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Abstract: Autophagy is an intracellular degradation process that clears away aggregated proteins or aged and dam-
aged organelles. Abnormalities in autophagy result in defects in clearance of these misfolded and aggregate pro-
teins, which have been associated with neurodegenerative disorders. A key neuropathological hallmark of amyo-
trophic lateral sclerosis (ALS) that contributes to the progressive loss of motor neurons is abnormal protein aggrega-
tion of mutant Cu/Zn superoxide dismutase1 (SOD1). TFEB is a recently described gene that regulates autophagy. 
Several studies have reported that autophagy is altered in ALS, but little is known about the role and mechanisms of 
TFEB-mediated autophagy during the progression of ALS. In this study, altered expression of TFEB and Beclin-1 were 
detected in the spinal cords of ALS transgenic mice at different stages and in an NSC-34 cell model with the SOD1-
G93A mutation using RT-PCR, western blot, and immunohistochemistry. The majority of cells positive for TFEB and 
Beclin-1 are β-tubulin III-labeled neurons, especially in the anterior horn of the gray matter. Overexpression of TFEB 
in NSC-34 cells with the SOD1-G93A mutation increased the mRNA and protein levels of Beclin-1, accompanied by 
increased levels of LC3-II protein. MTS assay revealed that TFEB overexpression increased proliferation and survival 
of NSC-34 cells with the SOD1-G93A mutation. Our findings suggest that TFEB promotes autophagy by enhancing 
the expression of Beclin-1. The altered autophagy mediated by TFEB is a key element in the pathogenesis of ALS, 
making TFEB a very promising target for the development of novel drugs and new gene therapeutics for ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS), also known 
as Lou Gehrig’s disease, is a neurodegenera-
tive disorder characterized by the progressive 
death of motor neurons. It clinically manifests 
in progressive weakness, muscle atrophy, and 
paralysis [1, 2]. Despite substantial efforts to 
decipher the etiology of the disease, the prima-
ry events triggering its pathology remain to be 
elucidated. Glutamate-induced excitotoxicity, 
inflammation, mitochondrial dysfunction, oxi-
dative stress, protein aggregation, transcrip-
tion deregulation, apoptosis, and epigenetic 
modifications are associated with the patho-
genesis of ALS [3, 4]. Numerous distinct thera-
peutic interventions have been explored, but 
there is still no efficacious treatment for ALS. 
The disease exists most frequently in its spo-

radic form, but also occurs as familial ALS. A 
key neuropathological hallmark of ALS that con-
tributes to the progressive loss of motor neu-
rons is the abnormal protein aggregation of 
mutate Cu/Zn superoxide dismutase1 (SOD1) 
[5]. Familial ALS is strongly associated with 
dominant mutations in the SOD1 gene. SOD1 
protein alterations have also been reported in 
sporadic ALS patients [6, 7]. The transgenic 
mouse that overexpresses the human mutant 
form of the SOD1 gene with glycine-to-alanine 
conversion at the 93rd codon is the mostly 
studied model and recapitulates the main fea-
tures of both familial and sporadic forms of ALS 
[8, 9].

Autophagy is an intracellular degradation pro-
cess that clears away aggregated proteins or 
aged and damaged organelles [10]. Autophagy 
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prevents the accumulation of disease-associat-
ed proteins, including the polyQ-expanded Htt 
in Huntington’s disease (HD), -syn in Parkinson’s 
disease (PD), amyloid-β in Alzheimer’s disease 
(AD), and SOD1 in ALS. Abnormalities in autoph-
agy result in defects in clearance of these  
misfolded and aggregate proteins, which have 
been associated with these neurodegenerative 
disorders [11-13].

Transcription factor EB (TFEB), a recently 
described basic helix-loop-helix transcriptional 
activator, which is known to control lysosomal 
biogenesis, also regulates autophagy [14, 15]. 
Because TFEB is a transcription factor, it prob-
ably regulates autophagy by controlling gene 
expression. Autophagy is a complex and impor-
tant homeostatic process. A family of genes 
whose products are involved in autophagy are 
called autophagy-related genes (ATGs). Among 
the core ATG genes, Beclin-1, the orthologue of 
Atg6, encodes a coiled-coil protein that binds 
to the Class III phosphatidylinositol-3-kinase 
Vps34, which generates the phosphatidylino- 
sitol-3-phosphate (PtdIns (3) P) required for 
autophagosome formation [16]. LC3 (also 
known as MAP1LC3) is an intracellular protein, 
the accumulation of which is often used to 
identify shifts in autophagic flux. Upon initiation 
of autophagy, the cytosolic LC3-I form of the 
protein is cleaved and conjugated to phosphati-
dylethanolamine to form LC3-II, which associ-
ates with autophagosomal membranes. LC3-II 
is commonly used as a marker of autophagy 
[17]. Several studies have reported that the 
LC3-II levels increase in the spinal cord of 
G93A-SOD1 mice during the early stage (90 d) 
of ALS [18], and the changes become promi-
nent at the end stage [18-20], indicating that 
autophagy is altered. However, little is known 
about changes and mechanisms underlying 
TFEB-mediated autophagy during ALS progres- 
sion.

In this study, we found altered expression of 
TFEB and Beclin-1 in the spinal cords of ALS 
transgenic mice at different stages and a NSC-
34 cell model with a mutated form of the SOD1 
gene. Overexpression of TFEB in NSC-34 cells 
with the SOD1-G93A mutation increased the 
mRNA and protein levels of Beclin-1, accompa-
nied by increased levels of LC3-II protein. 
Collectively, these findings suggest that altered 
expression of TFEB is a key element in the 

pathogenesis of ALS, making TFEB a very prom-
ising target to counteract autophagy dysfunc-
tion and neurodegeneration. A deeper under-
standing of the biology of TFEB-mediated 
autophagy will help identify novel drug targets 
and hopefully provide new therapeutics for 
treating ALS.

Material and methods

Animals and tissue preparations

Transgenic mice with the G93A mutation in the 
human SOD1 gene, originally obtained from 
Jackson Laboratories (Bar Harbor, ME, USA), 
were described previously [21, 22]. ALS and 
age-matched wild-type (WT) mice were killed at 
70 days (asymptomatic stage), 95 days (early 
stage), 108 days (middle stage), or 122 days 
(end stage), and tissues were preserved as pre-
viously described for further analysis [21, 22]. 
All animal care and surgical procedures were 
approved by the Animal Studies Committee of 
Weifang Medical University in accordance with 
the National Institutes of Health Guidelines for 
animal experimentation.

Cell culture

Mouse motor neuron-like hybrid (NSC-34) cells 
were maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 2 mM 
L-glutamine, 10% fatal bovine serum, and 100 
mg/mL each of penicillin and streptomycin. 
Cells were maintained at 37°C in a humidified 
atmosphere containing 5% CO2. When they 
reached 80-90% confluence in tissue-culture 
flasks, cells were divided into subsequent cul-
ture plates as required.

Human SOD1 plasmid and cell transfection

The plasmids pEGFP-wt-SOD1 and pEGFP-
G93A-SOD1 expressing the Green FP (GFP)-
tagged human SOD1 [23] were the kind gift of 
Professor Angelo Poletti (University of Milan, 
Italy). NSC-34 cells were seeded in six-well pla- 
tes at 300,000 cells/ml density. Transfection 
was carried out when the cells reached 70-80% 
confluence using Lipofectamine™ 2000 (Life 
Technologies) according to the manufacturer’s 
protocol. Plasmid and lipofectamine™ 2000 
were diluted in Opti-MEM (Invitrogen) separate-
ly and incubated for 5 min at room tempera-
ture. The diluted solutions were then mixed and 
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incubated for 20 min at room temperature. 
Subsequently, the mixtures were added to each 
well containing the cells and medium. The cell 
culture plates were then incubated for 6 h at 
37°C in a CO2 incubator. The cell medium was 
then replaced with a complete culture medium. 
At 24 h, 48 h, and 72 h after transfection, cells 
were harvested for further analysis. Total RNA 
or proteins were extracted from transfected 
NSC-34 cells at different time points for RT-PCR 
and western blot analysis.

TFEB cloning and cell transfection

Mouse TFEB cDNA was cloned into the XhoI/
AgeI sites of the GV316-DsRed2 vector (Jikai, 
Shanghai, China) to generate DsRed2-TFEB. 
Before transfection NSC-34 cells were seeded 
in six-well plates at 70% confluence, which was 
performed according to the manufacturer’s 
protocols. The following cells were analyzed: 
co-transfected control group with DsRed2 vec-
tor and pEGFP-G93A-SOD1; and co-transfected 
test group with DsRed2-TFEB and pEGFP-G93A-
SOD1. At 24 h, 48 h, and 72 h after transfec-
tion, cells were harvested for further analysis.

MTS assay

The viability of NSC-34 cells was measured by  
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme- 
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(MTS) assay (Promega). Briefly, 1×104 transfect-
ed cells were plated into each well of a 96-well 
plate. At 24, 48, 72, 96, and 120 h after trans-
fection, 20μl MTS reagent (5 mg/ml) was added 
to each well and incubated for one additional 
hour at 37°C. The optical density (OD) of the 
wells was measured at a wavelength of 490 
nm. All experiments were performed in tripli-
cate. The cell proliferation curve was plotted at 
each time point.

RNA extraction and RT-PCR

Total RNA was extracted from spinal cord tissue 
and NSC-34 cells using TRIzol Reagent (Invit- 
rogen) following the manufacturer’s instruc-
tions. The synthesis of cDNA and procedures 
for PCR amplification were described previously 
[21]. The primers used in this study are as fol-
lows: TFEB (sense, 5’-CAGCAGGTGGTGAAGCA- 
AGAGT-3’; antisense, 5’-TCCAGGTGATGGAACG- 
GAGACT-3’); Beclin-1 (sense, 5’-TTTCAGACTGG- 
GTCGCTTGC-3’; antisense, 5’-CTTTTGTCCACT- 

GCTCCTCCG-3’); and β-actin (sense, 5’-CGT- 
TGACATCCGTAAAGACC-3’; antisense, 5’-ACAG- 
TCCGCCTAGAAGCAC-3’).

Protein extraction and western blotting

Samples of spinal cord tissue and the trans-
fected NSC34 cells were homogenized in RIPA 
buffer containing 1 mM PMSF and 10 μl/ml  
of protease inhibitor cocktail (Sigma-Aldrich). 
Other protocols for protein extraction and  
western blotting were carried out as described 
previously [21, 24]. We used the following pri-
mary antibodies: rabbit anti-TFEB (1:800, 
Anbo), rabbit anti-Beclin-1 (1:2000, Sigma-
Aldrich), mouse anti-GAPDH (1:2000; Protein- 
tech Group), and rabbit anti-LC3II (1:1000, 
Abcam). Secondary antibodies against the 
appropriate primary species were used at 
1:20,000 dilution.

Immunohistochemistry and immunofluores-
cence

The method of immunohistochemistry used for 
frozen sections was previously described [27]. 
The primary antibodies used include rabbit 
anti-TFEB (1:100; Anbo) and rabbit anti-Beclin-1 
(1:200; Sigma). Specific reactivity was detected 
using a DAB kit (ZsBio, Beijing, China). For dou-
ble immunofluorescence labeling, a mixture of 
the following antibodies was used at the dilu-
tions indicated: rabbit anti-TFEB (1:100; Anbo), 
mouse anti-GFAP (1:300; Cell signaling tech- 
nology), and chicken anti-β-III tubulin (1:600; 
Abcam). Secondary antibodies against the 
appropriate primary species were used: goat 
anti-rabbit Cy3 (1:400; Jackson ImmunoRe- 
search), goat anti-chicken AlexaFluor 488 
(1:400; Jackson ImmunoResearch), and don-
key anti-mouse AlexaFluor 488 (1:400; Jackson 
ImmunoResearch). The images were obtain- 
ed by confocal microscopy (Olympus FV500, 
Japan).

For cell immunofluorescence, NSC-34 cells 
were plated onto coverslips in complete culture 
medium for 24 h. The cells were then transfect-
ed with the plasmids. At 24, 48, and 72 h after 
transfection, the cells were fixed with 4% para-
formaldehyde for 20 min, incubated in 0.3% 
Triton X-100-PBS for 10 min at room tempera-
ture, followed by blocking with 5% goat serum 
at 37°C for 30 min. The cells were then incu-
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bated with the following primary antibodies at 
4°C overnight: rabbit anti-TFEB (1:100; Anbo), 
rabbit anti-Beclin-1 (1:200; Sigma-Aldrich). 
After being soaked in goat anti-rabbit IgG con- 
jugated to Cy3 secondary antibody (1:400; 
Jackson ImmunoResearch) at 37°C for 1 h,  
the sample was stained with Hoechst33258 
(1:1000; Sigma-Aldrich). Images were obtained 

using an inverted fluorescence microscope 
(Olympus, Japan).

Statistical analysis

All data are shown as mean ± SD. SPSS 13.0 
was used for statistical evaluation. The two 
data sets were compared using the two-tailed 

Figure 1. The expression of TFEB and Beclin-1 in the spinal cords of ALS mice and WT mice. A. Representative 
RT-PCR of TFEB. β-actin was used as an internal control. B. Representative western blot of TFEB protein. GAPDH 
was used as an internal control. C. The relative mRNA levels of TFEB as analyzed by RT-PCR (n = 5). D. The relative 
intensity of TFEB protein as analyzed by western blot (n = 5). E. Representative RT-PCR of Beclin-1. β-actin was used 
as an internal control. F. Representative western blot of Beclin-1 protein. GAPDH was used as an internal control. 
G. The relative mRNA level of Beclin-1 as analyzed by RT-PCR (n = 5). H. The relative intensity of Beclin-1 protein as 
analyzed by western blot (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, vs. WT.
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Student’s t-test. A probability level of 0.05 or 
less was considered statistically significant.

Results

The altered expression of TFEB and Beclin-1 in 
ALS transgenic mice

To explore the role of TFEB in the pathogenesis 
of ALS, we detected its expression in SOD1-
G93A ALS transgenic mice at different stages 
using RT-PCR and western blot. TFEB mRNA 
and protein remained unchanged during the 
asymptomatic stage (70 d, data not shown) but 
were up-regulated in the early stage (95 d) and 
down-regulated in the middle and end stages 
(108 d and 122 d) in the spinal cords of ALS 
mice, compared with WT mice. The differences 
found in the symptomatic stages were all sig-
nificant (*P < 0.05, **P < 0.01, ***P < 0.001) 
(Figure 1A-D). 

Similarly, the expression of Beclin-1, an impor-
tant autophagy-regulatory gene, was markedly 
altered, similar to the expression of TFEB in ALS 
transgenic mice (*P < 0.05, **P < 0.01, ***P < 
0.001) (Figure 1E-H). This pattern of changes 
indicates that the function of TFEB and Beclin-1 
in the early stage of disease may be different 
from the middle and end stages.

The distribution and localization of TFEB and 
Beclin-1 in ALS transgenic mice

To investigate the distribution and localization 
of TFEB and Beclin-1, we analyzed their expres-
sion by immunohistochemistry labeling. TFEB-
positive cells were detected in the gray and 
white matter of the spinal cord, but none were 
found in the central canal. The majority of the 
TFEB-positive cells were located in the ventral 
horn within the gray matter. Within the white 
matter, nerve fibers were also immunopositive. 
At 70 d, the immunoreactivity of TFEB was 
unchanged in the spinal cord of ALS mice com-
pared to age-matched WT mice. At 95 d, the 
immunoreactivity of TFEB was strong in the ALS 
mice but weak in WT mice, in both gray and 
white matter. At 108 d and 122 d, the immuno-
reactivity of TFEB was weak in ALS mice but 

strong in WT mice (Figure 2). At 108 d and 122 
d, the nerve fibers in the white matter of ALS 
mice became irregular and also decreased 
because of serious degeneration of motor neu-
rons. The distribution of Beclin-1 was similar to 
that of TFEB (Figure 2).

To determine whether TFEB or Beclin-1 was 
colocalized with β-tubulin III for neurons or 
GFAP for mature astrocytes, we performed dou-
ble-immunofluorescence staining. The result 
revealed that TFEB/β-tubulin III and Beclin-1/β-
tubulin III double-positive cells were detected in 
both ALS and WT mice, and most of the double-
positive cells were located in the ventral horn 
(Figure 3). However, TFEB/GFAP and Beclin-1/
GFAP double-positive cells were not found in 
either ALS or WT mice (Figure 3), suggesting 
that TFEB and Beclin-1 were expressed in neu-
rons but not in mature astrocytes. The majority 
of the positive cells were expressed mainly in 
neurons.

Altered expression of TFEB and Beclin-1 in the 
NSC-34 cell model

We transfected NSC-34 cells using the pEGFP-
G93A-SOD1 and pEGFP-WT-SOD1 plasmids to 
explore the expression of TFEB and Beclin 1 in 
the NSC-34 cell model. At 24, 48, and 72 h 
after transfection, TFEB and Beclin-1 mRNA 
and protein were detected by RT-PCR and west-
ern blot. At 24 h, there was no significant differ-
ence in the expression of TFEB or Beclin-1 of 
NSC-34 cells transfected with the pEGFP-
G93A-SOD1 and pEGFP-wt-SOD1 plasmids. 
The NSC-34 cells that carried the pEGFP-G93A-
SOD1 plasmid had lower levels of TFEB or 
Beclin-1 mRNA and protein at both 48 h and  
72 h than NSC-34 cells transfected with the 
wild-type plasmid (**P < 0.01, ***P < 0.001) 
(Figure 4A-H), suggesting that the expression 
of TFEB and Beclin-1 were altered in the ALS 
cell model, in agreement with our results using 
the animal model. Immunofluorescence stain-
ing showed that the immunoreactivity of TFEB 
was weak in the NSC-34 cells transfected with 
pEGFP-G93A-SOD1 but strong in the NSC-34 
cells transfected with pEGFP-wt-SOD1 at 48 h 
and 72 h (Figure 4I).

Figure 2. The distribution of TFEB and Beclin-1 in the spinal cords of ALS mice and WT mice detected by immunohis-
tochemical staining. Immunohistochemistry images were taken of gray matter (GM) and white matter (WM) of the 
spinal cords at different stages. 70 d (A, B, I, J); 95 d (C, D, K, L); 108 d (E, F, M, N); 122 d (G, H, O, P); GM (1); WM 
(2); WT (A, C, E, G, I, K, M, O); ALS (B, D, F, H, J, L, N, P). Scale bar = 50 μm.
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Overexpression of TFEB 
promotes autophagy in 
vitro

To determine whether TFEB 
was involved in autophagy 
in the pathogenesis of ALS, 
we constructed a plasmid 
with TFEB overexpression. 
At 24 h, 48 h, and 72 h 
after co-transfection with 
pEGFP-G93A-SOD1 and Ds- 
Red2-TFEB plasmids, we 
examined the efficiency of 
TFEB overexpression using 
RT-PCR and western blot. 
The result showed that at 
24 h, 48 h, and 72 h aft- 
er transfection, the TFEB 
mRNA of NSC-34 cells co-
transfected with pEGFP-
G93A-SOD1 and DsRed2-
TFEB plasmids were all up-
regulated significantly com-
pared with the NSC-34 
cells co-transfected with 
pEGFP-G93A-SOD1 and Ds- 
Red2 empty vectors (*P < 
0.05, **P < 0.01, ***P < 
0.001) (Figure 5A-D). The 
TFEB protein levels in 
NSC34 cells co-transfected 
with pEGFP-G93A-SOD1 
and DsRed2-TFEB plas-
mids were up-regulated sig-
nificantly compared to 
NSC-34 cells co-transfect-
ed with pEGFP-G93A-SOD1 
and DsRed2 empty vec- 
tors.

To elucidate how TFEB 
overexpression alters auto- 
phagy, the protein expres-
sion of LC3-II, a marker of 
autophagy, was measured 
in NSC34 cells with the 
SOD1-G93A mutation. We- 
stern blot analysis reveal- 
ed that, compared with  
the group transfected with 
empty vector. LC3-II protein 
in the NSC-34 cells with 
DsRed2-TFEB was signifi-

Figure 3. Double immunofluorescence staining results showing the colocaliza-
tion of TFEB or Beclin-1 with β-tubulin III or GFAP. Representative confocal im-
ages were taken of gray matter (GM) of 108-day-old mice. WT (panel 1, 3, 5, and 
7) and ALS (panel 2, 4, 6, and 8). Scale bar = 50 μm.
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cantly up-regulated at 24 h, 48 h and 72 h after 
transfection (*P < 0.05, **P < 0.01, ***P < 
0.001) (Figure 5I, 5J), suggesting that the over-
expression of TFEB promotes autophagy.

TFEB overexpression results in the increased 
expression of Beclin-1 in vitro

To explore the molecular mechanisms underly-
ing TFEB's regulation of autophagy, we mea-
sured the expression of Beclin-1, an important 
factor in autophagy, using RT-PCR and western 
blot. Compared with the group transfected with 
empty vector, Beclin-1 mRNA levels were up-
regulated at 48 h and 72 h after transfection. 
No significant difference was found at 24 h. 
The protein levels of Beclin-1 were significantly 
up-regulated at 48 h and 72 h after transfec-
tion (*P < 0.05, **P < 0.01) (Figure 5E-H), sug-
gesting that the overexpression of TFEB pro-
motes autophagy by up-regulating the expres-
sion of Beclin-1.

TFEB overexpression increased cell prolifera-
tion and survival of NSC-34 cells with the 
SOD1-G93A mutation

To examine the role of TFEB in cell proliferation 
and survival of NSC-34 cells with the SOD1-
G93A mutation, we examined the effect of 
TFEB overexpression on cell growth. As shown 
in Figure 5K, the OD value of NSC-34 cells co-
transfected pEGFP-G93A-SOD1 and DsRed2-
TFEB was lower than that of NSC-34 cells  
co-transfected with pEGFP-G93A-SOD1 and 
DsRed2 empty vector, which suggests that 
TFEB overexpression increases cell prolifera-
tion and survival of NSC-34 cells with the 
SOD1-G93A mutation.

Discussion

ALS is a motor neuron disease characterized  
by the aggregation of misfolded proteins. Auto- 
phagy is a fundamental intracellular degrada-
tive pathway that plays a central role in clearing 
away aggregated proteins; defects in clearance 

of these misfolded proteins have been associ-
ated with several neurodegenerative disorders. 
LC3-II, a well-known autophagic marker, was 
increased in SOD1-G93A transgenic mice in the 
symptomatic stage compared with WT mice 
[18, 19]. An et al. [25] also reported increased 
LC3-II expression in the brainstem motor neu-
rons of SOD1-G93A mice. Crippa et al. [26] 
found that LC3 mRNA was significantly up-regu-
lated in the skeletal muscle of tgG93A-SOD1 
mice at symptomatic (16 weeks) stages. 
Accumulating evidence indicates that altered 
autophagy is involved in ALS motor neuron 
degeneration.

Recently, a new transcription-dependent mech-
anism regulating autophagy was identified. 
TFEB, a member of the MITF/TFE subfamily of 
basic helix-loop-helix leucinezipper (bHLH-Zip) 
transcription factors, not only controls lysosom-
al biogenesis, but also regulates autophagy. 
TFEB overexpression in HeLa cells increases 
the expression of LC3, and depletion of TFEB 
results in decreased levels of LC3-II [18, 19, 27, 
28]. However, changes in the expression of 
TFEB in the spinal cord of ALS have not yet 
been detected, and the role and mechanisms 
of TFEB in pathogenesis remain uncertain.

Here we found that TFEB mRNA and protein 
were up-regulated in the early stage (95 d) but 
down-regulated in the middle and end stages 
(108 d and 122 d) of disease in the spinal cords 
of ALS mice, compared with wild-type mice. We 
also measured the expression of TFEB in a cell 
model. The NSC-34 cells that carried the pEG-
FP-G93A-SOD1 plasmid had lower levels of 
TFEB mRNA and proteins at both 48 h and 72 h 
than those in NSC-34 cells transfected with the 
pEGFP-wt-SOD1 plasmid, suggesting that the 
SOD1 with a mutation affected the expression 
of TFEB. The expression of TFEB was altered in 
both our cell model and our animal model, sug-
gesting that TFEB may be closely related to the 
pathogenesis of ALS. The majority of the TFEB-
positive cells are expressed mainly in β-tubulin 

Figure 4. Altered expression of TFEB and Beclin 1 in NSC-34 cells transfected with the pEGFP-SOD1-G93A or pEGFP-
SOD1-WT plasmids. A. Representative RT-PCR of TFEB. β-actin was used as an internal control. B. Representative 
western blot of TFEB protein. GAPDH was used as an internal control. C. The relative mRNA levels of TFEB as ana-
lyzed by RT-PCR (n = 5). D. The relative intensity of TFEB protein as analyzed by western blot (n = 5). E. Representa-
tive RT-PCR of Beclin-1. β-actin was used as an internal control. F. Representative western blot of Beclin-1 protein. 
GAPDH was used as an internal control. G. The relative mRNA level of Beclin-1 as analyzed by RT-PCR (n = 5). H. 
The relative intensity of Beclin-1 protein as analyzed by western blot (n = 5). I. Immunofluorescence staining results 
showing the expression of TFEB and Beclin-1 in NSC-34 cells 72 h after transfection. Scale bar = 50 μm. **P < 0.01, 
***P < 0.001, vs. pEGFP-wt-SOD1.
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III-labeled neurons, indicating that the altered 
expression of TFEB in ALS pathogenesis mainly 
affects neurons.

To determine whether TFEB was involved in 
autophagy in the pathogenesis of ALS, NSC34 
motor neuron cells were transfected with the 
TFEB plasmid. The efficiency test showed that 
at 24, 48, and 72 h after transfection, TFEB 
mRNA were all up-regulated significantly. TFEB 
protein levels of NSC-34 cells carrying the pEG-
FP-G93A-SOD1 and DsRed2-TFEB plasmids 
were also up-regulated significantly compared 
to NSC-34 cells carrying the pEGFP-G93A-
SOD1 and empty vectors. To determine how 
TFEB overexpression alters autophagy, we 
measured the protein expression of LC3-II by 
western blot analysis. LC3-II protein levels were 
significantly up-regulated at 24 h, 48 h and 72 
h after transfection in response to the overex-
pression of TFEB, suggesting that TFEB overex-
pression promotes autophagy.

Furthermore, several recent studies demon-
strated that TFEB is also involved in other neu-
rodegenerative diseases. For example, the 
presence of α-synuclein is characteristic of PD. 
TFEB is a key player in the induction of 
α-synuclein-induced toxicity and PD pathogen-
esis. TFEB-mediated autophagy rescues mid-
brain dopamine neurons from α-synuclein toxic-
ity, thus identifying TFEB as a promising target 
for therapies aimed at neuroprotection and dis-
ease modification in PD [29, 30]. Enhancement 
of TFEB function has been shown to stimulate 
the autophagy, promote protein clearance, and 
protect neurons in cellular models of protein 
misfolding and oxidative stress, as well as in a 
mouse model of HD [27, 31]. La et al. [32] found 
decreased expression of TFEB in HD cells and 
mice and noted that PPARGC1A is upstream of 
TFEB in promoting proteostasis. TFEB does 
appear to be a key regulator of cellular protein 

and organelle homeostasis, suggesting that 
further investigation into its biology and regula-
tion is warranted.

To test whether TFEB regulates the expression 
of autophagy genes, we measured the expres-
sion of Beclin-1in both our animal and cell mod-
els. Beclin-1 mRNA and protein were up-regu-
lated at 95 d but down-regulated at 108 d and 
122 d in the spinal cords of ALS mice compared 
to wild-type mice. Recently, Nassif et al. [33] 
reported that BECN1 mRNA and protein levels 
were upregulated in symptomatic SOD1-G86R 
transgenic mice. We used another ALS trans-
genic mouse with a SOD1-G93A mutation to 
examine the expression changes of Beclin-1 in 
the early, middle, and end stages of disease. 
Our results showed more detailed changes in 
Beclin-1 in the pathogenesis of ALS. We found 
a high degree of coexpression of Beclin-1  
and β-tubulin III, a marker for neurons, but  
no Beclin-1/GFAP double-positive cells were 
found, in agreement with the results of Nassif 
et al. Studies in models of PD, HD, and AD indi-
cate that abnormal interaction of disease-relat-
ed proteins with Beclin-1 may alter its biological 
function, contributing to neurodegeneration 
[34-36].

Beclin-1 mRNA and protein were also decreased 
in NSC-34 cells carrying the pEGFP-G93A-
SOD1 plasmid compared to those carrying the 
pEGFP-WT-SOD1 plasmid. The expression of 
Beclin-1 is consistent with that of TFEB; per-
haps they are linked in function. Overexpression 
of TFEB in NSC-34 cells increased Beclin-1 
expression (both mRNA and protein) with a con-
cordant increase in cellular autophagy mea-
sured by LC3-II. Our results indicate that TFEB 
is associated with altered autophagy via regu-
lation of Beclin-1 expression. Many researchers 
have focused on the role and mechanisms of 
TFEB in autophagy and attempted to identify 

Figure 5. TFEB overexpression increased the expression of both Beclin-1 and LC3-II and cell survival in NSC-34 
cells with a SOD1-G93A mutation. A. Representative RT-PCR of TFEB. β-actin was used as an internal control. B. 
Representative western blot of TFEB protein. GAPDH was used as an internal control. C. RT-PCR analysis illustrating 
the overexpression of TFEB (n = 4). D. Western blot analysis illustrating the overexpression of TFEB. The amount of 
TFEB was quantified and normalized against GAPDH (n = 4). E. Representative RT-PCR of Beclin-1. β-actin was used 
as an internal control. F. Representative western blot of Beclin-1 protein. GAPDH was used as an internal control. G. 
RT-PCR analysis illustrating up-regulation of Beclin-1 (n = 4). H. Western blot analysis illustrating the up-regulation 
of Beclin-1. The amount of Beclin-1was quantified and normalized against GAPDH (n = 4). I. Representative western 
blot of LC3-II protein. GAPDH was used as an internal control. J. Western blot analysis illustrating up-regulation of 
LC3-II. The amount of LC3-II was quantified and normalized against GAPDH (n = 4). K. TFEB overexpression in-
creases cell survival of NSC-34 cells with the SOD1-G93A mutation evaluated by MTS assay. *P < 0.05, **P < 0.01, 
***P < 0.001, vs. DsRed2 vector.
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the targets of TFEB. Palmieri et al. [37] found 
that Beclin-1 is one of the direct targets of 
TFEB. They used a combination of genomic 
approaches, including ChIP-seq (sequencing  
of chromatin immunoprecipitate) analysis, pro-
filing of TFEB-mediated transcriptional induc-
tion, genome-wide mapping of TFEB target 
sites, and recursive expression meta-analysis 
of TFEB targets, and identified 471 TFEB direct 
targets that represent essential components of 
the CLEAR (Coordinated Lysosomal Expression 
and Regulation, CLEAR) network. Settembre  
et al. [14] reported that TFEB overexpression 
significantly affected the expression of several 
genes in different steps of autophagy, includ- 
ing MAPLC3B, ATG9B, SQSTM1, UVRAG, and 
VPS11. These genes carry at least one TFEB 
target site in their promoters and appear to be 
targets of TFEB.

Emerging studies have demonstrated that up-
regulation of autophagy is beneficial in various 
models of neurodegenerative diseases [38, 
39]. Kabuta et al. [40] found that the activation 
of autophagy decreases the expression of 
mutant SOD1 and reduces its neurotoxicity. 
Lithium, one of the autophagy inducers, can 
protect motor neurons from damage and pro-
long the lifespan of ALS transgenic mice by 
clearing the aggregation of abnormal mutant 
SOD1 protein. In fact, lithium delays progres-
sion of ALS [41]. Therefore, understanding the 
molecular mechanisms underlying the regula-
tion of autophagy is crucial to the development 
of strategies for therapy. Targeting autophagy 
may serve as an effective therapeutic strategy 
against neurodegenerative diseases. Song et 
al. [42] reported that 2-hydroxypropylbeta-
cyclodextrin, a small molecule, promotes tran-
scription factor EB-mediated activation of 
autophagy, which may suggest possible thera-
peutic approaches.

Conclusions

TFEB plays a critical role in the pathogenesis of 
ALS by regulating cellular autophagy. TFEB pro-
motes autophagy by enhancing the expression 
of Beclin-1, increasing cell proliferation and 
survival. The altered autophagy mediated by 
TFEB is a key element in the pathogenesis of 
ALS, making TFEB a very promising target for 
the development of novel drugs and new gene 
therapeutics for ALS.
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