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A novel curcumin analog binds to and activates TFEB in vitro and in vivo independent
of MTOR inhibition
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ABSTRACT
Autophagy dysfunction is a common feature in neurodegenerative disorders characterized by accumulation of
toxic protein aggregates. Increasing evidence has demonstrated that activation of TFEB (transcription factor
EB), a master regulator of autophagy and lysosomal biogenesis, can ameliorate neurotoxicity and rescue
neurodegeneration in animal models. Currently known TFEB activators are mainly inhibitors of MTOR
(mechanistic target of rapamycin [serine/threonine kinase]), which, as a master regulator of cell growth and
metabolism, is involved in a wide range of biological functions. Thus, the identification of TFEB modulators
acting without inhibiting the MTOR pathway would be preferred and probably less deleterious to cells. In this
study, a synthesized curcumin derivative termed C1 is identified as a novel MTOR-independent activator of
TFEB. Compound C1 specifically binds to TFEB at the N terminus and promotes TFEB nuclear translocation
without inhibiting MTOR activity. By activating TFEB, C1 enhances autophagy and lysosome biogenesis in vitro
and in vivo. Collectively, compound C1 is an orally effective activator of TFEB and is a potential therapeutic
agent for the treatment of neurodegenerative diseases.
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Introduction

Macroautophagy (herein referred to as autophagy) is a highly
conserved cellular process for the bulk degradation of long-
lived proteins and organelles mediated by lysosomes. Defects in
the autophagy-lysosome pathway (ALP) have been linked to a
variety of human diseases1,2 including neurodegenerative disor-
ders caused by toxic, aggregate-prone proteins.3,4 Recently,
TFEB (transcription factor EB) was identified as a master regu-
lator of autophagy and lysosomal biogenesis.5-7 Starvation,
lysosomal stress or inhibition of the mechanistic target of rapa-
mycin (serine/threonine kinase) complex 1 (MTORC1) acti-
vates TFEB by promoting its translocation to the nucleus,8-10

where it binds to the CLEAR (coordinated lysosomal expres-
sion and regulation) elements and activates genes involved in
autophagy and lysosomal biogenesis.5,6 TFEB overexpression
or small molecules capable of stimulating the expression and/
or nuclear translocation of endogenous TFEB, has been shown
to promote clearance of pathologic lysosomal substrates in
lysosomal storage disorders (LSDs)11-13 and to be neuroprotec-
tive by promoting the clearance of toxic protein aggregates in
cell and animal models of neurodegenerative disorders such as

Parkinson disease (PD),14 Alzheimer disease (AD)15-17 and
Huntington disease (HD).18

Curcumin is a natural polyphenolic compound derived from
the herbal medicine turmeric (Curcuma longa Linn.), which is
nontoxic and possesses diverse pharmacologic effects.19 It is
well documented that curcumin enhances autophagy via inhib-
iting the phosphoinositide 3-kinase-AKT-MTOR signaling
pathway.20,21 However, the poor absorption and low bioavail-
ability of curcumin curtails its clinical application.19,22 To
improve the bioavailability and potency, a number of deriva-
tives of curcumin have been chemically synthesized.23,24

Among these derivatives, monocarbonyl analogs of curcumin
without the b-diketone moiety have exhibited enhanced stabil-
ity, improved pharmacokinetic profiles and better in vitro and
in vivo activities.25-28

By screening a series of synthetic monocarbonyl analogs of
curcumin, an analog termed C1 was identified as a potent
TFEB activator. Unlike currently known TFEB activators, C1
activates TFEB by directly binding to TFEB and promotes its
entry into the nucleus, without affecting TFEB phosphorylation
or inhibiting the activities of MTOR and MAPK1/ERK2
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(mitogen-activated protein kinase 1)-MAPK3/ERK1. C1 is
orally effective in enhancing autophagy and lysosome biogene-
sis in the brain.

Results

New MTOR-dependent and -independent autophagy
enhancers identified from monocarbonyl analogs of
curcumin

A series of monocarbonyl analogs of curcumin (Fig. 1A) were
tested for their autophagy-enhancing activities in the mouse
neuroblastoma neuro-2a (N2a) cells. First, the cytotoxicity of
the tested compounds was determined by LDH (lactate dehy-
drogenase) release assay (Fig. S1). The compounds were
nontoxic at the concentration of 1 mM and were used in sub-
sequent autophagy assays. Curcumin at 1 mM showed no
effects on autophagy (data not shown). Curcumin (10 mM)
and its analogs A2, B1, B3, C1, E2, E3 and E4 (1 mM) signifi-
cantly increased the levels of LC3B-II, the lipidated and phag-
ophore- or autophagosome-associated form of MAP1LC3B/
LC3B (microtubule-associated protein 1 light chain 3 b) in
N2a cells compared to the vehicle control (0.1% DMSO)
(Fig. 1B and C). In the presence of the lysosomal inhibitor
chloroquine (CQ), these analogs further increased LC3B-II
levels (Fig. 1D and E). The results indicate that curcumin ana-
logs enhance autophagy rather than blocking lysosomal degra-
dation. Among the compounds tested, C1 shows the best
autophagy-enhancing effect.

Since curcumin enhances autophagy through inhibiting the
MTOR pathway,20,21,29 we next determined the effects of these
newly identified autophagy enhancers on the MTOR pathway.
Torin1, a potent MTOR inhibitor30 was used as a positive con-
trol. Similar to curcumin, most of these analogs inhibited phos-
phorylation of RPS6KB1/p70S6K (ribosomal protein S6 kinase,
polypeptide 1) and MTOR (Fig. 1F and G). Compound E4
showed the best inhibition of the MTOR pathway. Unexpect-
edly, compound C1 significantly promoted phosphorylation of
RPS6KB1 and MTOR, indicating that C1 enhanced autophagy
without inhibiting the MTOR pathway. Meanwhile, we found
that C1 treatment had no significant effects on the activity of
the MTOR-related kinases, including AMP activated protein
kinase (AMPK) and ULK1 (unc-51 like kinase 1), which play
important roles in autophagy regulation (Fig. S2).31 Together
we identified a potent MTOR-independent (C1) and a MTOR-
dependent (E4) autophagy enhancer from monocarbonyl ana-
logs of curcumin.

Monocarbonyl analogs of curcumin activate TFEB

Pharmacological inhibition of MTORC1 activates TFEB by
promoting its nuclear translocation.8-10 We therefore tested
whether curcumin and its analogs could activate TFEB. First,
we determined the distribution of endogenous TFEB in N2a
cells treated with curcumin and its analogs with autophagy-
enhancing effect. Curcumin (10 mM) treatment showed a
mild effect on TFEB nuclear translocation (»20% of cells).
Curcumin analogs A2, B1, B3, E2, E3 and E4 triggered differ-
ent levels of TFEB nuclear translocation (Fig. 2A and B),

which is correlated with their MTOR-inhibiting activity
(Fig. 1G). Compounds E4, which showed the best MTOR-
inhibiting activity, induced »50% TFEB nuclear translocation.
Interestingly, compound C1, which did not inhibit MTOR,
showed the best effect on the TFEB nuclear translocation
(more than 80% cells) (Fig. 2B). Quantification of TFEB levels
in the cytosolic and nuclear fractions by western blots further
confirmed that C1 potently induced nuclear translocation of
endogenous TFEB in N2a cells (Fig. 2C and D). Next we
tested the effects of curcumin and its analogs on the transloca-
tion of TFEB in HeLa cells stably expressing 3xFlag-TFEB5,6

by western blot and by a cell-based quantitative high-content
assay.9 Similar to torin1 treatment, compound C1 significantly
promoted the nuclear translocation of Flag-TFEB with an
EC50 value of 2167 nM (Fig. 2E to I). Therefore, compound
C1 may represent a novel MTOR-independent TFEB
activator.

Curcumin analog C1 does not inhibit serine-
phosphorylation of TFEB or MAPK1/3 activity

MTORC1 controls TFEB subcellular localization by phosphor-
ylating key serine residues such as S142 and S211.5,9 To further
confirm that curcumin analog C1 activates TFEB in a MTOR-
independent manner, we determined the effects of C1 on the
serine-phosphorylation of TFEB. First, we found that C1 treat-
ment did not affect the total levels of phosphoserine on TFEB
(Fig. 3A). Second, by using site-specific phosphoserine antibod-
ies, we found that C1 treatment did not affect phosphorylation
of S142 and S211 on TFEB (Fig. 3A), 2 key target sites phos-
phorylated by MTOR. Similarly, C1 treatment did not trigger a
molecular weight downshift of TFEB bands, indicating that C1
had no effects on serine-phosphorylation of TFEB (Fig. 3A). As
a positive control, torin1 treatment caused a significant down-
shift of TFEB bands and dephosphorylation of total phospho-
serine, S142 and S211. Since MAPK1/3 inhibition also partially
contributes to TFEB nuclear translocation,5,9 we tested the
effects of C1 treatment on MAPK1/3 phosphorylation at sev-
eral time points and found that C1 did not inhibit MAPK1/3
activity (Fig. 3B). These results further confirmed that C1 acti-
vates TFEB independent of MTOR inhibition.

Curcumin analog C1 directly binds to TFEB

Since curcumin analog C1 activates TFEB in anMTOR-indepen-
dent manner, we hypothesized that C1 directly binds to and acti-
vates TFEB. First, a solid-phase binding assay32 was performed to
determine the direct binding of C1 to recombinant TFEB. A spe-
cific His-TFEB band at »55 kDa was observed only in the pellet
of C1, but not curcumin, indicating a direct binding of C1 to
TFEB (Fig. S3). To further confirm the binding, we prepared
high-purity recombinant full-length TFEB with a N-terminal his-
tidine tag (Fig. 4A) and determined the binding affinities of C1 to
TFEB by isothermal titration calorimetry (ITC). The dissociation
constant (KD) of C1 to TFEB was determined to be 2.53 mM
(Fig. 4D). To confirm the specific binding of C1 to TFEB, we used
curcumin (Fig. 4B), B1 (Fig. 4C) and E4 (Fig. 4E) as parallel con-
trols. In the titration of TFEB with curcumin, which differs signif-
icantly in structure from C1 (Fig. 1A), the heat release of each
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Figure 1. New MTOR dependent- and independent- autophagy enhancers identified from monocarbonyl analogs of curcumin. (A) Chemical structure of curcumin and its
monocarbonyl analogs. (B) N2a cells were treated with curcumin (Cur, 10 mM) and its analogs (1 mM) for 12 h. The expression of LC3B-II was determined by western blot.
(C) Relative intensity is normalized to that of ACTB/b-actin. Data are presented as the mean § SD from 3 independent experiments. �, P< 0.05 vs. the control (0.1%
DMSO). (D) N2a cells were treated with Cur (10 mM) and its analogs (1 mM) in the presence of chloroquine (CQ, 20 mM) for 12 h. The expression of LC3B-II was determined
by western blot. (E) Relative intensity is normalized to that of ACTB/b-actin. Data are presented as the mean § SD from 3 independent experiments. �, P < 0.05 vs. the
control (0.1% DMSO); #, P < 0.05 vs. CQ treatment alone. (F) Effects of curcumin analogs on the MTOR pathway. N2a cells were treated with curcumin (Cur, 10 mM) and
its analogs (1 mM) for 12 h. Torin1 (1 mM) treatment for 2 h was used as a positive control. Representative blots show the expression of phosphorylated (p-) and total
RPS6KB1/p70S6K and MTOR. (G) Data are presented as the mean § SD from 3 independent experiments. �, P < 0.05 vs. the control (0.1% DMSO).
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injection was too low with respect to the background reading at
the highest available concentration of the protein and ligand, for
successful KD determination (Fig. 4B). This suggests a signifi-
cantly weaker binding affinity of curcumin to TFEB.

Isothermal titration of B1 (with di-ortho-hydroxyl groups)
and E4 (with di-ortho-iodide groups) to the full-length (FL)
TFEB was performed under similar conditions. The di-
hydroxyl substitution in B1 reduced the ligand-protein binding

Figure 2. (For figure legend, see next page).
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to an undetectable level (Fig. 4C), and the ITC signals of E4
binding to TFEB were reduced greatly but not completely abol-
ished (Fig. 4E). These results indicate that curcumin and its
MTOR-inhibiting analogs have no interaction with TFEB while
C1 with the di-ortho-methoxyl groups is a specific and direct
binding small molecule of TFEB. To identify the exact C1 bind-
ing sites on TFEB, we expressed and purified various truncated
forms of TFEB (Fig. 5A and B) and determined their binding
affinity with C1 using ITC (Fig. 5C to H). The titration curves
for C1 binding to D(121 to 330), DC150 and DC461, all with
the intact glycine and alanine (Gly and Ala)-rich region, fit a
one-site model of binding, with dissociation constants, KD, of
2.17 mM, 1.12 mM and 1.81 mM, respectively (Fig. 5C, to E).
Other truncated mutants with N-terminal deletions failed to
interact with C1 (Fig. 5F, to H). The results indicate that the
binding site of C1 is likely located at the N-terminal Gly and
Ala-rich domain of TFEB.

Curcumin analog C1 weakens TFEB-YWHA interaction

MTORC1-dependent phosphorylation of TFEB results in
YWHA/14-3-3 interactions that promote the cytoplasmic
retention of TFEB.8-10 Conversely, pharmacological inhibition
of MTORC1 causes dissociation of the TFEB-YWHA complex
and rapid translocation of TFEB to the nucleus.8 In HeLa cells
stably expressing Flag-TFEB, C1 treatment did not affect the
levels of endogenous MTOR and YWHA (Fig. 6). However, the
levels of YWHA coimmunoprecipitated with Flag-TFEB signif-
icantly decreased after C1 treatment compared with the control
(Fig. 6B), suggesting that C1 could reduce TFEB-YWHA
interaction independently of MTOR activity. At the same time,
we observed an elevation of TFEB nuclear translocation, sug-
gesting that C1 modulates TFEB subcellular localization by the
weakening of the TFEB-YWHA interaction. Accordingly, the
level of MTOR coimmunoprecipitated with FLAG-TFEB was
also reduced (Fig. 6A), due to the increased nuclear localization
of TFEB promoted by C1 treatment.

Curcumin analog C1 promotes autophagy flux
and lysosomal biogenesis in cell cultures

After translocation into the nuclei, TFEB triggers a tran-
scriptional program activating multiple genes involved in
autophagy and lysosomal function.5 Since curcumin analog
C1 increases the nuclear translocation of TFEB, we

investigated whether C1 was able to promote TFEB-medi-
ated autophagy and lysosome biogenesis. First, we con-
firmed that C1 treatment dose-dependently increases the
levels of LC3-II and SQSTM1/p62 (sequestosome 1) in N2a
cells (Fig. 7A), and the effects require at least 9 h of treat-
ment (Fig. 7B). However, 6 h of C1 treatment was sufficient
to significantly promote TFEB nuclear translocation (data
not shown), indicating a delayed autophagy response via
TFEB activation.

SQSTM1 is a selective substrate of autophagy and its
degradation is considered as an indicator of autophagic
flux.33 However, SQSTM1 is also a target gene of TFEB.5

Overexpression of TFEB upregulates both LC3B-II and
SQSTM1,5,8 which is consistent with the results of C1 treat-
ment. To determine whether C1 promotes the degradation
of SQSTM1, cells were cotreated with C1 and the protein
synthesis inhibitor cycloheximide (CHX) for 12 h. The
protein level of SQSTM1 was significantly decreased by C1,
but not CQ in the presence of CHX (Fig. 7C), indicating
that C1 enhances autophagic degradation of SQSTM1. Fur-
thermore, C1 significantly degraded the exogenously
expressed Flag-tagged SQSTM1, and CQ blocked this effect
(Fig. 7D). Rapamycin was used as a positive control. TFEB is
also reportedly activated by lysosomal stress such as CQ.9,10

To further confirm that C1 indeed promotes autophagy flux
rather than causing lysosomal stress, N2a cells were
transfected with a tandem fluorescent mRFP-GFP-LC3
(tfLC3)34 construct and then treated with the compounds
indicated. CQ treatment induced accumulation and colocali-
zation of both GFP and mRFP fluorescence, indicating the
blockade of autophagosome-lysosome fusion (Fig. 7E). In
contrast, C1 or torin1 significantly increased the number of
red-only puncta, indicating the formation of autolysosomes
(Fig. 7F). CQ inhibited the effect of C1 on the formation of
autolysosomes.

Meanwhile, the bovine serum albumin (BSA) derivative
dequenched-BSA (DQ-BSA) combined with endogenous LC3B
staining were used to determine the effect of C1 on the proteo-
lytic activity of functional lysosomes.26,33 Proteolysis of DQ-
BSA-Red resulted in dequenching and the release of intense red
fluorescence. CQ treatment significantly inhibited the degrada-
tion of DQ-BSA-Red indicated by the decreased number of red
puncta compared with the control. In contrast, C1 and torin1
promoted formation of DQ-BSA red puncta, which colocalized
well with endogenous LC3B puncta (green) (Fig. 7G to I). The

Figure 2. (see previous page) Effects of curcumin and its analogs on the nuclear translocation of TFEB. (Ato D) Effects of curcumin and its analogs on the nuclear translo-
cation of endogenous TFEB. N2a cells were treated with curcumin (Cur, 10 mM) and its analogs (1 mM) for 12 h. (A) Cells were fixed and stained with TFEB antibody
(green) and DAPI (blue). Representative images are shown. (B) Quantification of the number of cells with nuclear TFEB localization. Data are presented as mean § SD of 3
replicates in a representative experiment. At least 500 cells were analyzed in each treatment group. (C) The expression of endogenous TFEB in the cytosolic (Cyt.) and
nuclear (Nuc.) fractions were determined by western blotting. TUBB/b-tubulin and H3F3A (H3 histone, family 3A) were used as loading controls of the cytoplasmic and
nuclear fraction, respectively. (D) Data are presented as the mean § SD from 3 independent experiments. �, P< 0.05 vs. the control (0.1% DMSO). (E to I) Effects of curcu-
min and its analogs on the nuclear translocation of 3xFlag-TFEB. (E) HeLa cells stably expressing 3xFlag-TFEB were treated with Cur (10 mM) and its analogs (1 mM) for
12 h. Torin1 (1 mM) treatment for 2 h was used as a positive control. Cells were fixed and stained with anti-Flag antibody (red) and DAPI (blue). (F) Quantification of the
number of cells with nuclear TFEB localization. Data are presented as mean § SD of 3 replicates in a representative experiment. At least 500 cells were analyzed in each
treatment group. (G) The expression of 3xFlag-TFEB in the cytosolic (Cyt.) and nuclear (Nuc.) fractions were determined by western blotting. TUBB/b-tubulin and H3F3A
were used as loading controls of the cytoplasmic and nuclear fraction, respectively. (H) Data are presented as the mean § SD from 3 independent experiments.
�, P < 0.05 vs. the control (0.1% DMSO). (I) Dose–response curves of TFEB nuclear translocation induced by C1 and curcumin. Stable HeLa cells overexpressing 3xFlag-
TFEB were seeded in 96-well plates, cultured for 12 h, and treated with 6 different concentrations of curcumin and C1, ranging from 123 nM to 30 mM. The graph shows
the percentage of nuclear translocation at the different concentrations of each compound (in log of the concentration). The EC50 for each compound was calculated using
Prism software.
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Figure 3. Curcumin analog C1 does not inhibit serine-phosphorylation of TFEB and MAPK1/3 activity. (A) HeLa cells stably overexpressing 3xFlag-TFEB were treated with
curcumin (10 mM) and C1 (1 mM) for 12 h, and torin1 (1 mM) for 2 h. Protein extracts were subjected to immunoprecipitation using anti-FLAG antibody and then blotted
with anti-phosphoserine (p-Ser) and anti-phospho-S142-TFEB (pS142-TFEB) antibodies. Phosphorylation of TFEB on serine 211 (pS211-TFEB) was detected using an
antibody against the specific YWHA/14-3-3 motif that recognizes p-S211-TFEB. Blots are representative of at least 2 independent experiments. (B) Stable HeLa cells overex-
pressing 3xFlag-TFEB were treated with C1 (1 mM) and the MAPK1/3 inhibitor U0126 (50 mM) for the indicated time periods. The ratio of phospho-MAPK1/3 (p-MAPK1/3)
to total MAPK1/3 was quantified. Data are presented as the mean § SD from 3 independent experiments. �, P< 0.05 vs. the control (0.1% DMSO).
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results indicate that C1 enhances autophagy flux and increases
lysosomal degradation capacity.

Next, the effects of C1 on lysosomal biogenesis were
determined. We found that C1 treatment for 12 h increased
the levels of TFEB and the lysosome marker LAMP1 (lyso-
somal-associated membrane protein 1) in N2a and HeLa cells
(Fig. 8A, C, D). Sucrose, a TFEB activator5 was used as a posi-
tive control. Meanwhile, C1 (1 mM) treatment increased the
levels of both the precursor (46 kDa) and mature (28 kDa)
forms of CTSD (cathepsin D) (Fig. 8B, E, F). To extend our
findings, we confirmed that C1 also induced TFEB nuclear
translocation (Fig. S4A), and increased the protein levels of
TFEB, LAMP1, LC3B-II and CTSD in the human neuroblas-
toma cell line SH-SY5Y (Fig. S4B to D). At the gene expression
level, C1 increased the transcription of a series of TFEB target
genes in both HeLa (Fig. 8G) and SH-SY5Y cells (Fig. S4E).

TFEB is required for curcumin analog C1 to enhance
autophagy

To determine whether TFEB is specifically required for C1 to
enhance autophagy, we knocked down the key autophagy genes
Atg5 (autophagy-related 5), Becn1 (Beclin 1, autophagy related)
and Tfeb in N2a cells and then treated the cells with C1 in the
presence or absence of CQ. The LC3B-II level significantly
decreased in Atg5 knockdown (KD) cells treated with C1 and
C1CCQ, compared to that in cells transfected with nontarget
siRNA and treated with C1 and C1CCQ. However, C1 treat-
ment could still significantly increase LC3B-II compared with
the control and C1CCQ could further increase LC3B-II com-
pared with CQ treatment alone in Atg5 KD cells (Fig. 9A and
C). In contrast, in Becn1 KD and Tfeb KD cells, C1 could not
increase LC3B-II in the presence or absence of CQ (Fig. 9B, D,

Figure 4. Curcumin analog C1 directly binds to recombinant TFEB. (A) SDS-PAGE gel of the purified recombinant His-TFEB. (B) ITC thermogram for curcumin (200 mM) and
FL-TFEB (20 mM). (C) ITC thermogram for B1 (200 mM) and FL-TFEB (20 mM). (D) ITC thermogram for C1 (200 mM) and FL-TFEB (10 mM). Data were fitted with one site
binding model, n D 0.99 § 0.03, KD D 2.53 § 0.33 mM, DH D 5.09 § 0.24 kcal/mol¡1, DS D 42.7 cal/mol¡1 K¡1. (E) ITC thermogram for E4 (200 mM) and FL-TFEB
(20 mM).
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Figure 5. Curcumin analog C1 binds to TFEB at the N-terminal Gly and Ala-rich domain. (A) Map of TFEB protein domains. N-terminal deletions (DN) and carboxyl-terminal
(DC) deletions are indicated with the corresponding amino acid positions. (B) SDS-PAGE of the purified recombinant TFEB deletion mutants. (C to E) Binding of C1 to TFEB
truncations D(121 to 330) (C), DC150 (D) and DC461 (E). The concentration of each TFEB truncation was 10 mM and the concentration of C1 was 200 mM (for D(121 to
330)) and 100 mM (for DC150 and DC461). ((F)to H) ITC data showing TFEB truncation 221 to 320 (F), DN220 (G) and DN44 (H) has no binding with C1. Titration curves
are shown with the baseline-corrected raw data with background subtraction.
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E), indicating that Becn1 and Tfeb were required for C1 to
enhance autophagy. Meanwhile, Tfeb KD blocked the effects of
C1 on the degradation of the exogenously expressed SQSTM1
in N2a cells (Fig. 9F). In HeLa cells with stable knockdown of
TFEB by shRNA, we further confirmed that C1 enhanced
autophagy depending on TFEB (Fig. 9G and H).

Curcumin analog C1 activates TFEB and enhances
autophagy and lysosome biogenesis in rat brain

The TFEB transgene is neuroprotective by promoting the
clearance of neurodegenerative protein aggregates.14,16-18 Small
molecule activators of TFEB with satisfactory brain penetration
and low toxicity have great potential for the treatment of
neurodegenerative disorders. In neuronal and non-neuronal
cell cultures, we have identified curcumin analog C1 as a TFEB
activator, which enhances autophagy-lysosome biogenesis.
Before performing in vivo activity tests, we determined the
acute toxicity of C1 in rats by single-dose intravenous (IV) tail
vein injection, and we determined that the medium lethal dose
(LD50) value of C1 was 175 mg/kg (data not shown). Short-
term oral administration of C1 (10 mg/kg and 25 mg/kg) dose-
dependently increased the expression of LC3B-II and TFEB in
the liver (Fig. S5), frontal cortex (Fig. 10A and B) and striatum
(Fig. S5) of the brain. However, short-term administration of
C1 did not affect the levels of endogenous SQSTM1/p62 in the
brain (Fig. 10A and B). Meanwhile, C1 treatment dose-depen-
dently increased the expression of LAMP1 in the frontal cortex.
Real-time PCR analysis of brain lysates showed that C1 upregu-
lated TFEB and several autophagy and lysosomal genes
(Fig. 10F). C1 could pass the blood-brain barrier (BBB). The
average concentration of C1 in brain tissues was 0.26 §
0.063 mg/g (equivalent to 0.885 § 0.213 mM) as determined by
HPLC after oral administration of C1 (10 mg/kg) for 6 h (data
not shown). Based on these data, we concluded that short-term
treatment of C1 was sufficient to activate TFEB and autophagy
in rat brains.

Next, we examined the MTOR pathway and TFEB translo-
cation in the frontal cortex of rats orally treated with C1. Con-
sistent with the in vitro observation, C1 treatment (25 mg/kg)
significantly increased the phosphorylation of MTOR and
RPS6KB1 (Fig. 10C), confirming that C1 promoted MTOR
activity. C1 administration dose-dependently promoted the
nuclear translocation of TFEB in the brain (Fig. 10D and E).
The interaction between endogenous TFEB and MTOR was
significantly inhibited in the frontal cortex of rats treated with
C1 (25 mg/kg) (Fig. 10G and H).

Finally, we examined the effects of chronic C1 treatment on
TFEB and autophagy. Rats received oral administration of C1
(10 mg/kg per day) for 21 d. Another dose of C1 was given 6 h
prior to sacrifice and the average concentration of C1 in brain
tissues was found to be 0.849 § 0.302 mg/g (equivalent to
2.884 § 1.028 mM) (data not shown). Then the autophagy
markers in the livers and brains were analyzed. Similar to the
results of short-term treatment, long-term C1 treatment
increased the levels of LC3B-II in the livers (Fig. S6). In the
frontal cortex (Fig. 11) and striatum (Fig. S6) of brain, C1 treat-
ment significantly increased the levels of TFEB and LC3B-II.
Notably, the levels of endogenous SQSTM1 significantly
decreased in rat brains treated with C1 for 21 d (Fig. 11;
Fig. S6), indicating that long-term administration of C1 was
sufficient to promote autophagy-mediated degradation of pro-
tein aggregates in the brain. During the treatment, no changes
in body weight and no behavior abnormalities were observed.
Histological evaluation revealed no morphological abnormali-
ties in major organs such as liver, lung, kidneys and pancreas
(data not shown).

Discussion

Autophagy dysfunction is a common feature in neurodegenera-
tive proteinopathies.35 The essential role of TFEB in the regula-
tion of autophagy and lysosomal biogenesis makes it a
promising therapeutic target for human diseases including neu-
rodegenerative disorders.36 TFEB deregulation is involved in
polyglutamine (polyQ) disease37 and PD.14 Increasing evidence
demonstrates that virus-mediated gene transfer of TFEB
reduces protein aggregates, including SNCA,14 APP (amyloid b

[A4] precursor protein),38 amyloid-b (Ab),17 MAPT/TAU16

and HTT (huntingtin),18 ameliorates neurotoxicity, and rescues
neurodegenerative phenotypes. Therefore, small molecules that
can increase TFEB expression and/or stimulate its nuclear
translocation hold promise as disease-modifying therapies to
block the progression of neurodegeneration. Currently known
TFEB activators are mainly MTOR inhibitors. The catalytic
inhibitors of MTOR such as PP242 and torin1 activate TFEB
by triggering its nuclear translocation while the allosteric inhib-
itor rapamycin has minimal effects.10,39 MTOR kinase is cen-
trally involved in the regulation of cell growth and metabolism,
and the unpredictable side effects40 of MTOR inhibitors make
them less likely to be useful for long-term use.14 Therefore, dis-
covery of novel MTOR-independent activators of TFEB may be
more clinically important.

In this study, we found that the natural MTOR inhibitor
curcumin20,21,29 mildly promotes TFEB nuclear translocation
and that several monocarbonyl analogs of curcumin potently

Figure 6. Curcumin analog C1 inhibits the MTOR-TFEB-YWHA interaction. HeLa
cells stably expressing 3xFlag-TFEB were treated with C1 (1 mM) for 12 h. Endoge-
nous MTOR (A) and YWHA (B) were coimmunoprecipitated with Flag-TFEB. The
levels of immunoprecipitated MTOR and YWHA were normalized to their corre-
sponding levels in whole cell lysates (WCL). Data are presented as the mean § SD
from 3 independent experiments. �, P< 0.05 vs. the control.
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inhibit MTOR activity, promote TFEB nuclear translocation
and enhance autophagy. Interestingly, a curcumin analog
termed C1 was found to potently activate TFEB and promote
TFEB-mediated autophagy and lysosome biogenesis without

inhibiting MTOR activity. Meanwhile, compared to torin1,
which causes TFEB dephosphorylation on serine residues,
C1 has no effects on serine-phosphorylation of TFEB. Further-
more, we excluded the possibility that C1 activates TFEB via

Figure 7. (For figure legend, see next page).
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Figure 7. (see previous page) Curcumin analog C1 promotes autophagy flux and lysosomal degradation. (A) N2a cells were treated with increasing concentration of C1 for
12 h. (B) N2a cells were incubated with C1 (1 mM) for the indicated times. The protein levels of LC3B-II and SQSTM1/p62 were determined by western blotting. Data are
presented as the mean § SD from 3 independent experiments. �, P< 0.05 vs. the control (0.1% DMSO). (C) N2a cells were cotreated with cycloheximide (CHX, 10 mg/ml)
and C1 (1 mM) for 12 h. The level of SQSTM1 was quantified as mean § SD from 3 independent experiments. �, P < 0.05 vs. CHX treatment alone (N.S., not significant).
(D) N2a cells were transfected with Flag-tagged SQSTM1 for 24 h and then treated with the indicated compounds for 12 h (C1, 1 mM; CQ, 20 mM; rapamycin [Rap],
5 mM). The level of Flag-SQSTM1 was quantified as mean § SD from 3 independent experiments. �, P < 0.05 vs. the control (0.1% DMSO); #, P < 0.05 vs. C1 treatment
alone (NT, nontransfected). (E) N2a cells were transiently transfected with mRFP-GFP-LC3 (tfLC3) plasmid and then treated with the indicated compounds (C1, 1 mM for
12 h; CQ, 50 mM for 12 h; torin1, 0.5 mM for 3 h). Representative images are shown (F) The numbers of red-only puncta per cell were quantified. n–20 randomly selected
cells from 3 independent experiments. Data are presented as the mean § SD. �, P < 0.05 vs. the control (0.1% DMSO); #, P < 0.05 vs. C1 treatment alone. (G) N2a cells
were preincubated with 10 mg/ml of DQ-BSA-Red for 1 h, washed and then treated with the indicated compounds (C1, 1 mM for 12 h; CQ, 50 mM for 12 h; torin1,
0.5 mM for 3 h). Cells were fixed and then stained with LC3B antibody. (H) The number of DQ-BSA puncta (red) per cell was quantified. (I) The colocalization of DQ-BSA
puncta (red) and LC3B puncta (green) were quantified. n–20 randomly selected cells from 3 independent experiments. Data are presented as the mean § SD.
�, P < 0.05 vs. the control (0.1% DMSO); #, P < 0.05 vs. the control (0.1% DMSO).

Figure 8. Curcumin analog C1 promotes lysosomal biogenesis. (A to F) N2a and HeLa cells were treated with C1 (0.5, 1 mM) or sucrose (100 mM) for 12 h. The protein
levels of the autophagy marker (LC3B-II), TFEB and lysosome markers (LAMP1, CTSD) were determined by western blotting. (A, B) Representative blots. (C to F) Relative
intensities are normalized to that of ACTB/b-actin. Data are presented as the mean § SD from 3 independent experiments. �, P< 0.05 vs. the control (0.1% DMSO). (G)
HeLa cells were treated with C1 (1 mM) for 12 h. mRNA transcript abundance was assessed by real-time PCR using specific primers for the indicated genes. Relative quan-
tification (RQ) is presented as means § SD of 3 independent experiments. �, P < 0.05 vs. the control (0.1% DMSO).
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MAPK1/3 inhibition (Fig. 3). These findings led us to hypoth-
esize that C1 may directly bind to and activate TFEB.

By using a series of binding assays, we have confirmed a
direct and specific binding of C1 to recombinant TFEB. ITC
titration results for C1 showed endothermic binding with

apparently positive DS and DH values, indicating the binding is
a typical entropy-driven interaction with favorable entropy
change and unfavourable enthalpy change, as commonly
observed in other proteins associating with hydrophobic
membrane or detergent micelles.41,42 Increase of entropy is

Figure 9. Curcumin analog C1-induced autophagy requires TFEB and BECN1. (A-E) N2a cells were transfected with nontarget siRNA (siNT, 25 nM), Atg5 siRNA (siAtg5,
25 nM), Becn1 siRNA (siBecn1, 25 nM) and Tfeb siRNA (siTfeb, 25 and 50 nM) for 48 h and then treated with C1 (1 mM) in the presence or absence of CQ (25 mM) for an
additional 12 h. (A, B) Representative blots are shown. (C to E) Relative intensity of LC3B-II is normalized to that of ACTB/b-actin. Data are presented as the mean § SD
from 3 independent experiments. �, P< 0.05 vs. the control; #, P < 0.05 vs. CQ treatment alone. (F) N2a cells were transfected with Flag-tagged SQSTM1 for 24 h and
then transfected with nontarget siRNA (siNT, 25 nM) or Tfeb siRNA (siTfeb, 50 nM) for another 48 h. Cells were treated with C1 (1 mM) for 12 h and the level of Flag-
SQSTM1 was quantified as mean § SD from 3 independent experiments. �, P < 0.05 vs. the control (0.1% DMSO). (G) HeLa cells were infected with lentivirus expressing
nontarget shRNA (shNT) or TFEB shRNA (shTFEB) for 48 h and then treated with C1 (1 mM) in the presence or absence of CQ (25 mM) for an additional 12 h. Representative
blots are shown. (H) Relative intensity of LC3B-II is normalized to that of ACTB/b-actin. Data are presented as the mean § SD from 3 independent experiments.
�, P < 0.05 vs. the control; #, P < 0.05 vs. CQ treatment alone. N.S. (not significant).
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mainly contributed by ligand-protein hydrophobic reaction
and release of loosely bound water from the binding cavity of
C1 in TFEB. The disfavored enthalpy change in this binding
process probably indicates that formation of hydrogen bond(s)
is absent and we speculate that the TFEB contains a hydropho-
bic binding pocket to accommodate C1. Notably, deletion of
just the 44 amino acids at the N terminus completely blocked
the binding of C1 to TFEB (Fig. 5H), indicating the binding site
of C1 localizes within the N-terminal Gly and Ala-rich domain
of TFEB. It has been reported that several residues (S3 and R4,
as well as Q10 and L11) within the first 30 amino acids regulate
the cytosolic localization of TFEB.43 A possible mechanism of

C1 action on TFEB could be that its binding with TFEB at the
N terminus changes TFEB conformation to expose the nuclear
localization signal as TFEB dephosphorylation in S211 does.10

Alternatively, or in addition to the former hypothesis, C1 bind-
ing to TFEB may block TFEB-YWHA interaction facilitating
its nuclear translocation. Future work on resolving the struc-
ture of TFEB will definitely help to delineate how C1 binds to
and promotes TFEB activation, and will facilitate design of new
specific TFEB activators using C1 as a lead compound. Interest-
ingly, the osteoclast differentiation factor TNFSF11/RANKL
promotes lysosomal biogenesis once osteoclasts are differenti-
ated through the selective activation of TFEB through

Figure 10. Oral administration of C1 activates TFEB and enhances autophagy and lysosome biogenesis in rat brain. SD rats (n D 6 per group) were orally administered
with C1 (L, low dosage, 10 mg/kg; H, high dosage, 25 mg/kg) or vehicle (Veh., 1% CMC-Na) for 24 h. An additional dosage of C1 was given 6 h prior to sacrifice. (A) Repre-
sentative blots show the levels of TFEB, autophagy and lysosome markers, p-MTOR and MTOR, as well as p-RPS6KB1 and RPS6KB1 in the frontal cortex. (B, C) Data are
presented as the mean § SD (n D 6). �, P< 0.05 vs. the vehicle treatment. (D) Representative blots shows that C1 treatment promotes TFEB nuclear translocation in the
frontal cortex (n D 4). ACTB/b-actin and H3F3A (H3 histone, family 3A) were used as loading control of cytoplasmic and nuclear fraction respectively. (E) Data are
presented as the mean § SD (n D 4). �, P < 0.05 vs. vehicle treatment. (F) Levels of autophagy and lysosome genes in the frontal cortex were analyzed by real- time PCR.
Relative quantification (RQ) is presented as means § SD (n D 4). �P < 0.05 vs. the vehicle treatment. (G) Immunoprecipitation shows that C1 treatment inhibits MTOR-
TFEB interaction in the frontal cortex (n D 4). (H) The levels of immunoprecipitated MTOR were normalized to its corresponding levels in cell lysates (Input). Data are
presented as the mean § SD (n D 4). �, P < 0.05 vs. the vehicle treatment.
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phosphorylation modification that stabilizes and increases
TFEB protein levels.44 We also showed that C1 increases TFEB
protein levels; most likely through its positive effect on its own
transcription after nuclear translocation,7 although further
studies are required to investigate whether C1 treatment stabil-
izes TFEB.

In several cell lines, C1 upregulated a series of autophagy-
lysosomal genes and proteins controlled by TFEB and its ability
to enhance autophagy was completely blocked by knocking
down Tfeb and its target gene Becn145 These facts support our
conclusion that C1 promotes TFEB-mediated autophagy and
lysosome biogenesis.

Finally, we addressed the critical issue of whether curcumin
analog C1 activates TFEB and enhances autophagy in vivo,
especially in the mammalian brain. Autophagy is induced in
most organs including the liver in response to nutrient starva-
tion. However, enhancing autophagy is relatively difficult in the
central nervous system by food withdrawal or exercise.46,47

BBB permeability, stability, potency and duration of action are
important factors that determine the efficacy of a drug in the
brain. In a previous study, the same structure of C1 (term B63)
showed much better cellular uptake, delayed degradation and
had better antitumor effects than curcumin.48 After determin-
ing the acute toxicity of C1, 2 relatively safe doses (10 mg/kg
and 25 mg/kg) of C1 were selected for animal studies. Six h
after the last oral administration, the brain content of C1 was
approximately 1 mM, which is an effective concentration for
TFEB activation and autophagy enhancement in cell cultures.
Consistent with our in vitro findings, C1 treatment activated
TFEB, inhibited MTOR-TFEB interaction, and promoted
autophagy and lysosome biogenesis without inhibiting MTOR
activity in the brain (Fig. 10). Notably, chronic treatment of C1
significantly promoted the degradation of the autophagy sub-
strates SQSTM1 (Fig. 11).

Overall, the curcumin analog C1 is identified as a direct acti-
vator of TFEB in the present study. Structural stability and good
BBB permeability make it a good drug candidate deserving fur-
ther studies in animal models of neurodegenerative diseases.

Materials and methods

Reagents and antibodies

A to D series of mono-carbonyl analogs of curcumin were
synthesized according to our previous study.49 The procedure

for the synthesis of E series is described in Supplementary
Methods. Curcumin (08511), chloroquine (C6628), doxycycline
(D9891), anti-Flag M2 (F1804) and anti-SQSTM1/p62 (P0067)
were purchased from Sigma-Aldrich. Torin1 (2273–5) was pur-
chased from BioVision Inc. Anti-TFEB (4240), anti-SQSTM1/
p62 (5114), anti-phospho-MTOR (Ser2448) (2971), anti-
MTOR (2983), anti-phospho-RPS6KB1/P70S6K (Thr389)
(9234), anti- RPS6KB1/p70S6K (9202), anti-phospho-ULK1
(Ser757) (14202), anti-ULK1 (D8H5; 8054), anti-phospho-
PRKAA/AMPKa (Thr172; 2535), anti-PRKAA/AMPKa
(D5A2; 5831), phospho-(Ser) YWHA/14-3-3 binding motif
(9601), pan-YWHA/14-3-3 (8312) and anti-H3F3A/histone
H3 (D1H2; 4499) antibodies were purchased from Cell Signal-
ing Technology. Anti-phosphoserine (ab9332), anti-LAMP1
(ab24170) and anti-CTSD/cathepsin D (ab75852) antibodies
were purchased from Abcam. HRP-conjugated goat anti-mouse
(115-035-003) and goat anti-rabbit (111-035-003) secondary
antibodies were purchased from Jackson ImmunoResearch.
Anti-CTSD/cathepsin D (H-75; sc-10725), anti-TUBB/b-tubu-
lin (H-235; sc-9104) and anti-ACTB/b-actin (sc-47778) was
purchased from Santa Cruz Biotechnology. Anti-ATG5
(NB110-53818), anti-BECN1/Beclin 1 (NB110-87318) and
anti-LC3B (NB100-2220) antibodies were purchased from
Novus Biologicals. Anti-TFEB (13372-1-AP) was purchased
from Proteintech. Anti-TFEB (A303-673A) was purchased
from Bethyl Laboratories, Inc. Mouse Atg5 siRNA (L-064838-
00-0005), Becn1 siRNA (L-055895-00-0005), Tfeb siRNA (L-
050607-02-0005) and nontarget siRNA were purchased from
Dharmacon. DMEM (11965–126), fetal bovine serum (FBS;
10270–106), Opti-MEM I (31985–070), horse serum (16050–
122), G418 (10131–035), DQ-BSA-Red (D12051), Alexa Fluor�

488 goat anti-mouse IgG (A-11001) and Alexa Fluor� 594 goat
anti-rabbit IgG (A-11012) were purchased from Life Technolo-
gies. SQSTM1 plasmid (MYC-DDK-tagged) (RC203214) and
recombinant human TFEB protein (TP760282) were purchased
from OriGene Technologies, Inc.

Cell culture and drug treatment

N2a and HeLa cells were cultured in DMEM supplemented
with 10% FBS. SH-SY5Y cells were cultured in DMEM/F12
(Life Technologies, 10565042) supplemented with 10% FBS.
HeLa cells stably expressing 3x-Flag-TFEB5,6 were maintained
in DMEM supplemented with 10% FBS and 500 mg/ml G418.
For drug treatment, the full medium was replaced by fresh
Opti-MEM I containing the compounds (in 0.1% DMSO) and
incubated for the indicated time periods.

LDH assay

The cytotoxicity was determined by measurement of LDH
release from damaged cells using the LDH Kit (Roche,
11644793001) according to the manufacturer’s protocol.

High-content TFEB nuclear translocation assay

To quantify TFEB subcellular localization, a high-content assay
was performed using stable HeLa cells overexpressing 3xFlag-
TFEB according to our previous protocols.9

Figure 11. Chronic administration of C1 activates TFEB and enhances autophagy in
rat brains. SD rats (n D 6 per group) were orally administered by gavage with C1
(10 mg/kg per day) or vehicle (1% CMC-Na) for 21 d. An additional dosage of C1
was given 6 h prior to sacrifice. Representative blots show the protein levels as
indicated in the frontal cortex. Data are presented as the mean § SD (n D 6).
�, P< 0.05 vs. the vehicle treatment.
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Protein preparation

Full-length human TFEB (FL-TFEB) was subcloned into the
pET28a plasmid (Novagen, 69864) from the TFEB-3£FLAG
vector5 to generate the N-terminal 6xHis-tagged form for E.
coli overexpression. Deletions of the TFEB N and C termini
were performed by PCR amplification of the truncated frag-
ments and ligation into pET28a vector or ppSUMO (a generous
gift from Prof. Jiahai Zhou, Shanghai Institute of Organic
Chemistry) vector yielding N-terminal 6xHis-tagged or N-ter-
minal 6xHis-SUMO-fusion protein. TFEB D(121 to 330) was
generated via a one-step site-directed deletion of the 121st to
330th amino acids from the full length TFEB-pET28a plasmid
using the Quickchange II site-directed mutagenesis kit (Agilent,
200524).50 The subcloned genes were confirmed by full-length
DNA sequencing. The oligodeoxynucleotides used in the gene
amplification are listed in Table S1.

The N-terminal 6xHis-tagged human TFEB was overex-
pressed in E. coli BL21 (DE3; ThermoFisher, C600003) cells.
The E. coli culture was grown in LB medium at 37�C and
shaken at 220 rpm until the OD600 reached 0.8, at which point
IPTG (Sigma-Aldrich, I6758) was added to a final concentra-
tion of 0.1 mM. The cells were then grown for an additional
12 h for protein overexpression shaken at 30�C and 180 rpm.
Cells were harvested by centrifugation at 3,000 g, 4�C and
resuspended in the lysis buffer containing 20 mM Tris, pH 8.0,
10 mM imidazole, 500 mM NaCl, 0.6% BriJ-58 (Sigma-Aldrich,
P5884) and 10% glycerol (ThermoFisher, 15514–029) for soni-
cation. The cell lysate was treated with DNase I (Roche,
10104159001) for removal of bound DNA fragments in the
presence of 5 mM Mg2C and 2 mM Ca2C. After DNase I diges-
tion, the cell debris was removed by centrifugation at 14,000 g,
4�C. The soluble His-tagged TFEB was purified by Ni2C affinity
chromatography using HisTrap Ni-NTA column (GE Health-
care Life Sciences, 11-0004-58) in the presence of 0.6% Brij-58.
Extra detergent was removed by an anion exchange column
(HiPrep DEAE FF, GE Healthcare Life Sciences, 28-9365-41).
The purified TFEB was aliquoted and stored in 25 mM Tris,
pH 8.0, 150 mM NaCl, 2 mM DTT, 20% glycerol, 0.1% Brij-58.

All TFEB variants were overexpressed in E. coli BL21-
Codonplus (DE3). The cells were grown in ZYB-5052 complex
auto-inducing media51 containing 1% N-Z-amine A (Amresco
Inc., J853), 0.5% yeast extract, 25 mM Na2HPO4, 25 mM
KH2PO4, pH 7.5, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM
MgSO4, 0.5% glycerol, 0.05 % glucose, 0.1% galactose (Sigma-
Aldrich, G0750) supplemented with 50 mg/L kanamycin and
38 mg/L chloramphenicol. The cultures were shaken at 37�C,
270 rpm until lightly turbid (OD600 < 1) and then transferred
to a 25 to 30�C environment for protein overexpression and
incubated for an additional 12- to 24-h period until saturated
(OD600 »7). The cells were lysed in the lysis buffer containing
20 mM Tris, pH 8.0, 10 mM imidazole (Sigma-Aldrich,
792527), 1 M NaCl, 1% sarkosyl (Sigma-Aldrich, L5777) and
10% glycerol. The detergent sarkosyl was excluded in all other
buffers and gradually removed via dilution in the following
steps of Ni2C affinity chromatography purification. The
ppSUMO plasmid-encoded deletions (DC461, DC150 and 221
to 330) were treated by Ulp1 SUMO-specific protease (a gener-
ous gift from Prof. Jiahai Zhou, Shanghai Institute of Organic

Chemistry) on ice for »1 h after purification to remove the
SUMO tag. After the protease and SUMO tag were removed by
the Ni-NTA column, the proteins were concentrated, aliquoted
and stored in 25 mM Tris, pH 8.0, 400 mM NaCl, 2 mM
b-mecaptoethanol, 10% glycerol. Protein qualities were verified
on an SDS-PAGE gel to be more than 90% pure. Protein con-
centrations of 221 to 330 and DC150 were determined using
PierceTM Coomassie (Bradford) Protein Assay Kit (Thermo
Scientific, No.23200). Concentrations of other truncations and
the full-length protein were determined based on extinction
coefficient e280 calculated via ProteinCalculator v3.4 developed
by Scripps Institute (http://www.scripps.edu/cgi-bin/cdput
nam/protcalc3).

Isothermal titration calorimetry (ITC) binding assay

ITC experiments including C1 to FL-TFEB, C1 to DC150, C1 to
DC461, C1 to D(121 to 330), curcumin to the FL-TFEB, B1 to
FL-TFEB and E4 to FL-TFEB were carried out in a VP-ITC
microcalorimeter (Malvern Instruments Ltd., Worcestershire,
UK). Protein and ligand solutions were prepared by dilution
with the corresponding protein storage buffer containing 6%
DMSO, to the required concentration. All solutions were thor-
oughly degased under vacuum for 5 min with gentle stirring
before use. Typically, ligand solutions at 100 to 200 mM in a
250-ml syringe were titrated into 1.4 ml solution of the proteins
at 10 to 20 mM in the sample cell, respectively. Titration trials
were performed at 25�C with a reference cell power of 9. Injec-
tions of 10 to 14 ml of ligand solutions were performed at an
interval of 120 to 150 s in to the protein solution with stirring
at 307 rpm. Titration experiments of C1 to other truncations
were performed using MicroCal-ITC 200 (Malvern Instru-
ments Ltd. Worcestershire, UK). The 40-ml syringe and 200-ml
cell were filled with 200 mM ligand solution and 10 to 20 mM
protein solution, respectively. The experiments were carried
out at 25�C. An initial injection of 0.1 ml was excluded for data
analysis, followed by 16 injections of 2 ml each, separated by
120 s. The raw data were processed using the one binding site
model in the MicroCal ORIGIN software. Prior to analysis,
data were corrected by subtracting the dilution heat of the
ligands.

Gene knockdown assay

N2a cells were transfected with mouse Atg5, Becn1, or Tfeb
siRNA and the nontarget siRNA using Lipofectamine RNAi-
MAX (Invitrogen, 13778030) and incubated at 37�C for 72 h.
For stable TFEB knockdown, HeLa cells were infected with lenti-
virus expressing nontarget shRNA (Sigma-Aldrich, SHC002V)
or TFEB shRNA52 (Sigma-Aldrich, TRCN000013111) for 48 h
and then incubated with medium containing puromycin
(1.5 mg/ml) until resistant colonies were identified.

Animals and treatments

All animal care and experimental procedures were approved by
the Hong Kong Baptist University Committee on the Use of
Human and Animal Subjects in Teaching and Research. Adult

1386 J.-X. SONG ET AL.

http://www.scripps.edu/cgi-bin/cdputnam/protcalc3
http://www.scripps.edu/cgi-bin/cdputnam/protcalc3


male Sprague-Dawley (SD) rats weighing 350 to 400 g were
maintained on ad libitum food and water with a 12-h light/dark
cycle in a controlled environment. Rats (n D 6 per group) were
orally administered by gavage with C1 (10 mg/kg and 25 mg/kg
per day) or vehicle (1% sodium carbonyl methylcellulose [CMC-
Na; Sigma-Aldrich, C5678]) for 24 h. At the end of the treatment,
an additional dosage of C1 was given for 6 h before the rats were
killed. Livers and major brain regions dissected according to the
previous protocol53 were snap-frozen in liquid nitrogen.

Quantitative real-time PCR

Total RNA was extracted from cells and tissues using the
RNeasy Plus Mini Kit (Qiagen, 74134). Reverse transcription
was performed using the High-Capacity cDNA Reverse Tran-
scription Kit (Life Technologies, 4368814). Autophagy and
lysosome gene primers were retrieved from Origene and from a
previous study14 and synthesized by Life Technologies. The oli-
gonucleotide sequences are listed in Table S2. Real-time PCR
was carried out with the Fast SYBRR Green Master Mix (Life
Technologies, 4385612) using the ViiATM 7 Real-Time PCR
System (Life Technologies, Carlsbad, CA, USA). Fold changes
were calculated using the DDCT method, and the results were
normalized against an internal control (GAPDH or ACTB).

Western blotting and immunoprecipitation

Cells were lysed on ice in 1x Lysis Buffer (Life Technologies,
9803) with complete protease inhibitor mixture (Roche Applied
Science, 04693124001) and phosphatase inhibitor (Biotool,
B15001). Animal tissues were homogenized in 9 volumes of
ice-cold PBS supplemented with protease inhibitors.46 For
determining the level of SQSTM1, 1% SDS (Sigma-Aldrich,
L3771) was added to the lysis buffer, which allowed identifica-
tion of the entire cellular pool of SQSTM1.33 Cytosolic and
nuclear fractions were isolated using protocols similar to those
described previously.10 Anti-Flag or anti-TFEB antibody was
added to the whole cell lysates and Dynabeads� Protein G (Life
Technologies, 10003D) was used for immunoprecipitation.
Proteins were separated by 10 to 15% SDS-PAGE, transferred,
and blotted with the antibodies described. The blots were then
incubated with secondary antibodies or the Clean-Blot IP
Detection Reagent (Thermo Scientific, 21230) at room temper-
ature for 1 h. The protein signals were detected by the ECL kit
(Pierce, 32106) and quantified using ImageJ software.

Immunocytochemistry

Cells were seeded on coverslips placed in 24-well plates. For
autophagy flux assay, cells were transfected with a tfLC3
plasmid34 for 24 h and then treated with the indicated com-
pounds. For lysosomal degradation assay, cells were prein-
cubated with 10 mg/ml of DQ-BSA-Red for 1 h, washed
and then treated with the indicated compounds. After drug
treatment, slices were fixed with 3.7% paraformaldehyde,
permeabilized in 0.2% Triton X-100 (Sigma-Aldrich, T8787)
and blocked with 5% BSA. After blocking, the slices were
stained with anti-TFEB (1:200), anti-Flag (1:500) or anti-
LC3B (1:500) antibodies overnight at 4�C. Alexa Fluor� 488

(green) or Alexa Fluor� 594 (red) secondary antibodies
(1:500) were added for 1 h at room temperature. After
nuclear staining with DAPI, the slices were mounted with
FluorSave reagent (Calbiochem, 345789). Cells were visual-
ized using the Eclipse 80i fluorescence microscope (Nikon
Instruments Inc., Melville, NY, USA) and the DeltaVision
Deconvolution Microscope (GE Healthcare, Pittsburgh, PA,
USA). LC3B puncta was quantified according to our previ-
ous protocol.54 Colocalization of LC3B and DQ-BSA puncta
was quantified as pearson correlation coefficient by using
the Pearson-Spearman Correlation colocalization ImageJ
plug-in.55

Statistical analysis

Each experiment was performed at least 3 times, and the results
were presented as mean § SD. One-way analysis of variance
(ANOVA) followed by the Student-Newman-Keuls test using
the SigmaPlot 11.0 software packages. A probability value of
P < 0.05 was considered to be statistically significant.

Abbreviations

AD Alzheimer disease
ALP autophagy-lysosome pathway
AMPK AMP-activated protein kinase
ATG5 autophagy-related 5
BBB blood-brain barrier
BECN1 Beclin 1, autophagy related
CHX cycloheximide
CLEAR coordinated lysosomal expression and

regulation
CMC-Na sodium carbonyl methylcellulose
CQ chloroquine
CTSD cathepsin D
DQ-BSA dequenched-bovine serum albumin
HD Huntington disease
ITC isothermal titration calorimetry
KD knockdown
LAMP1 lysosomal-associated membrane protein 1
LDH lactate dehydrogenase
LSDs lysosomal storage disorders
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3B
MAPK mitogen-activated protein kinase
MTORC1 mechanistic target of rapamycin (serine/

threonine kinase) complex 1
N2a neuro-2a
PD Parkinson disease
PtdIns3K phosphatidylinositol 3-kinase
RPS6KB1/p70S6K ribosomal protein S6 kinase, polypeptide 1
SQSTM1/p62 sequestosome 1
TFEB transcription factor EB
tfLC3 tandem fluorescent mRFP-GFP-LC3
ULK1 unc-51 like kinase 1
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