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Abstract
Background/Aims: This study determined the role and mechanism of action of transcription 
factor EB (TFEB) in H

2
O

2
-induced neuronal apoptosis. Methods: SH-SY5Y cells were treated 

with Akt inhibitor/activator and different concentrations of H
2
O

2
. Cell apoptosis

 
was 

determined by Western blotting. HEK293T cells were transfected with different truncated 
TFEB mutants and HA-Akt-WT; SH-SY5Y cells were transfected with Flag-vector, Flag-TFEB, 
Flag-TFEB-S467A or Flag-TFEB-S467D; and TFEB interaction with Akt was determined by co-
immunoprecipitation and GST pull-down assays. Results: A low concentration of H

2
O

2
 induces 

TFEB phosphorylation at Ser467 and nuclear translocation, facilitating neuronal survival, 
whereas a high concentration of H

2
O

2
 promotes SH-SY5Y cell apoptosis via suppressing TFEB 

Ser467 phosphorylation and nuclear translocation. The TFEB-S467D mutant is more easily 
translocated into the nucleus than the non-phosphorylated TFEB-S467A mutant. Further, Akt 
physically binds to TFEB via its C-terminal tail interaction with the HLH domain of TFEB and 
phosphorylates TFEB at Ser467. Mutation of TFEB-Ser467 can prevent the phosphorylation 
of TFEB by Akt, preventing inhibition of oxidative stress-induced apoptosis. Conclusions: 
Oxidative stress induces neuronal apoptosis through suppressing TFEB phosphorylation at 
Ser467 by Akt, providing a novel therapeutic strategy for neurodegenerative diseases.
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Introduction

Oxidative stress can result in extensive damage to cellular components including 
proteins, RNA, and DNA [1-3]. Reactive oxygen species (ROS) produced during oxidative 
stress mediate a wide range of pathological processes including lipid peroxidation, reduction 

that oxidative stress represents a common pathogenic mechanism for neurodegenerative 
diseases [5-7], atherosclerosis [8], and diabetes [9]. In the central nervous system, excessive 
ROS accumulation may cause microglial cell activation, and neuron and astrocyte damage 
[10]. Parkinson’s disease (PD), a chronic degenerative disease of the central nervous system, 
is pathologically characterized by the selective and progressive degeneration of dopaminergic 
neurons, and oxidative stress-induced neuronal apoptosis is implicated in this disease [5-7, 
11-13].

Akt, also known as protein kinase B (PKB), is a serine/threonine protein kinase 

revealed that Akt signalling mediates neuronal survival, and the activation of Akt provides a 
neuroprotective effect in PD [15-17]. For example, activation of Akt/Rheb can induce central 

are greatly reduced in the brain tissue of Parkinson’s patients [19]. Mechanistic studies 
suggest that Akt suppresses cell death through phosphorylating multiple apoptosis-related 
proteins [20]. Moreover, the PI3K/Akt activation may protect neural stem/progenitor cells 
against H

2
O

2
-evoked neurotoxicity, and PI3K inhibitors exaggerate H

2
O

2
-evoked SH-SY5Y cell 

death [21, 22].
Transcription factor EB (TFEB), a member of the MiT/TFE subfamily of basic helix-loop-

helix-leucine-zipper (bHLH-Zip) transcription factors, can enhance lysosomal biogenesis 
and autophagy [23-25] and ameliorate pathology of several human diseases, including 
neurodegenerative diseases [26], cancers [27-29], and lysosomal storage disorders [30]. 
Recent studies have demonstrated that activation of TFEB protects against cadmium-

and the cytoprotective effect of moderate levels of Cu exposure is related to the activation 
of TFEB [32]. Additionally, it is reported that TFEB overexpression can alleviate progression 

PGC-1alpha may rescue Huntington’s disease proteotoxicity by preventing oxidative stress 

stress [35]. Pharmacological activation of TFEB can improve lysosomal function, ameliorate 

TFEB prevents nuclear localization of TFEB, considerably inhibiting the transcription 
of TFEB-induced lysosomal genes, thus exerting a neuroprotective effect [38]. Although 
accumulating evidence supports that TFEB activation promotes cell survival under oxidative 
stress by regulating lysosome activity, whether the activation of TFEB exerts cytoprotective 
effects in a lysosome-independent pathway remain unanswered. In the present study, we 
show that a low concentration of H

2
O

2

translocation by activating Akt, facilitating neuronal survival, whereas a high concentration 
of H

2
O

2

nuclear translocation.

Materials and Methods

Ethical Consent

All experiments were performed in accordance with the National Insititute of Health Guide for the 

Care and Use of Laboratory Animals, and were approved by the Animal Ethics Committee of Hebei Medical 

University, Shijiazhuang, China.
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Antibodies and reagents

Sigma (St. Louis, MO). Insulin was purchased from NovoNordisk. Wortmannin (681675) were from Merck 

Millipore (Kenilworth, NJ). PD98059 (1666) was from BioVision. Anti-LC3 (NB100-2220) was from NOVUS, 

DNA construction

The plasmids HA-Akt-WT/CA/KD/*KD and GST-Akt-PH/Cat/Tail were obtained from Prof. Keqiang Ye 

(Emory University, Atlanta, USA). Flag-TFEB was from Prof. Andrea Ballabio (Telethon Institute of Genetics 

into pCDH-Flag vector.

Cell culture and treatment

The SH-SY5Y cell line, HEK293T were cultured in high glucose (25 mM) DMEM supplemented with 10% 

fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. Hela stable cell lines were cultured 

in high glucose (25 mM) DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 U/

such as co-immunoprecipitation or Western blotting. The SH-SY5Y cells were infected with Lentivirus 

were pretreated with or without Akt 1/2 kinase inhibitor for 1 h, Wortmannin for 1 h, and insulin/EGF for 

15 min, after that, treated with H
2
O

2

were pretreated with or without Akt 1/2 kinase inhibitor for 1 h, after that, treated with H
2
O

2

Immunoprecipitation and Western blot

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 

a protease inhibitor and phosphatase inhibitor cocktails for 15 min on ice, then centrifuged at 12, 000 rpm 

 for 15 min. The supernatant was collected and boiled with SDS-sample buffer at 95  for 10 min. If 

the following experiment is immunoprecipitation, the supernatant was mixed with glutathione agarose for 

. The complexes were washed 6 times with lysis buffer, and then boiled 

in SDS-sample buffer at 95 . The samples were separated by SDS-polyacrylamide gels and transferred to 

a PVDF membrane. The membrane was blocked in 5% skim milk in TBST and incubated with the primary 

. The membrane was washed 3 times with TBST and incubated with secondary 

antibody for 2 h at room temperature. After washed 3 times with TBST, the membrane was incubated 

with ECL for 2 min in dark at room temperature. Then the chemiluminescent signals were captured by 

Flow cytometry

The SH-SY5Y cells and primary neurons were harvested after treatment with different conditions, and 

measured by FACScan. The protocol was performed according to the procedure of PE Annexin V Apoptosis 

least 10000 events as described.

http://dx.doi.org/10.1159%2F000489198
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MTT assay
3~10  per well. After cells 

were treated with different concentration of H
2
O

2

. Medium 

wavelength 570 nm by using ELISA plate reader (VERSAMax; Molecular Devices).

In vitro kinase assay

. The supernatants were mixed with anti-Flag 

respectively, 

 for 1 h, 

and washed 3 times with lysis buffer and 3 times with Akt kinase assay buffer (25 mM Tris-HCl PH7.5, 5 

3
VO , 10 mM MgCl

2

kinase assay buffer, and mixed with anti-HA beads containing active Akt protein and incubated at 37  for 

1 h. The complexes were washed with lysis buffer 3 times, and boiled with SDS loading buffer at 100  for 

Nuclear extraction

SH-SHY5Y cells were treated with different concentration of H
2
O

2

2
O

2
solution (10 mM HEPES (pH 7.9), 10 mM KCl, 2 mM MgCl

2

scraped off from the dishes and transferred to a microcentrifuge tube, and incubated for 20 min on ice. Cell 

. The supernatant was saved as the cytosolic fraction. The 

precipitate was washed 3 times by PBS, then was resuspended with lysis buffer (20 mM HEPES (pH 7.9), 

0.2 mM EDTA, 1.5 mM MgCl
2

1 mM Na
3
VO

and treated with H
2
O

2

min. Then washed 3 times with PBS, and treated with 0.5% Triton-X 100 for 15 min. The coverslips were 

washed with PBS once again, and were blocked with blocking buffer (3% BSA in PBS) for 1 h and incubated 

 overnight. After 3 times washed with PBS, 

the coverslips were incubated with appropriate 

min. Coverslips were mounted on a glass slide 

with Fluoromount (Sigma), and images were 

obtained using a confocal microscope (Olympus 

FV1200).

Reverse transcriptase-PCR analysis

Total RNA were extracted from CTR, TFEB, 

SH-SHY5Y cells treated with H
2
O

2
 using RNAiso 

Plus (TaKaRa) according to the manufacturer’s 

instructions. One microgram of RNA was 

Table 1. RT primers
 

Gene Sequence 

GALNS-F  5’-TTGTCGGCAAGTGGCATCT-3’ 

GALNS-R  5’-CCAAACCACTCATCAAATCCG-3’ 

GBA-F 5’-TGGGTACCCGGATGATGTTA-3’ 

GBA-R  5’-AGATGCTGCTGCTCTCAACA-3’ 

GLA-F  5’-AGCCAGATTCCTGCATCAGTG-3’ 

GLA-R  5’-ATAACCTGCATCCTTCCAGCC-3’ 

CLCN7-F  5’-TGATCTCCACGTTCACCCTGA-3’ 

CLCN7-R  5’-TCTCCGAGTCAAACCTTCCGA-3’ 

CTSB-F  5’-AGTGGAGAATGGCACACCCTA-3’ 

CTSB-R  5’-AAGAAGCCATTGTCACCCCA-3’ 

ARSA-F  5’-AGAGCTTTGCAGAGCGTTCAG-3’ 

ARSA-R  5’-ATACGCATGGTCTCAGGTCCA-3’ 

ATP6V1H-F  5’-GGAAGTGTCAGATGATCCCCA-3’ 

ATP6V1H-R  5’-CCGTTTGCCTCGTGGATAAT-3’ 

 

 

http://dx.doi.org/10.1159%2F000489198


Cell Physiol Biochem 2018;46:1536-1554
DOI: 10.1159/000489198
Published online: April 24, 2018 1540

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Su et al.: TFEB is Involved in H
2
O

2
-Induced Neuronal Apoptosis

® 

PrimeScripTM RT-PCR Kit (TaKaRa). Quantitative real-time PCR were performed by using an ABI 7900HT 

Real-Time PCR System with SYBR® Premix Ex TaqTM II (TaKaRa). The relative abundance of transcripts was 

calculated based on normalization to the GAPDH gene. The primers are shown in Table 1.

Animals and treatment

Eight-week-old male C57BL/6 mice weighing approximately 25 g purchased from SLRC Laboratory. 

mg/kg/day) intraperitoneally (i.p) for 10 days after stereotaxic injection 3 days.

TH staining

after washed 3 times with PBS, and permeabilized with 0.5 % Triton-X 100 in PBS for 15 min. The slice 

was blocked with 3% normal goat serum in PBS for 1 h, and then washed 3 times with PBS. The slice was 

analytic system NewCAST.

Statistical analysis

Statistical analysis of the data were performed with Graphpad Prism 5.0 software. Data are expressed 

as mean ± standard error of mean (SEM) from three independent experiments. Data were analyzed by 

one-way ANOVA. Newman–Keuls post hoc analysis was employed when differences in ANOVA testing were 

observed (P < 0.05).

Results

Suppression of Akt signalling is responsible for H2O2-induced apoptosis in SH-SY5Y cells
Because Akt is known to mediate growth factor-induced neuronal survival [15], and 

inhibition of Akt signalling is responsible for H
2
O

2
-induced SH-SY5Y cell apoptosis. SH-

SY5Y cells were treated with different concentrations of H
2
O

2
. The MTT assay showed that 

although H
2
O

2 

2
O

2
 markedly decreased cell viability 

(Fig. 1A). Western blot analysis showed that a low concentration of H
2
O

2 

decreased when the SH-SY5Y cells were treated with a high concentration of H
2
O

2

2
O

2 
have different effects 

on
 
Akt phosphorylation and cell viability.

was diminished in the brain in PD patients [19]. As shown in Fig. 1B, the trend of pAkt Thr308 

to different concentrations of H
2
O

2
. Therefore, in the following experiments, the phospho-

were pretreated with an Akt inhibitor or Wortmannin, a PI3K inhibitor, and then exposed 

2
O

2

by the Akt or PI3K inhibitor further increased the cell apoptosis induced by oxidative stress 
(Fig. 1C). A similar result was obtained by Western blotting, showing that compared with 

http://dx.doi.org/10.1159%2F000489198
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H
2
O

2
 alone, Akt or PI3K inhibitor completely blocked Akt phosphorylation and further 

increased H
2
O

2
-induced PARP cleavage, a hallmark of apoptosis (Fig. 1D). Further, SH-SY5Y 

cells were transfected with a plasmid vector encoding constitutively active Akt (HA-Akt-CA) 
or its kinase-dead mutant (HA-Akt-KD) and were treated with H

2
O

2
. MTT assay indicated that 

H
2
O

2
-reduced cell viability was rescued in HA-Akt-CA-transfected SH-SY5Y cells (Fig. 1E). 

for neuronal cell apoptosis induced by oxidative stress.

TFEB-suppressed apoptosis of SH-SY5Y cells is affected by Akt signalling
Because TFEB is known to suppress cell apoptosis [35], we sought to determine whether 

H
2
O

2
-induced SH-SY5Y cell apoptosis is affected by TFEB. Thus, SH-SY5Y cells were infected 

with lentivirus encoding Flag-TFEB, and cell apoptosis was detected by Western blot analysis 

2
O

2
-induced cleavage of PARP was markedly decreased in the TFEB-

versus lane 2). Similarly, Akt signalling activation by epidermal growth factor (EGF) further 
decreased H

2
O

2

Fig. 1. Suppression of the Akt sig-

naling is responsible for H
2
O

2
-in-

duced apoptosis in SH-SY5Y cells. 

(A, B) SH-SY5Y cells were treated 

with the indicated concentrations 

of H
2
O

2

measured by MTT assay, values 

<0.05, 

<0.01 compared with the con-

trol group (A). Akt phosphoryla-

tion was analyzed by Western blot-

antibody, whereas band intensities 

are shown on the right, values are 

the mean ± SEM of 3 independent 

<0.01 

versus control group (B). (C, D) 

SH-SY5Y cells were pretreated 

with DMSO, Akt inhibitor (Akt1/2 

-

cells were treated with H
2
O

2 

intensity of Annexin- -PE, and 

-

cence intensity of 7-AAD. The data 

<0.05 versus 

DMSO+H
2
O

2 
group (C). PARP cleavage and Akt phosphorylation were analyzed by Western blotting, whereas 

<0.05 versus DMSO+H
2
O

2
 group (D). (E) The restructured plasmids HA-vector, 

HA-Akt-CA (constitutively active), or HA-Akt-KD (kinase-dead) were transfected into SH-SY5Y cells. Cells 

were treated with H
2
O

2

<0.05 versus HA group.

http://dx.doi.org/10.1159%2F000489198
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 of the 
presence or absence of H

2
O

2
 (Fig. 2D).

To further test whether TFEB-suppressed cell apoptosis is affected by Akt signalling, 
TFEB-overexpressing SH-SY5Y cells were pretreated with an Akt inhibitor or EGF, an Akt 

2
O

2
 treatment. The results showed that TFEB overexpression 

2
O

2
. Conversely, 

Akt signalling activation by EGF facilitated cell survival under oxidative stress, and TFEB 
overexpression further decreased H

2
O

2
-induced apoptosis in EGF-treated cells (Fig. 2D). 

These results indicated that TFEB-suppressed SH-SY5Y cell apoptosis is affected by Akt 
signalling.

TFEB interacts with Akt
Because we have found that TFEB-suppressed apoptosis of SH-SY5Y cells was affected 

by Akt signalling, we sought to reveal whether Akt directly interacted with TFEB. Thus, GST 
pull down with overexpressed wild-type Akt (HA-Akt-WT) and GST-TFEB was performed in 

Fig. 2. TFEB-suppressed apoptosis 

of SH-SY5Y cells is affected by Akt 

signaling. (A) SH-SY5Y cells were 

infected with lentiviruses Flag-

h, and then treated with H
2
O

2 

Akt phosphorylation were ana-

lyzed by Western blotting, whereas 

band intensities normalized to 

values are the mean ± SEM of 3 in-

<0.05 

versus corresponding CTR group, 
# <0.05 versus TFEB group. (B, C) 

SH-SY5Y cells were infected with 

lentiviruses Flag-vector (CTR) or 

with Akt inhibitor (Akt1/2 kinase 

EGF (100 ng/mL) for 15 min, and 

then treated with H
2
O

2 

phosphorylation were analyzed by 

Western blotting, whereas band 

are shown on the right, values are 

the mean ± SEM of 3 independent 

<0.05 versus cor-

responding CTR group, # <0.05 

versus TFEB+H
2
O

2
 group. (D) SH-

H
2
O

2 
 -

<0.05 versus their 

corresponding CTR group, # <0.05 versus TFEB+H
2
O

2
 group.

http://dx.doi.org/10.1159%2F000489198
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vitro. Apparently, HA-Akt physically bound to GST-TFEB in vitro but not GST alone (Fig. 3A). 

assay with endogenous proteins, which demonstrated that Akt is present in the anti-TFEB 

were tested for their ability to interact with Akt using GST pull-down assays. The results 

TFEB was deleted, the interaction of the mutant with Akt was abolished (Fig. 3C).

cells were co-transfected with a plasmid vector encoding wild-type Akt (HA-Akt-WT), 
constitutively active Akt (HA-Akt-CA), kinase-dead Akt (HA-Akt-KD) or partial kinase-dead 
Akt (HA-Akt-*KD) and GST-TFEB, and interaction of TFEB with the different activity forms of 
Akt was examined. GST pull-down assays showed a stronger binding of constitutively active 
Akt to TFEB, and kinase-dead Akt almost completely lost its TFEB-binding activity (Fig. 
3D). Further, the different domains of Akt were evaluated for their ability to bind TFEB. The 
results showed that TFEB interacted with Akt-tail but not Akt-PH or Akt-Cat (Fig. 3E). All 
these data suggested that TFEB and Akt associate with each other and that their association 
is mediated through the HLH domain of TFEB and Akt-tail.

TFEB is phosphorylated by Akt
The results that TFEB and Akt associate with each other prompted us to investigate 

whether Akt can phosphorylate TFEB. Thus, stable cell lines expressing Flag-TFEB were 

Fig. 3. TFEB interacts with Akt. (A) 

HEK293T cells were co-transfected with 

MGST, or MGST-TFEB and HA-Akt-WT 

by using glutathione agarose beads, and 

proteins on the beads were detected by 

Western blotting with the indicated an-

tibodies. (B) HEK293T cell lysates were 

incubated with IgG-Protein A/G beads 

or TFEB-Protein A/G beads, respectively. 

TFEB was pulled down with anti-TFEB 

antibody, and Akt was detected by West-

ern blotting. (C) HEK293T cells were co-

transfected with MGST-TFEB-FL, MGST-

-

ent regions of TFEB interacted with Akt 

were detected by Western blotting with 

the indicated antibodies. (D) HEK293T 

cells were co-transfected with MGST-

TFEB and HA-Akt-WT/*KD (partial ki-

nase dead)/CA (constitutively active)/

-

ent activity forms of Akt interacted with 

TFEB were detected by Western blot-

ting with the indicated antibodies. (E) 

HEK293T cells were co-transfected with 

TFEB were detected by Western blotting with the indicated antibodies.

http://dx.doi.org/10.1159%2F000489198


Cell Physiol Biochem 2018;46:1536-1554
DOI: 10.1159/000489198
Published online: April 24, 2018 1544

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Su et al.: TFEB is Involved in H
2
O

2
-Induced Neuronal Apoptosis

incubated with either the PI3K kinase inhibitor Wortmannin, the Akt inhibitor, or the ERK 
inhibitor PD98059 and then treated with EGF to activate Akt. TFEB phosphorylation was 
determined with an anti-p-Akt-substrate antibody. Western blot analysis showed that the 
phosphorylation of Akt-  and Akt-substrate markedly increased in response to insulin. 
Pharmacological inhibition of Akt or PI3K blocked the phosphorylation of Akt-  
Akt-substrate regardless of the presence or absence of insulin, while the ERK inhibitor did 

forms of Akt also affected Akt-substrate phosphorylation, and found that constitutively active 
Akt had a stronger binding capability for Akt-substrate than wild-type Akt and kinase-dead 
Akt, as shown by GST pull-down assays 
were transfected with GST-TFEB and then treated with EGF or an Akt inhibitor, respectively. 
The results showed that EGF treatment promoted and the Akt inhibitor suppressed the 
phosphorylation of Akt-
obtained by pulling down endogenous TFEB from HEK293T cells treated with an Akt 

is phosphorylated by Akt.

Akt phosphorylates TFEB at Ser467
Because there are several putative Akt phosphorylation sites in TFEB, we sought to 

verify which sites are phosphorylated by Akt. First, the different TFEB-truncated mutants 
were generated (Fig. 5A), and their phosphorylation by Akt was determined using anti-p-

Fig. 4. TFEB is phosphorylated by 

Akt signaling. (A) HEK293T cells 

stablely expressing Flag-TFEB 

were treated with either the PI3K 

inhibitor wortmannin, Akt inhibi-

tor, or ERK inhibitor PD98059 in 

the presence or absence of EGF. 

The phosphorylation of Akt sub-

strate, Akt and ERK was detected 

by Western blotting. For detecting 

p-Akt substrate, the cell lysates 

were immunoprecipitated with 

anti-Flag antibody prior to test-

ing. (B) HEK293T cells were co-

transfected with MGST-TFEB and 

HA-vector or HA-Akt-WT/CA/KD 

-

phorylation and Akt interaction 

with its substrate were detected by 

Western blotting. For detecting p-

Akt substrate, the cell lysates were 

pulled down by using glutathione 

agarose beads prior to testing. (C) 

HEK293T cells were transfected 

then treated with or without EGF. 

The cell lysates were pulled down 

by using glutathione agarose beads, and proteins on the beads were detected by Western blotting. (D) 

The following experiments were performed as described in (C). (E, F) HEK293T cells were treated with or 

without EGF/Akt inhibitor, and the cell lysates were immunoprecipitated with anti-TFEB antibody, and the 

http://dx.doi.org/10.1159%2F000489198
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Akt-sub antibody. As shown in Fig. 5B, full-length TFEB (TFEB-FL) and its C-terminal part 

part (TFEB-1-319, amino acids 1-319) was not phosphorylated, suggesting that TFEB-320-

th th amino acids in TFEB are necessary for the 
phosphorylation of TFEB by Akt. Next, we generated point mutations of the serines between 

th th amino acids. Immunoblot analysis with an anti-p-Akt-sub antibody 

were phosphorylated by Akt at levels comparable to those of wild-type TFEB. By contrast, 

Akt.
To further substantiate the importance 

Fig. 5. Akt phosphorylates TFEB 

of full-length TFEB and its various 

truncated mutants. (B) HEK293T 

cells were co-transfected with 

MGST-TFEB-FL, MGST-TFEB-1–319 

were pulled down by using glu-

tathione agarose beads, and 

proteins on the beads were de-

tected by Western blotting with 

the indicated antibodies. (C) 

HEK293T cells were co-transfect-

were performed as described in 

(B). (D) HEK293T cells were co-

transfected with the different 

The following experiments were 

performed as described in (B). (E) 

HEK293T cells were co-transfect-

ed with Flag-TFEB or Flag-TFEB-

with either the Wortmannin, Akt inhibitor, or PD98059 in the presence or absence of EGF. The phosphory-
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 (Fig. 5F). Similarly, in the stable cell lines expressing Flag-

Akt- . Further, the SH-SY5Y cells were incubated with either Wortmannin, 

Fig. 6. Phosphorylated TFEB 

translocates into the nucleus but 

not regulates lysosome gene ex-

pression under oxidative stress. 

(A, B) SH-SY5Y cells were treated 

with the indicated concentrations 

of H
2
O

2

fractions were separated, p-TFEB-

was analyzed by Western blotting, 

whereas band intensities normal-

shown on the right, values are the 

mean ± SEM of 3 independent ex-

H
2
O

2 
group (A). The localization 

observed via confocal microscopy. 

The percentage of TFEB–positive 

nuclei in SH-SY5Y cells is shown 

staining.  The data represent 

mean±SEM of 3 independent ex-

periments in which 100 cells were 

H
2
O

2 
group (B). (C, D, E) SH-SY5Y 

cells were infected with lentivirus-

es Flag-vector (CTR), Flag-TFEB, 

with H
2
O

2 

subcellular fractions were separated, TFEB in the cytoplasm and nucleus was analyzed by Western blotting, 

2
O

2 
group (C). The 

The percentage of TFEB–positive nuclei in SH-SY5Y cells is shown on the right, values are the mean±SEM of 

<0.05 versus Flag-vector (CTR) or TFEB-

2
O

2
 group (D). The relative expression of lysosome genes were analyzed by RT-PCR, and gene ex-

pression was normalized relative to the housekeeping gene, GAPDH. Values are the mean ± SEM of 3 inde-

<0.05 versus Flag-vector (CTR)+H
2
O

2 
group (E). (F) SH-SY5Y cells were infected 

,  and SQSTM1/P62 were analyzed by Western blotting, whereas 

<0.05 versus CTR group, # <0.05 versus CTR+H
2
O

2
 group.
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Akt inhibitor, or PD98059 and then treated with EGF. The results showed that EGF markedly 

Flag pull down were incubated with the Akt-CA; in vitro kinase assay showed that mutant 

 by Akt.

Phosphorylated TFEB translocates into the nucleus but does not regulate lysosome gene 
expression under oxidative stress

phosphorylated TFEB was translocated into the nucleus under oxidative stress. Thus, SH-
SY5Y cells were treated with different concentrations of H

2
O

2
, and a nuclear and cytoplasmic 

extract was prepared from SH-SY5Y cells. Western blot analysis shows that the level of 

2
O

2 2
O

2
, accompanied 

2
O

2

indicate that a low concentration of H
2
O

2 

nuclear translocation, whereas a high concentration of H
2
O

2
 reduces TFEB phosphorylation 

TFEB can translocate into the nucleus, 

2
O

2
 but 

2
O

2
 facilitated TFEB translocation into the nucleus (Fig. 6B). Further, the SH-

2
O

2

2
O

2
. 

A recent study indicates that TFEB could translocate into the nucleus and induce 

H
2
O

2 

nucleus to regulate lysosome or autophagy genes. The expression levels of lysosome 

cells treated with H
2
O

2
. The results indicated that although expression of lysosome genes 

2
O

2
. Western blot analysis of LC3  and SQSTM1/

P62 showed that the overexpression of TFEB increased LC3  expression and decreased 
SQSTM1/P62 expression (Fig. 6F). The expression of LC3  and SQSTM1/P62 revealed no 

lysosome or autophagy genes under oxidative stress.

The phosphorylation of TFEB at Ser467 by Akt inhibits SH-SY5Y cell apoptosis

apoptosis. SH-SY5Y cells were infected with lentivirus encoding wild-type TFEB, TFEB-

2
O

2
. Western blot analysis 
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decreased the cleavage of PARP induced by H
2
O

2 
(Fig. 7A, lanes 6 and 8 versus lane 7). To 

Fig. 7. The phosphorylation of TFEB at 

apoptosis. (A) SH-SY5Y cells were infect-

ed with lentiviruses Flag-vector (CTR), 

with or without H
2
O

2 

h. PARP cleavage and Akt phosphoryla-

tion were analyzed by Western blotting, 

whereas band intensities normalized to 

the mean ± SEM of 3 independent experi-

<0.05 versus corresponding CTR 

group, #

C) SH-SY5Y cells were infected with the 

indicated recombinant lentiviruses for 

for 1 h, or with EGF for 15 min, and then 

treated with H
2
O

2 

cleavage and Akt phosphorylation were 

analyzed by Western blotting, whereas 

shown below the Western blotting, values 

are the mean ± SEM of 3 independent ex-

<0.05 versus corresponding 

CTR group, #
2
O

2
 

group. (D) SH-SY5Y cells were infected 

and treated as described in (B, C). Cell 

 

intensity of Annexin-V-PE, and the y-axis 

<0.05 versus their 

corresponding control group, # <0.05 ver-

2
O

2
 group. (E, F) Primary cul-

tures of mouse neurons were infected and 

treated as described above. PARP cleavage 

and Akt phosphorylation were analyzed 

by Western blotting, whereas band inten-

the right, values are the mean ± SEM of 3 

<0.05 versus 

their corresponding control group (E). Cell 

 

intensity of Annexin-V-PE, and the y-axis 

<0.05 versus their corresponding control group, # <0.05 versus 

2
O

2
 group (F).
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2
O

2
 treatment. Western blot analysis 

2
O

2 
alone or together with the 

2
O

2
-induced PARP cleavage to a lesser extent 

2
O

2

mutation abrogated the inhibitory effect on H
2
O

2
-induced cell apoptosis (Fig. 7D). In further 

H
2
O

2
 alone or together with an Akt inhibitor. Activating Akt with EGF could not prevent H

2
O

2
-

apoptosis. Primary cultures of mouse neurons were infected with adenovirus encoding 

prior to H
2
O

2
 treatment. Western blot analysis of cleaved PARP showed that compared with 

PARP induced by H
2
O

2 
alone or together with the Akt inhibitor (Fig. 7E, lanes 8 and 12 versus 

by H
2
O

2

2
O

2
-induced 

neuronal apoptosis.

Phosphorylation of TFEB at Ser467 protects dopaminergic neurons under MPTP-induced 
oxidative stress
MPTP, which has been reported to kill dopaminergic neurons to induce parkinsonism 

through inhibition of mitochondrial complex I, has also been shown to be associated with the 
production of O

2
- radicals in vitro

TFEB 

recombinant adenoviruses and observed the effect of their overexpression on MPTP-induced 

increased TH-positive neurons on the injected sides compared with those on the uninjected 

can effectively protect dopaminergic neurons in the whole animal under MPTP-induced 
oxidative stress.

Discussion

In this study, we demonstrated that the phosphorylation of TFEB by Akt can suppress 
SH-SY5Y cell apoptosis induced by oxidative stress. The oxidative stress-induced apoptosis 

inhibitor. Reversely, Akt signaling activation by EGF facilitates cell survival under oxidative 
stress. Moreover, TFEB overexpression decreases H

2
O

2
-induced apoptosis in EGF-treated 

We further found that Akt physically interacts with TFEB through the HLH domain of TFEB 

of TFEB by Akt in response to EGF, and loses its inhibitory effect on H
2
O

2
-induced cell 
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2
O

2
-induced cell apoptosis. In the whole animal, 

effectively protect dopaminergic neurons under MPTP-induced oxidative stress.  Overall, our 

oxidative stress-induced neuronal apoptosis in vitro and in vivo.
Akt/protein kinase B is a serine/threonine kinase that promotes cell survival, growth 

Akt/
protein kinase B depends on its phosphorylation of a number of downstream targets to 

are also phosphorylated by Akt. Akt not only phosphorylates these pro-apoptotic proteins, 
but also inactivates them, and retains them in the cytoplasm to inhibit the transcription of 
relevant pro-apoptotic genes, thereby suppressing cell apoptosis. In addition, Akt can also 

Akt. TFEB association with Akt was mediated by the HLH domain of TFEB and Akt-tail, and 

induced by H
2
O

2
 in neuronal cells. The insight into the mechanism of anti-apoptotic effect of 

TFEB might provide novel therapeutic strategies for neurodegenerative diseases.
Neuronal cells in the brain are highly sensitive to oxidative stress; therefore, excessive 

ROS generation can cause damage of neuronal cells via either an apoptotic or a necrotic 

an intimate link between oxidative stress-induced neuronal apoptosis and autophagy, which 

TFEB could upregulate antophagy-lysosome gene expression and lysosome activity [35]. 

2
O

2
) activates an mTOR-

Fig. 8. Phosphorylation of TFEB 

-

gic neurons under MPTP-induced 

oxidative stress. (A) Adenovirus 

vector encoding GFP, TFEB, TFEB-

-

reotaxically injected into mouse 

Dopaminergic neurons were de-

tected via immunohistochemical 

staining using tyrosine hydroxy-

lase (TH) antibodies, and the viral 

expression of GFP was shown by 

Cells were stained for GFP (green), 

tyrosine hydroxylase (red), or their 

co-localization (yellow). (B) Four 

recombinant adenoviruses as de-

scribed in (A) were injected into 

mouse midbrain prior to injection 

of MPTP. Dopaminergic neurons 

were immunostained by using TH 

antibodies. The numbers of TH-

are shown on the right. Values are 

<0.05 versus 
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independent signaling pathway involving the activation of LMP-cathepsin-caspase 3 axis 
leading to the transcription of TFEB-target genes involved in lysosome biogenesis [51]. In 
the present study, we demonstrated that TFEB was phosphorylated by Akt and mediated 
the pro-survival function of Akt in EGF-treated SH-SY5Y cells, and the phosphorylated TFEB 

2
O

2
-

induced cell apoptosis via translocating into the nucleus under oxidative stress.  However, 

phosphorylation of TFEB in neuronal cells plays an essential role in oxidative stress-induced 

indicated that low concentration of H
2
O

2
 (100 

2
O

2
 

2
O

2 
on neuronal cell fate 

depend on its concentration used.
TFEB is known to regulate lysosomal biogenesis and autophagy [23-25] and plays 

an important role in cell survival under oxidative stress [35]. The subcellular localization 
and activity of TFEB are regulated by its phosphorylation status [52]. Previous studies have 
indicated that increasing reactive oxygen species (ROS) levels directly activates MCOLN1 to 

induce lysosome Ca2+ release, triggering PPP3/calcineurin-dependent TFEB nuclear trnslocation 

to enhance autophagy [53]. A recent study indicates that TFEB could translocate into the 
nucleus and induced autophagy by lysosomal pathway after exposure of SH-SY5Y cells to 

2
O

2
, and that the C-ETS2-TFEB axis promoted neuron survival under oxidative 

phosphorylation of TFEB suppressed SH-SY5Y cell apoptosis by regulating lysosome or 
autophagy genes. The mRNA expression levels of lysosome genes and protein expression 

SH-SY5Y cells treated with H
2
O

2
. The results indicated that the expression of lysosome 

mediate lysosome or autophagy genes to suppress cell apoptosis under oxidative stress.
Previous studies have indicated that TFEB can be phosphorylated by rapamycin complex 

was mutated, TFEB translocated to the nucleus and kept active to regulate downstream 

target of rapamycin (mTOR). Akt can stimulate mTORC1 activity through phosphorylation of 

[57], and in turn, mTORC1 phosphorylates TFEB, the phosphorylated TFEB by mTORC1 kept 

translocation independently of mechanistic target of rapamycin complex 1 (mTORC1). The 
autophagy enhancer trehalose activates TFEB by diminishing Akt activity [38], and Akt 
pharmacological inhibition promotes cellular clearance in a variety of models of genetic 
diseases presenting with impairment of lysosomal pathways [58]. In the present study, 
our data indicate that Akt could physically interact with TFEB through its Akt-tail and the 

TFEB by Akt in SH-SY5Y cells suppressed cell apoptosis under oxidative stress. Moreover, 
Akt inhibitors increased oxidative stress-induced apoptosis but did not activate autophagy/

study and that of previously published work [38]. We speculate that these discrepancies 
could be attributable to different cell lines used by two different groups. For example, 
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Palmieri et al. used autophagy enhancer trehalose to treat HeLa or cultured cortical 
neurons from mice [38], whereas we used different concentrations of H

2
O

2
 to treat human 

neuroblastoma SH-SY5Y cells or HEK293T cells stablely expressing Flag-TFEB. Although we 
did not explore how phosphorylated TFEB regulates its target gene transcription, we think 
that TFEB translocated into the nucleus exerts a protective effect against oxidative stress 
via regulating expression of apoptosis- or survival-related genes. Akt can induce survival/
protection against oxidative stress by a number of mechanisms, activation of TFEB by Akt 
signaling may be one of mechanisms whereby Akt exerts a protective effect against oxidative 
stress.

overexpressing SH-SY5Y cells. It is well known that Ser to Ala mutation always abolishes 
phosphorylation, while Ser to Asp mutation does not necessarily mimic constitutive 

downstream target genes.

Conclusion

2
O

2 

Akt, facilitating neuronal survival ii) high concentration of H
2
O

2
 promotes SH-SY5Y cell 

, iii) TFEB-

might be used to inhibit cell apoptosis induced by high concentration of H
2
O

2
, providing a 

novel therapeutic strategy for neurodegenerative diseases.
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