhibitors such as bafilomycin A; (Baf) and concano-
mycin A (ConA) could clearly suppress amino acid-triggered
MTORCI activation (10). It was, however, not clear whether
other types of lysosome inhibitors, i.e. those not directly target-
ing v-ATPase, could also cause MTORCI1 inhibition. This ques-
tion was critical to address whether the general lysosome func-
tional status but, not just one of its specific functions, is
required for MTORC]1 function. Furthermore, whether lyso-
some inhibitors could in general activate autophagy because of
their potential negative effects on MTORC1 would also need to
be determined.

This study examined these issues. Our data indicate that
there is a general connection between lysosome function and
signaling through the Rag GTPase. Inhibition of lysosome
function will negatively affect this signaling axis, leading to
MTORCI1 inhibition and autophagy activation. Thus, our
data support the notion that lysosome can be mechanisti-
cally involved in autophagy activation, in addition to its tra-
ditional role in autophagic degradation.

EXPERIMENTAL PROCEDURES

Antibodies and Chemicals—Niclosamide (N3510), ammonia
chloride (AC) (A9434), chloroquine (CQ) (C6628), ConA
(C9705), acridine orange (AO) (A6014), and 3-methyladenine
(3-MA) (M9281) were from Sigma-Aldrich. Baf (B1080) was
from LC Laboratories. Rapamycin (R-1018), E64D (E-2030),
and pepstatin A (P-1519) were from A. G. Scientific. Torin 1
(4247) was from Tocris Bioscience. Protease and phosphotase
inhibitor mixture tablets (04693116001 and 04906845001)
were from Roche Applied Science/Roche Diagnostics. Self-
quenched bodipy-conjugated BSA (DQ-BSA Red) (D-12051)
and LysoTracker Red (LTR) (L-7528) were from Invitrogen
(Molecular Probes). Lipofectamine 2000 (11668019) was from
Invitrogen. All chemicals were dissolved in PBS (CQ and AC) or
in dimethyl sulfoxide (niclosamide, rapamycin, Torinl, E64D,
and pepstatin A). The final concentrations of dimethyl sulfox-
ide in culture were between 0.05—0.2%, which had no effects on
autophagy induction (data not shown).
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Anti-cathepsin B/CSTB antibody (sc-13985) was from Santa
Cruz Biotechnology; antibodies to cathepsin D/CSTD (2284),
ATGI2 (2010), MTOR (2983), phospho-MTOR (Ser-2481)
(2974), p70 S6K1/RPS6KB1/(9202), phospho-p70 S6K1 (Thr-
389) (9234), S6/RPS6 (2217), phospho-S6 (Ser-235/236) (2211),
4E-BP1/EIF4EBP1/(9644), and phospho-4E-BP1 (Thr-37/46)
(9459) were from Cell Signaling Technology; antibodies to
p62/SQSTM1 (PM045), LC3B/MAP1LC3B (PMO036), and
ATG16L1 (M150) were from MBL Intl.; antibodies to LAMP2
(ABL-93) was from the Developmental Studies Hybridoma
Bank (University of lowa). Secondary antibodies conjugated with
Alexa Fluor 488 (A11001), Cy3 (111-225-144) or horseradish per-
oxidase (111-006-045 and 111-006-062) were from Invitrogen and
Jackson ImmunoResearch Laboratories, respectively.

Cell Culture—Human embryonic kidney cells (293A), human
cervical carcinoma cells (HeLa), human lung carcinoma cells
(A549), and mouse embryonic fibroblast cells (MEFs) deficient in
Atg5 (13) or expressing a knock-in RagA mutant (RagA<°°")
(14) were cultured in DMEM (Thermo Scientific, SH-3024301)
supplemented with 10% (v/v) fetal bovine serum (Invitrogen,
10099-141) and standard supplements at 37 °C in a humidified
air atmosphere with 5% (v/v) CO,.

Immunoassay—For immunoblot assay, 15 to 20 ug of lysates
were used. Proteins were separated by SDS-PAGE and trans-
ferred to PVDF membranes (Millipore, ISEQ00010). Primary
antibodies were used, followed by horseradish peroxidase-con-
jugated secondary antibodies. Specific proteins were detected
using enhanced chemiluminescence Western blotting agent
(Millipore, WBKLS0500), and the images were digitally
acquired with a Kodak Image Station 4000 and the compan-
ion software (Carestream Health, Inc.).

For immunofluorescence staining, cells were grown on glass
coverslips in 24-well plates and were fixed in 4% formaldehyde
for 15 min. Cells were washed twice in PBS, permeabilized with
0.1% Triton X-100 for 15 min, followed by another wash in PBS,
and blocked in PBS containing 2% BSA for 1 h. Primary and
secondary antibodies in PBS containing 2% BSA were applied
for overnight and 1 h, respectively. Cells were co-stained with
Hoechst 33342 for the nucleus. Samples were washed in PBS
containing 0.1% Tween 20 and mounted on glass slides. Fluo-
rescence images were taken using a Nikon Eclipse TE200 epi-
fluorescence microscope with NIS-Elements AR3.2 software.
For manual quantification of the puncta formation at least
three optical fields with at least 50 cells per experimental con-
dition were analyzed. Data from repeated experiments are sub-
jected to statistical analysis.

Long-lived Protein Degradation Assay—Long-lived protein
degradation assay was carried out as described previously (15).
Briefly, MEFs were cultured in DMEM in 24-well plates,
L-[**C]-valine (PerkinElmer, NEC291EU050UC) was added to
a final concentration of 0.2 uCi/ml to label intracellular pro-
teins. Cells were incubated for 18 h before changing to fresh
medium for another hour with 10% cold L-valine to deplete
labeled short-lived proteins. The cells were then incubated in
Earle’s balanced salt solution or DMEM (plus 0.1% of BSA and
10 mM valine) with or without testing chemicals for an addi-
tional 6 or 16 h. The culture medium was recovered, from
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which the degraded long-lived proteins were measured via liq-
uid scintillation.

Subcellular Fractionation—Following the indicated treat-
ment, cells were suspended in hypotonic buffer (40 mm KCl, 5
mMm MgCl,, 2 mm EGTA, 10 mm HEPES, pH 7.5) for 30 min on
ice. Cells were homogenized by shearing through a 28.5-gauge
needle 30 times. After a centrifugation at 1,000 X g for 10 min,
the supernatant was further centrifuged at 12,000 X g for 10
min. The pellet, enriched for the lysosome, was further washed
in an isotonic buffer (150 mm NaCl, 5 mm MgCl,, 2 mm EGTA,
10 mm HEPES, pH 7.5) and dissolved in a lysis buffer (1% Triton
X-100, 150 mm NaCl, 50 mm Tris-HCI, pH 7.5) for further
analysis.

Analysis of Lysosomal Acidity, Enzyme Activity, and Degra-
dation Capacity—T o examine the cellular acidic compartment,
cells were incubated with LTR (50 nm) or AO (1 pg/ml) during
the culture for 20 to 30 min before being examined by fluores-
cence microscopy.

To measure CSTB activity, 5 ug of fresh cell lysate and 5 um
substrate Z-Phe-Arg-7-amino-4-methylcoumarin (Enzo Life
Sciences, BML-P139-0050) were mixed in assay buffer A (100
mM NaCl, 100 mm NaOAc, pH 5.5). Reactions were monitored
with an Infinite M200Pro fluorescence spectrometer (Tecan,
Morrisville, NC) at A, = 365 nm and A, = 440 nm. For
CSTD/CSTE activity, 5 ug of fresh cell lysate and 5 uM substrate
Mca-Gly-Lys-Pro-Ile-Leu-Phe-Arg-Leu-Lys(Dnp)-p-Arg-NH,
(Enzo Life Sciences, BML-P145-0001) were mixed in assay
buffer B (100 mm NaCl, 100 mm NaOAc, pH 4.0). Reactions
were monitored at A, = 328 nm and A_,, = 393 nm. The rela-
tive fluorescence unit at the first 5-30 min of the reaction,
which represented the linear acceleration part, was recorded,
which is then standardized to that of untreated samples as an
indication of the relative change in enzyme activities.

To determine the lysosomal degradation capacity, cells were
incubated with 10 ug/ml of DQ-BSA-Red for 1 h at 37 °C. Fol-
lowing the wash, new medium was added with or without the
testing chemicals for another 4 to 6 h. Degradation capacity was
measured by the red fluorescence signal released due to the
degradation of DQ-BSA-Red. The number of red puncta per
cell was quantified.

Statistical Analysis—All data are presented as the mean *=
S.D. from at least three separate experiments. The p values were
determined by Student’s t test. p < 0.05 was considered
significant.

RESULTS

Niclosamide Induced Autophagy by Suppressing MTOR
Activity—A large number of small molecules have been found
to regulate autophagy (3, 16—18). Many of them are known
compounds with defined effects on other cellular functions.

Niclosamide is a salicylanilide derivative that has been used
as an Food and Drug Administration-approved anti-helminthic
drug (19). Using a GFP-LC3-based high throughput screening
we found that niclosamide significantly up-regulated GFP-LC3
puncta following an overnight incubation (20). In the subse-
quent confirmatory assay, we found that an incubation of 6 h
was sufficient to lead to significant GFP-LC3 punctation (Fig. 1,
A and B), which was completely abolished in the absence of
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Atg5, an upstream molecule for LC3 conjugation. The level of
the lipidated form of LC3, LC3-1I, was also significantly
increased in the presence of niclosamide (Fig. 1, Cand D). Nota-
bly, in both assays, the addition of a well defined lysosome
inhibitor, CQ, further enhanced the level of GFP-LC3 puncta
and LC3-II, suggesting that niclosamide could promote
autophagic flux in a short period of treatment. The level of
p62/SQSTM1 was not significantly changed in this short period
of treatment by either niclosamide and/or CQ (Fig. 1C).

To further determine that niclosamide initiated autophagy,
we examined whether it could promote ATG16L1 punctation.
ATG16L1 binds to the Atg5-Atgl2 conjugate to form a com-
plex that is necessary for the conjugation of LC3 to phosphati-
dylethanolamine. The ATG16L1-ATG5-ATG12 complex is
present only in the precursor membrane of the autophago-
some, i.e. the phagophore (21-23). Vesicular puncta positive
for this complex are signs of early autophagosome biogenesis.
We found that ATG16L1-positive puncta were significantly
increased following a 6-h niclosamide treatment in two differ-
ent cell lines: A549 lung carcinoma cell line and MEFs (Fig. 1, E
and F). As a comparison, rapamycin, a well defined autophagy
inducer, induced a similar level of ATG16L1 punctation.
ATGI16L1 punctation was not observed in the absence of Atg5
or in the presence of 3-MA, an inhibitor of the class III phos-
phatidylinositol 3-kinase, which is required for the ATG16L1
puncta to form. These findings demonstrated that niclosamide
could activate autophagy through the canonical pathway.

Indeed, niclosamide treatment demonstrated a time-depen-
dent dephosphorylation of p70S6 kinase, S6, 4E-BP1 (Fig. 1G),
and MTOR (Fig. 1H). This inhibitory effect occurred in 1 h of
treatment and reached the plateau by 22 h. Niclosamide could
thus induce autophagy by inhibiting MTORCI.

Niclosamide Had a Dual Effect in Suppressing Autophagic
Degradation—Consistently, the LC3-1I level began to elevate in
niclosamide-treated cells in 1 h and continued to rise through
22 h (Fig. 2A). Intriguingly, although by 6 h, autophagic flux was
elevated (Fig. 1, A-D), the level of ATG16L1 puncta was high
(Fig. 1, E and F), and the MTOR activity was suppressed (Fig. 1,
G and H), the level of p62 was not decreased at 6 h and para-
doxically elevated notably at a later time point of 22 h (Fig. 2A4).

This pattern was different from that of starvation-induced
autophagy in which LC3-1II level quickly rose in 0.5 to 2 h, fol-
lowed by a decline, whereas p62 level changed conversely (14,
24, 25). p62 is an adaptor molecule for selective autophagy, but
its level is often elevated in autophagy inhibition or deficiency
(23, 26). The elevation of p62 and LC3-II during niclosamide
treatment at a later time point suggested that this chemical
might have a dichotomous effect on autophagic degradation.
Indeed, niclosamide treatment did not induce long term pro-
tein degradation in a 16-h treatment (Fig. 2B). In contrast, it
suppressed long term protein degradation induced by rapa-
mycin or starvation as effectively as some of the well defined
lysosome inhibitors, such as CQ, Baf, ConA, and AC (Fig. 2,
Band C).

Immunostaining assay further indicated that niclosamide-
induced GFP-LC3 puncta were significantly overlapped with
the lysosome signals, suggesting that many of the induced
autophagosomes could be trapped in the lysosome and were
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FIGURE 1. Niclosamide induces autophagy and inhibition of MTORC1. A and B, wild type and Atg5-deficient MEFs expressing GFP-LC3 were treated with or
without niclosamide (Nic; 10 um) and CQ (40 um) for 6 h and then assessed for GFP-LC3 puncta formation (A), which was quantified (B). Cand D, as treated in A,
MEFs were then lysed for immunoblot analysis (C). Densitometry was performed, and the ratio of LC3-II/B-actin was determined (D). E and F, wild type and
Atg5-deficient MEFs or A549 cells were treated as indicated (Nic, 10 um; 3-MA, 10 mm; Rap, 1 um) for 6 h, followed by immunostaining using an anti-ATG16L1
antibody (E). ATG16L1 puncta were quantified (F). Gand H, HelLa cells were treated with niclosamide (10 um) for different times as indicated. The zero time point
represents cells untreated and harvested at the end of the incubation period. Total lysates (G) or the lysosome-enriched heavy membrane fraction (H) was
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unable to be degraded (Fig. 2D). We confirmed this notion with  tion of the total LC3 puncta was not due to inhibition of
a RFP-GFP tandem LC3 construct, which has been well used for ~ autophagy degradation but the synthesis of new autophago-
examining autophagic degradation.(27) If the lysosome suc-  somes (double-colored). Niclosamide treatment resulted in a
cessfully degrades autophagic cargos, more red fluorescence  similar pattern as the AC treatment with a decrease of the red-
(RFP puncta) will be observed because the green fluores- only LC3 puncta. Taken together, these data clearly indicated
cence (green puncta) will be quenched in the acidic compart-  that niclosamide was able to inhibit autolysosome degradation.

ment. In the suppressive condition, both wavelengths of Niclosamide Inhibited Lysosomal Degradation—To examine
fluorescence will be retained, resulting in yellow signals in how niclosamide might inhibit autophagic degradation, we
overlapped images. treated cells with niclosamide and then stained them with AO

Cells treated with a known lysosome inhibitor, AC, had a  (Fig. 34) or LTR (Fig. 3B) to determine its effects on the acidity
significantly decreased level of red-only puncta and a signifi-  of the lysosomal compartment. AO is a lysosomotropic meta-
cantly elevated level of yellow puncta, suggesting that there was  chromatic fluorochrome, which emits strong red fluorescence
an arrest of the transition from the double-colored LC3 puncta inside the lysosomes where it is highly protonated, but weakly
to the red-only puncta, a sign of blockage of lysosome degrada-  green fluorescence in the cytosol due to low protonation (28).
tion. However, cells treated with a well defined autophagy Similarly, LTR accumulates in the lysosome in a pH-dependent
inducer, torinl, exhibited no decrease in the red-only dots manner. We found that similar to Baf and AC, niclosamide also
despite an increase in yellow puncta, suggesting that the eleva-  elevated lysosomal pH, leading to the loss of both AO and LTR
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FIGURE 2. Niclosamide inhibits autophagic degradation. A, MEFs or Hela cells were treated with niclosamide (Nic; 10 um) for 0-22 h as indicated, followed
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experiments. ***, p < 0.001; **, p < 0.01; *, p < 0.05.

signals in the lysosomal compartment (Fig. 3, A and B). CQ and
E64D/pepstatin A did not seem to significantly alter the pH
gradient based on the staining of these dyes (Fig. 34 and data
not shown).

We then examined the activity of three key lysosome
enzymes CSTB, CSTD, and CSTE in the lysosome-enriched
cellular fraction. As anticipated, the activities were suppressed
by common lysosomal inhibitors, including Baf, ConA, CQ,
AC, and E64D/pepstatin A, which work by different mecha-
nisms (Fig. 3, C and D). CSTB seemed to be more sensitive to
these inhibitors than CSTD. Notably, niclosamide caused a
more rapid inactivation of CSTB than that CSTD and CSTE
(Fig. 3, E and F). Immunoblot analysis indicated a reduction of
all three cathepsins in the lysosome (Fig. 3G), which correlated
with the decreased activity. CSTD and CSTE had the same sub-
strate specificity, and the activity detected with the peptide sub-
strate reflected that of both enzymes (Fig. 3F). This could
explain why the detected residual activity was relatively higher
than that of CSTB at each time point (Fig. 3E). The reduction in
cathepsin level and activity by niclosamide could represent an

DECEMBER 13, 2013 +VOLUME 288+NUMBER 50 A§,B®‘B

increased lysosomal membrane permeabilization (28, 29).
Niclosamide, as well as Baf, ConA, CQ, and ammonia chloride,
had no direct inhibitive effects on CSTB or CSTD/CSTE when
incubated directly with cell lysates (Fig. 3H), consistent with the
fact that these chemicals affect the acidity of the lysosomes and
therefore the enzymatic activities. However, protease inhibi-
tors E64D and pepstatin A can directly bind to and inhibit the
enzymes.

Taken together, these findings suggested that niclosamide
inhibited lysosomal degradative function not by a direct enzy-
matic suppression, but likely by altering lysosomal permeability
and the pH gradient. These effects can lead to a general reduc-
tion of the degradation capacity of the lysosome. Indeed, niclos-
amide inhibited the degradation of DQ-BSA-Red (Fig. 3, / and
J), which was taken to the lysosome by endocytosis.

MTORCI1 Activity, Lysosome Function, and Autophagy
Induction Were Mechanistically Linked— Activation of MTOR
by amino acids seems to depend on a normal lysosome func-
tion. Amino acids accumulated in the lumen of lysosome
weaken the interaction of v-ATPase with LAMTOR/Regula-
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tor, thus activating its guanine nucleotide exchange factor
activity toward RagA and RagB (10, 12). GTP-loaded RagA/B
can then recruit MTORCI to the lysosomal surface for acti-
vation (11, 12).

Inhibitors of the v-ATPase such as Baf, ConA, and SalA inac-
tivate LAMTOR possibly by locking the interaction of v-
ATPase and LAMTOR (12) and, thus, the activation of MTORC1
by amino acids (10, 12). This is true not only when amino acids
are added to starved cells to reactivate MTORCI (10), but also
when amino acids are constantly present in the culture where
MTORCI is already activated (Fig. 4). Thus, we found that Baf
and ConA inhibited MTORCI activity even in the continuous
presence of amino acids (Fig. 44). Interestingly, AC, CQ, and
E64D/pepstatin A, which suppress the lysosome function via
other mechanisms, could also suppress MTORCI activity in
nutrients-replete condition (Fig. 4A), whereasthe dimethyl
sulfoxide control had no effects. Together with the finding
made with niclosamide (Figs. 1G and 3), our data indicated that
the basal MTORCI1 activity in the continuous presence of nutri-
ents was also dependent on a normal lysosomal function and
that lysosome inhibition by different means could all lead to the
inactivation of MTORCI.

As in the case of niclosamide, the inhibition of MTORCI by
these well defined lysosome inhibitors was accompanied with
autophagy activation. The elevation of LC3-II in the presence of
these inhibitors (Fig. 4A) may not necessarily indicate an
increase in autophagosome synthesis because this could be also
due to a decrease in autophagosome degradation. We therefore
examined two early autophagy activation markers, ATG16L1
and ATGI12, by immunostaining assay. Increases in both
ATGI16L1 and ATG12 puncta formation were observed in cells
treated with Baf, ConA, CQ, or E64D/pepstatin A, which were
suppressed by 3-MA (Fig. 4, B and C). The induction effect was
similar to that of niclosamide (Fig. 1, E and F) and that of rapa-
mycin (Fig. 4, D and E). This observation indicated that lyso-
somal inhibitors were able to activate autophagy; despite that
the overall autophagic function was likely suppressed by these
agents at the degradation stage as indicated by the accumula-
tion of p62 (Fig. 4A).

Surprisingly, AC did not induce ATG16L1 or ATGI2
puncta formation and in fact suppressed such an induction
by rapamycin (Fig. 4, D and E). This observation may suggest
that this chemical had a separate inhibitory effect on
autophagy induction.

Lysosome Inhibitors Suppressed MTORCI through the Rag
Signaling Module—The ability of Rag molecules to recruit
MTORCI to the lysosome surface depends on the GTPase
activity (8, 9), which is activated by its guanine nucleotide
exchange factor, LAMTOR (10, 12). Notably, LAMTOR acti-
vation requires a normal v-ATPase function on the lyso-
some, which is facilitated by amino acids but suppressed by
Baf or ConA. Thus, a constitutively activated RagA mutant
(RagA ") can activate MTORC]1 independently of the status of
LAMTOR or v-ATPase (10, 14). MEFs homozygously expressing
this mutant RagA (RagAS™S™") in place of the wild type coun-
terpart have sustained MTORCI1 activation regardless the amino
acid and glucose levels (10, 14). The MTORCI1 activity was rapidly
suppressed by amino acid deprivation but was fully recovered fol-
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lowing the inclusion of amino acids in the medium (10, 14).
Such a recovery of MTORCI activity was suppressed by v-
ATPase inhibitors, ConA or Baf, in wild type MEFs, but not in the
RagAS™"/ST" MEFs (Fig. 5, A and B), suggesting that this recov-
ery was driven by v-ATPase-dependent Rag activity so that a
constitutively activated RagA was able to resist the effect of
ConA or Baf. Notably, we found that niclosamide, CQ, AC, and
E64D/pepstatin acted similar to ConA and Baf, and suppressed
the recovery of MTOR activity in a dose-dependent manner
(Fig. 5, C—F). Furthermore, RagA“™"/ST® conferred a resistance
to MTORCI1 suppression by these chemicals. Slight reduction
of p70S6K phosphorylation was still observed in the RagAS™*/ST?
cells for some chemicals at highest doses tested (Fig. 5, C and
E). This would be consistent with a similar observation in
these cells following a prolonged starvation (14). Thus, it
seems that RagAS™®/S™"  while supporting persistent
mTORCI1 activation, may not sustain such activation in the
prolonged presence, or with high doses, of suppressors (starva-
tions or chemicals).

Notably, in the studies here, this resistance was specific to
these lysosomal inhibitors because inhibition of MTORC1 by
rapamycin was not protected by the constitutive activation of
RagA (Fig. 5G). These observations thus indicated that niclos-
amide, CQ, AC, and E64D/pepstatin A all eventually inhibited
MTORCI activity through disturbing the lysosomal v-ATPase-
LAMTOR-Rag signaling system; despite that their primary tar-
gets could be different.

DISCUSSION

Niclosamide Has Dual Effects on Autophagy Induction and
Degradation—Niclosamide is an Food and Drug Administra-
tion-approved antihelminthic agent, and it has also been
reported to possess antitumor activity (30). We (20) and others
(5) had found that niclosamide was able to increase GFP-LC3
puncta in high throughput screening assays. This activity was
considered to be related to its ability to inhibit MTORC1 but
not MTORC?2 (5). The present study has confirmed that niclos-
amide can down-regulate MTORC1 activity. Evidence of
increased autophagy activation by niclosamide also includes
the dependence of GFP-LC3 puncta on ATG5, and the forma-
tion of ATG16L1 puncta, which are also dependent on Atg5.
ATGI6L1 puncta formation is a well established indicator for
autophagosome biogenesis at the early stage (21-23). ATG16L1
binds to the ATG12-ATG5 conjugate to form a high molecular
weight complex, guiding the ATG12-ATG5 conjugate to the cor-
rect phagophore location where ATG5-ATG12 can act similar to
an E3-like enzyme to facilitate LC3 conjugation to phosphatidyle-
thanolamine (31-33).

In contrast to the above observations, we have also found
that niclosamide can reduce autophagy degradation capacity.
Although autophagy flux was increased in early time points
(~4—6h, Fig. 1), it was reduced at later time points as indicated
by the accumulation of p62 and the reduced long-lived protein
degradation (~16-22 h, Fig. 2). LC3 accumulation through a
prolonged stimulation by niclosamide could thus be due to
increased autophagy activation as well as reduced autophagy
degradation.
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FIGURE 5. Inhibition of MTORC1 activity by lysosome inhibitors is regulated by Rag GTPases. Wild type (RagA*’") and RagA®™™ <™ knock-in MEF cells
were cultured in Earle’s balanced salt solution with ConA (A), Baf (B), niclosamide (Nic; C), CQ (D), AC (E), E64D plus pepstatin A (E/P) (F) or rapamycin (G) at
different concentrations as indicated for 1 h. Cells were then cultured in complete medium (CM) containing the same level of chemicals for an additional hour.
Cell lysates were prepared and subjected to immunoblot assays with the indicated antibodies.

Niclosamide does not seem to affect the fusion between the
autophagosome and the lysosome because the GFP-LC3
puncta are well colocalized with LAMP2 positive compart-
ments (Fig. 2D). The reduced lysosome degradation capacity is
not exclusive to the autophagy process as the degradation of
both GFP-RFP-LC3 and DQ-BSA was suppressed. This general
lysosomal insufficiency seems to be related to a reduced acidity
of the lysosome and a reduced protease activity (Fig. 3). We did
not find that niclosamide was able to directly inhibit the enzy-
matic activity of CSTB or CSTD/CSTE. We found that these
proteases were reduced in the lysosome in a time-dependent
manner, as suggested by both the enzymatic activity and the
protein level (Fig. 3). Notably, a previous study had also shown
that niclosamide caused dispersion of protons from the lyso-

somes to the cytosol, leading to cytosolic acidification (6),
which would be consistent with a loss of lysosomal acidity
shown here. Changes in both lysosomal pH and levels of cathe-
psins suggest that niclosamide can promote lysosomal mem-
brane permeabilization, rather than simply acting as a protono-
phore. Regardless the mechanism, lysosomal functions are
likely compromised by niclosamide.

The two effects of niclosamide on autophagy via MTORC1
inhibition and on the lysosome function would likely be mech-
anistically linked. Niclosamide was able to suppress mTORC1
in TSC2-deficient cells where MTORCI1 activity was elevated
(5), suggesting that it acted on a different pathway. In addition,
it had been proposed that the increased cytosolic acidification
was responsible for MTORC1 inhibition although how this

FIGURE 4. Lysosome inhibitors can inhibit MTORC1 and initiate autophagosome formation. A, MEFs were treated with Baf (0.5 um), ConA (2.5 um), AC (40
mm), CQ (40 um), or E64D (25 um) plus pepstatin A (50 um) (E/P) for 0 to 22 h, followed by immunoblot analysis. Band C, A549 cells were treated as indicated with
or without 3-MA (10 mm) for 6 h, followed by immunostaining with anti-ATG16L1 (B) or anti-ATG12 (C). D and E, A549 cells were treated as indicated (40 mm AC;
1 um rapamycin; 10 mm 3-MA) for 6 h, followed by immunostaining with anti-ATG16L1 (D) or anti-ATG12 (E), which were quantified. For panels D and E, values
represent means = S.D. from three independent experiments. **, p < 0.01; ¥, p < 0.05. DMSO, dimethyl sulfoxide; CM, complete medium; Rap, rapamycin.
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could be achieved is not known (6). Our data reported here
would support an alternative model that MTORC]1 inhibition is
caused by lysosomal dysfunction, which affects the v-ATPase-
LAMTOR-RAG signaling pathway. This hypothesis is further
supported by studies using several other well defined lysosome
inhibitors.

Lysosome Function and the v-ATPase-LAMTOR-RAG-
MTORCI Signaling Axis—Inhibitors of lysosomal degradation
can reduce lysosomal acidity such as the v-ATPase inhibitors,
Baf and ConA, and the alkaline agents, AC and CQ. They may
also directly inhibit protease activities such as the cysteine pro-
tease inhibitor, E64D, and the aspartic protease inhibitor, pep-
statin A. Interestingly CQ does not change the staining pattern
of AO as much as the v-ATPase inhibitors or AC does (Fig. 3).
This had been noted in another study (34), and we had used up
to 100 um CQ with no obvious differences in AO staining (data
not shown). Nevertheless, CQ does alter lysosomal pH (25),
which would be responsible for its inhibitory effect on proteo-
lytic activities as it has no direct effect on enzymes (Fig. 3).

Baf and ConA have been found to inhibit amino acid-trig-
gered reactivation of MTORC1 immediately after starvation
(10). We found that these two chemicals, similar to niclos-
amide, also inhibited basal MTORCI1 activity under constant
nutrient-replete condition. Surprisingly, other types of lyso-
some inhibitors, CQ, AC, and E64D/pepstatin A, all can inhibit
MTORCI activity at the basal level, despite their different
inhibitory mechanisms. This new finding thus suggests that the
function of lysosome, in general, has important effects on
MTORCI activity. Disturbance of lysosomal function may ulti-
mately affect v-ATPase or other molecules that are critical to
MTORCI activation.

It is now clear that Baf and ConA inhibit MTORCI1 activity
via their negative effects directly on v-ATPase (10), which inter-
acts with LAMTOR, the guanine nucleotide exchange factor for
the Rag GTPase (11, 12). Activated Rag recruits MTORC1 to
the surface of the lysosome, where MTOR could be further
activated by RHEB (8, 9). The inhibitory effect of Baf and ConA
could thus be antagonized by a constitutively activated RagA
mutant (10, 12), whose activity is no longer dependent on the
functional v-ATPase and/or LAMTOR, which is suppressible
by these two chemicals (8, 9). Remarkably, we found that cells
expressing the constitutively activated RagAS™™/S™® were also
resistant to the inhibitory effects of niclosamide CQ, AC, and
E64D/pepstatin on MTORCI1 activity; despite that, these lyso-
some inhibitors do not seem to possess a direct anti-v-ATPase
activity or even to affect the pH of the lysosome. Inhibition of
MTORCI1 by non-lysosome inhibitors such as rapamycin can-
not be reversed by the constitutively active mutant of RagA,
indicating that the rescuing effect of this mutant is specific to
the lysosome-derived signals.

One plausible explanation is that the normal function of
LAMTOR is generally dependent on a normal lysosome func-
tion. Disturbance of lysosome integrity may affect the
LAMTOR function due to altered v-ATPase activity. Alterna-
tively, the reduced lysosome functionality affects protein degra-
dation and/or amino acids transport into the lysosome, and
lysosomal permeabilization could cause amino acid leakage to
the cytosol, which all lead to a lower level of intraluminal amino
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acid level, which would impair the activation of the LAMTOR
through v-ATPase. Indeed, a transient lysosomal permeability
with Streptolysin O had been shown to suppress the recruit-
ment of MTORC]1 to Rag complex (10). Thus, in either sce-
nario, the negative impact can affect MTORC], as its activation
depends on the lysosome through the LAMTOR-RAG com-
plex. Our studies indicate that lysosomal functionality, in gen-
eral, is closely linked to the LAMTOR-RAG-MTORCI1 signal-
ing axis and has significant impact on the MTORCI1 activity.

Autophagy Activation Caused by Lysosome Inhibition Is Part
of the Lysosome-MTOR-autophagy Dynamics—One of the
interesting outcomes of MTORCI1 being down-regulated by the
lysosome inhibitors is the paradoxical activation of autophagy.
Except for ammonia chloride, all of the inhibitors examined in
this study could trigger ATG16L1 and ATG12 puncta forma-
tion, two of the markers for early autophagosome biogenesis.
The fact that the formation of these puncta was blocked by the
class III PI3K inhibitor 3-MA indicates that the process was
specifically initiated in response to autophagy initiation.
Ammonia chloride was not found to be able to induce the early
change of ATG16L1 and ATG12. It is possible that this chem-
ical may have additional effects that could prevent these
changes despite that it can affect MTORCI activity. Indeed,
ammonia chloride can suppress ATG12 and ATG16L1 puncta-
tion induced by rapamycin (Fig. 4, D and E). Additional exper-
iments will be required to further identify the mechanisms
involved.

Lysosomes can play a general role in preventing autophagy
via supporting MTORCI1 activity. Cells expressing constitu-
tively activated RagA (RagA?°®") are resistant to amino acid or
glucose deprivation-induced MTORC1 suppression (10, 14).
These cells could not mount an autophagy response upon
nutrient deprivation. In addition, mice expressing RagA<°®"
died shortly after birth due to failure to activate autophagy as
the result of sustained MTORCI activation (14). Neonatal
autophagy is essential to sustain blood glucose level for survival
(13, 14, 35).

There is increasing evidence indicating that the relationship
among lysosome, MTORC], and autophagy are intertwined in
multiple ways. A successful autophagy process requires func-
tional lysosomes. Although MTORCI inhibits autophagy acti-
vation, its own activation depends on lysosomes both physically
and functionally as discussed above. Intracellular lysosome
positioning could affect MTORC]1 activation and thus autopha-
gosome formation (36). Furthermore, TFEB, a master gene for
lysosomal biogenesis, can also promote autophagy (37), but
MTORCI can phosphorylate TFEB to inhibit its translocation
to the nucleus, thus preventing it from promoting lysosome
biogenesis and autophagy (38 —41) Consistently, suppressing
MTORCI could liberate TFEB function for lysosomal activa-
tion, which is also facilitated by the concomitantly activated
autophagy process and autophagosome-lysosome fusion (42).
However, during the process of autophagy, MTORCI can pro-
mote lysosome reformation to prevent lysosome depletion (43).
These observations indicate that there are reciprocal regula-
tions involving both negative and positive impacts among these
key functions. In fact, it had been hypothesized that lysosome
inhibitors might trigger autophagy (44).
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Autophagy triggered by reduced lysosome function via
MTORCI down-regulation may constitute a feedback mecha-
nism to raise autophagy capability in response to a reduced
degradation output. This mechanism may help to sustain nutri-
ent supplies derived from lysosome degradation. However, it
could also pose a pathological concern if autophagosomes are
overly accumulated in the absence of sufficient degradation
capacity, which would likely cause “autophagy stress” that con-
tributes to disease progression (45). Another implication of the
present findings is that caution should be exercised when lyso-
some inhibitors are used in an autophagy-related research or
application. It is prudent that such inhibitors are to be used in
transient fashion so that their proautophagy effect would not
become apparent to confound the interpretation of the find-
ing. Perhaps more attention should be paid to the use of
lysosome inhibitors in vivo so the paradoxical effects on
autophagy could be recognized and dissected. Thus, the link
from lysosome function to autophagy initiation can bear
both a pathophysiological significance and a therapeutic/
pharmacological implication.
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