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Abstract 

TAR DNA binding protein 43 (TDP-43) A315T mutation (TDP-43A315T) has been found in amy-
otrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) as a disease causing 
mutation with enhanced protein aggregation, formation of protease-resistant fragments, and 
neurotoxicity. However, the molecular mechanisms for its pathogenic effects are largely unknown. 
In this study, we demonstrate that TDP-43A315T enhanced neuronal toxicity via activating endo-
plasmic reticulum (ER) stress-mediated apoptosis in SH-SY5Y cells. Moreover, autophagy was 
activated by overexpression of TDP-43A315T in a self-defensive manner to decrease neuronal 
toxicity. Inhibition of autophagy attenuates TDP-43A315T induced neuronal cell death. Furthermore, 
the expression levels of TDP-43, ER chaperone 78 kDa glucose-regulated protein (GRP-78), and 
autophagy marker microtubule-associated protein 1A/1B-light chain 3 (LC3) in the skin tissues 
from ALS patients with TDP-43A315T mutation were markedly higher than those from the healthy 
control. Thus, our findings provide new molecular evidence for TDP-43A315T neuropathology. In 
addition, the pathological change in the skin tissues of the patients with TDP-43A315T mutation can 
be used as a quick diagnostic biomarker. 
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Introduction 
TDP-43 is a highly conserved and ubiquitously 

expressed DNA binding protein with multiple mo-
lecular functions including transcriptional regulation, 
alternative splicing, and RNA stabilization [1, 2]. So 
far, a few mutations have been identified in patients 
with amyotrophic lateral sclerosis (ALS) or fronto-
temporal lobar degeneration (FTLD) [3-6]. Among 

them, the Ala315Thr missense mutation of TARDBP 
(TDP-43A315T) gene which is located in a highly con-
served region of exon 6, identified by Gitcho and col-
leagues in 2008 [7], is a very common one [3-6]. 
Overexpression of TDP-43A315T in cultured cells shows 
severe neuronal degeneration [8-15]. In addition, 
TDP-43A315T mice was found to develop features of 
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ALS and FTLD [15] and exhibit motor dysfunctions 
and impaired learning and memory abilities during 
ageing [16]. However, despite the established link 
between TDP-43A315T and neurodegenerative diseases 
and the neurotoxicity of TDP-43A315T, the molecular 
underpinnings of the neuropathology of this mutation 
have yet to be explored. 

Endoplasmic reticulum (ER) stress and autoph-
agy are two critical players in the pathogenesis of ALS 
[17-21] and both have been recently correlated with 
TDP-43 proteinopathy [22-27]. ER is a vital cellular 
organelle required for protein folding and processing. 
Accumulation of unfolded or misfolded proteins 
within the ER results in ER stress triggers the un-
folded protein response (UPR). The activation of UPR 
initially leads to adaptation and safeguarding cellular 
survival, while if homeostasis is disrupted, apoptosis 
and elimination of the abnormal cells will be initiated 
[28]. It has been demonstrated that overexpression of 
TDP-43 or its C-terminal fragments induced neuronal 
toxicity via activating ER stress [22, 23, 29]. Moreover, 
the ER chaperone protein disulphide isomerase (PDI) 
was found to be co-localized with TDP-43 in motor 
neurons in a greater proportion in TDP-43A315T trans-
genic mice compared with non-transgenic mice [22], 
suggesting the implication of ER stress in TDP-43A315T 
neuropathology. Similar to ER stress, autophagy be-
ing an intracellular lysosomal degradation process 
essentially associated with neuronal homeostasis, has 
both pro-death and pro-survival functions [30]. Pre-
vious studies suggested the existence of a feedback 
regulatory loop between TDP-43 and autophagy 
manifested by impairment of the autophagy resulted 
from the depletion of TDP-43 [24] while the induction 
of autophagy improved TDP-43 clearance and neuron 
survival [25-27]. However, the relationship between 
TDP-43A315T and autophagy as well as ER stress has 
not been established yet. 

In this study, we demonstrate that TDP-43A315T 

induced neuronal toxicity via activating ER 
stress-mediated apoptosis in SH-SY5Y cells. Autoph-
agy was enhanced by the expression of TDP-43A315T to 
attenuate neuronal toxicity in SH-SY5Y cells. More 
important, levels of ER stress protein marker 78 kDa 
glucose-regulated protein (GRP-78) and autophagy 
marker microtubule-associated protein 1A/1B-light 
chain 3 (LC3) were elevated in patients with 
TDP-43A315T mutation compared with the healthy 
control. Our findings elucidate the precise mechanism 
underlying the neuronal toxicity of TDP-43A315T, and 
may offer disease-specific biomarkers of skin tissue 
for early diagnosis for patients with TDP-43A315T mu-
tation.  
 

Materials and Methods 
Cell culture, transfections, and chemicals 

SH-SY5Y cells were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) (GIBCO, USA) 
supplemented with 15% newborn calf serum (GIBCO, 
USA), 100 U/ml penicillin and 100 mg/ml strepto-
mycin (Invitrogen, USA), at 37°C in a humidified in-
cubator of 5% CO2. The mammalian expression plas-
mid pEGFP-TDP-43 and pEGFP-TDP-43A315T were 
gifts provided by Professor Guanghui Wang (Soo-
chow University, China). The mammalian expression 
plasmids HA-TDP-43 and HA-TDP-43A315T were sub-
clones of PCR products. Transfections were per-
formed using Lipofectamine 2000 (Invitrogen, USA) 
according to the manufacturer’s instructions. 
3-Methyladenine (3-MA) was purchased from Sigma, 
USA. Plasmids were transiently transfected by 
Lipofectamine 2000 when the SH-SY5Y cells density 
was up to 40%. Briefly, the plasmids and Lipofec-
tamine 2000 were premixed in OPTI-medium 
(GIBCO, USA) for 30 min and then applied to the 
cells. After transfection for 6 h, the medium was re-
placed with fresh medium containing 15% FBS, and 
cells were treated for another 24 h and harvested. 

Immunoblotting 
 Immmunoblotting was performed as described 

before [31]. Briefly, whole cell lysates were prepared 
using TSPI buffer (50 mM Tris–HCl, 150 mM NaCl, 1 
mM EDTA, 1 mg/ml aprotinin, 10 mg/ml leupeptin, 
0.5 mM Pefabloc SC, 10 mg/ml pepstatin, and 1% 
NP-40). The samples were subjected to SDS-PAGE. 
After transferred to nitrocellulose membranes, blots 
were blocked with 5% nonfat dry milk in TBST (0.25% 
Triton X-100 in PBS, pH 7.4) for 30 min, and then in-
cubated with primary antibodies overnight at 4°C. 
After washing 3 times in TBST, the membrane was 
incubated with anti-rabbit IgG (Cell Signaling Tech-
nology, USA) or anti-mouse IgG (Cell Signaling 
Technology, USA) for 1 h. Membranes were washed 
three times and proteins were visualized after ECL 
(Pierce Chemical, USA) treatment. The primary anti-
bodies used were rabbit polyclonal anti-Bcl-2 anti-
body (Santa Cruz Biotechnology, USA), rabbit poly-
clonal anti-Bcl-xL antibody (Cell Signaling Technol-
ogy, USA), rabbit polyclonal anti-caspase-3 (Cell Sig-
naling Technology, USA),  rabbit polyclonal an-
ti-caspase-9 (Abcam, UK), mouse monoclonal an-
ti-CHOP antibody (Santa Cruz Biotechnology, USA),  
rabbit polyclonal anti-GRP-78 (Abcam, UK), rabbit 
polyclonal anti-phospho-eIF2α antibody (Cell Sig-
naling Technology, USA), rabbit polyclonal an-
ti-caspase-12 antibody (Abcam, UK), mouse mono-
clonal anti-Beclin-1 antibody (Cell Signaling Tech-
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nology, USA), rabbit polyclonal anti-LC3 antibody 
(Cell Signaling Technology, USA), and rabbit mono-
clonal anti-GAPDH antibody (Cell Signaling Tech-
nology, USA). 

MTT and LDH assays 
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) reduction assay was per-
formed as previously described [32] to evaluate cell 
viability. After transfection with pEGFP, 
pEGFP-TDP-43 or pEGFP-TDP-43A315T for 72 h, 0.5 
mg/ml MTT (Sigma-Aldrich, USA) was added to each 
well at 37 °C for 2 h. The formed formazan was dis-
solved in DMSO, and colorimetric determination was 
performed at 540 nm. Lactate dehydrogenase (LDH) 
activity was determined by using a commercial kit 
(Sigma-Aldrich, USA). 

Flow cytometry assay 
After transfection with HA, HA-TDP-43 or 

HA-TDP-43A315T for 72 h, cells washed twice with 
1×PBS were double-stained with Annexin V conju-
gated to FITC and PI, using Annexin V-FITC apopto-
sis detection kit (Sigma-Aldrich, USA) according to 
the manufacturer’s instruction. Samples were ana-
lyzed on a Cytomics FC 500 flow cytometer (Beckman 
Coulter, USA).  

Loading of lysotracker red and MDC  
Cultured cells were incubated with LysoTracker 

(Molecular Probes, USA) for 30 min. Each well was 
then washed three times with DMEM, and fixed with 
2% paraformaldehyde for 10 min at 4°C. The red flu-
orescence of LysoTracker was visualized using a Ni-
kon Labphoto-2 fluorescence microscope.  

0.05 mM monodansylcadaverine (MDC) (Sig-
ma-Aldrich, USA) were added to cultured cells at 
37°C for 1 h, and the changes of fluorescence were 
detected by Nikon Labphoto-2 fluorescence micro-
scope at excitation wave length 380 nm with emission 
filter 525 nm. 

Immunohistochemistry  
Skin tissue sections were washed in 1×PBS for 

three times, and pre-treated with H2O2 for 5 min at 
room temperature. After blocking the non-specific 
binding sites using 1×PBS containing 2% BSA, the 
skin tissue sections were incubated with the primary 
antibodies (anti-TDP-43 rabbit antibody or an-
ti-GRP-78 rabbit antibody or anti-LC3 rabbit anti-
body) overnight at 4°C. Following three washes with 
1×PBS containing 0.3% triton-100, a biotinylated an-
ti-rabbit IgG secondary antibody (Vector Laborato-
ries, USA) was applied to the skin tissue sections for 2 
h at room temperature. The signal was visualized 
using ABC reagent from the Vector Laboratories by 

following the company’s instructions. Images were 
captured by using Nikon Labphoto-2 fluorescence 
microscope. The human subject studies were ap-
proved by the ethical standards committee of 
Zhengzhou University. Written informed consent for 
skin biopsy was obtained from all patients and 
healthy individuals participating in the study. 

Statistical analysis 
All statistical analyses were performed using 

SPSS statistical software package (SPSS version 8.0). 
Data were shown as mean±SD. A p value less than 
0.05 was regarded for statistical significance. 

Results 
TDP-43A315T induces severer neuronal toxicity 
than wild-type TDP-43 

To determine whether TDP-43A315T induces 
neuronal toxicity, we selected SH-SY5Y cells as an in 
vitro model of neuronal cells. SH-SY5Y cells were 
transiently transfected with pEGFP-TDP-43 or 
pEGFP-TDP-43A315T or pEGFP vectors. We examined 
the expression levels of both anti-apoptotic proteins 
Bcl-2 and Bcl-xL and pro-apoptotic proteins cleaved 
caspase-3 and cleaved caspase-9 by using Western 
blotting analysis (Figure 1A, B). The results show that 
the levels of anti-apoptotic proteins Bcl-2 and Bcl-xL 
were markedly suppressed, while the levels of the 
pro-apoptotic cleaved caspase-3 and cleaved caspa-
se-9 were noticeably up-regulated in cells overex-
pressing TDP-43 or TDP-43A315T compared with con-
trol.  

The neuronal toxicity of TDP-43 and TDP-43A315T 
was further confirmed by MTT and LDH assays. As 
shown in Figure 1C, overexpression of GFP-TDP-43 or 
GFP-TDP-43A315T evidently suppressed the cell viabil-
ity of SH-SY5Y cells compared with pEGFP trans-
fected control cells. Similarly, LDH levels were in-
creased in cells expressing GFP-TDP-43 or 
GFP-TDP-43A315T compared with control samples 
(Figure 1D). Apoptosis was further analyzed using 
annexin V/PI staining. Based on quantitative analysis, 
percentage of apoptotic cells in these transfected with 
HA, HA-TDP-43, and HA-TDP-43A315T were 5.1%, 
17.41%, and 26.35%, respectively (Figure 1E). Fur-
thermore, TDP-43A315T induced severer neuronal 
damage than TDP-43 in both cell viability and per-
centage of apoptotic cells. These findings suggest that 
TDP-43A315T induces neuronal toxicity via activating 
apoptosis and inhibiting cell viability. 

Overexpression of TDP-43A315T induces ER 
stress-associated apoptosis in neuronal cells 

ER stress was found to be a key player in the 
pathogenesis of ALS [17, 18, 20] and implicated with 
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TDP-43 proteinopathy [22, 23]. To examine whether 
TDP-43A315T can induce ER stress, SH-SY5Y cells were 
transiently transfected with pEGFP-TDP-43, 
pEGFP-TDP-43A315T or pEGFP vectors. Then, the ex-
pression levels of several key mediators of ER stress, 
including ER stress–mediated cell death regulator 
C/EBP homologous protein (CHOP) [33] and ER 
chaperone GRP-78 [34], and the levels of ER stress 
responsive phosphorylation of eukaryotic translation 
initiation factor 2 subunit alpha (eIF2α) [35] and acti-
vation of pro-apoptotic caspase-12 [36] were exam-
ined by Western blotting. Our results show that the 
expression of CHOP and GRP-78 was markedly 
up-regulated and the levels of phosphorylation of 
eIF2α and cleaved caspase-12 were significantly in-
creased by overexpression of TDP43 or TDP-43A315T, 
especially in the cells expressing TDP-43A315T (Figure 

2A, B). These data demonstrate that TDP-43A315T in-
duced neuronal cell death is associated with the acti-
vation of ER stress-associated apoptosis. 

Autophagy attenuates TDP-43A315T induced 
neuronal cell death 

To determine the roles of TDP-43A315T in au-
tophagic activity, we examined the expression levels 
of macroautophagic markers, LC3 and Beclin-1, using 
Western blotting analysis in cells transfected with 
pEGFP-TDP-43, pEGFP-TDP-43A315T or pEGFP vectors 
(Figure 3A, B). Our results show that the expression of 
Beclin-1 and the conversion from LC3 I to LC3 II were 
increased by overexpression of TDP-43 and 
TDP-43A315T (Figure 3A, B), especially in cells ex-
pressing GFP-TDP-43A315T.  

 

 
Figure 1. Expression of TDP-43A315T induces neuronal cell death. (A) Western blotting was performed using lysates of SH-SY5Y cells following transfection of pEGFP, 
pEGFP-TDP-43, or pEGFP-TDP-43A315T for 72 h. Each sample was probed with the indicated antibodies. (B) Quantification showing significant increase in cleaved caspase-3 and 
cleaved caspase-9 levels in pEGFP-TDP43 and pEGFP-TDP-43A315T transfected cells in comparison to pEGFP transfected cells, whereas expression levels of Bcl-2 and Bcl-xL were 
significantly decreased. Values shown are the mean ± SD from three experiments. (C) SH-SY5Y cells viability was measured by MTT assay after cells were transfected with the 
indicated constructs. Values shown are the mean ± SD from three experiments. (D) The levels of LDH released into the media were measured 72 h after cells were transfected 
with the indicated constructs. Values shown are the mean ± SD from three experiments. (E) Neuronal apoptosis was detected by Annexin V-FITC/PI after cells were transfected 
with the indicated constructs. Values shown are the mean ± SD from three experiments. Level of statistical significance: *p < 0.05, ** p < 0.01. 
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Figure 2. Overexpression of TDP-43A315T induces ER stress. (A) Western blotting was performed using lysates of SH-SY5Y cells following transfection of pEGFP, 
pEGFP-TDP43, or pEGFP-TDP-43A315T for 72 h. Each sample was probed with the indicated antibodies. (B) Quantification showing significant increase in CHOP, GRP-78, 
phosphorylated eIF2α, and cleaved caspase-12 levels in pEGFP-TDP43 and pEGFP-TDP-43A315T transfected cells in comparison to pEGFP-transfected cells. Values shown are the 
mean ± SD from three experiments. Level of statistical significance: *p < 0.05, ** p < 0.01. 

 
To elucidate the functions of autophagy in 

TDP-43A315T induced neuronal cell death, we treated 
SH-SY5Y cells expressing pEGFP-TDP-43, 
pEGFP-TDP-43A315T or HA-TDP-43, HA-TDP-43A315T 
with autophagy inhibitor 3-MA. As shown in Figure 
3C, 3-MA treatment suppressed the viability of 
TDP-43 and TDP-43A315T expressing SH-SY5Y cells 
shown by MTT assay. Similarly, 3-MA treatment in-
creased LDH release (Figure 3D). The percentage of 
apoptotic cells was increased by 3-MA in cells ex-
pressing HA-TDP-43 or HA-TDP-43A315T (Figure 3E). 
Furthermore, the staining of the autolysosome mark-
ers LysoTracker Red and MDC confirmed the activa-
tion of autophagy in SH-SY5Y cells transfected with 
HA-TDP-43 or HA-TDP-43A315T, while the stronger 
activation of autophagy was induced by 
HA-TDP-43A315T in comparison to that by HA-TDP-43 
(Figure 3F). Taken together, these data indicate that 
the activation of autophagy is involved in a 
self-defensive mechanism for neuron survival in cells 
overexpressing TDP-43 or TDP-43A315T, especially in 
neuronal cells overexpressing TDP-43 A315T. 

Patients with TDP-43A315T mutation have ele-
vated levels of TDP-43 and protein markers for 
ER stress and autophagy in the skin tissue 

To further determine the roles of TDP-43A315T in 
ALS pathology, we analyzed the skin biopsy from 
ALS patients harboring TDP-43A315T and healthy con-
trols. We found that an elevated level of TDP-43 ex-
pression was detected in patients with TDP-43A315T 

mutation compared with control samples (Figure 4A). 
To analyze the impact of ER stress and autophagy in 
TDP-43A315T causing disease progression and patho-
genesis, we next examined the levels of ER chaperone 
GRP-78 and macroautophagic marker LC3, in ALS 
patients using immunohistochemistry. Interestingly, 
the levels of both GRP-78  (Figure 4B) and LC3  (Fig-
ure 4C) were dramatically increased in skin tissue of 
patients with TDP-43A315T compared with healthy 
control. These results confirmed the close relationship 
of TDP-43A315T with ER stress and autophagy in ALS 
pathology, and suggest that expression levels of 
TDP-43, GRP-78 and LC3 in skin tissue as potential 
disease-specific biomarkers for early diagnosis for 
patient with TDP-43A315T mutation.  
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Figure 3. Inhibition of autophagy enhances TDP-43A315T induced neuronal cell death. (A) Western blotting was performed using cell lysates of SH-SY5Y cells 
following transfection of pEGFP, pEGFP-TDP-43, or pEGFP-TDP-43A315T for 72 h. Each sample was probed with the indicated antibodies. (B) Quantification showing significant 
increase in LC3 II/LC3 I ratio and Beclin 1 levels in pEGFP-TDP-43 and pEGFP-TDP-43A315T transfected cells in comparison to pEGFP-transfected cells. Values shown are the mean 
± SD from three experiments. (C) SH-SY5Y cells viability was measured by MTT assay in cells treated with 3-MA. 3-MA treatment enhanced TDP43 and TDP-43A315T induced 
neuronal death. Values shown are the mean ± SD from three experiments. (D) The release of LDH was used as an indicator of neuronal toxicity following 3-MA treatment. 3-MA 
treatment caused increase of LDH release in cells overexpressing TDP-43 and TDP-43A315T. Values shown are the mean ± SD from three experiments. (E) Neuronal apoptosis 
was detected by Annexin V-FITC/PI after cells treated with 3-MA. Values shown are the mean ± SD from three experiments. Level of statistical significance: *p < 0.05, ** p < 0.01. 
(F) Autophagy was evaluated by fluorescence microscopy with Lysotracker and MDC staining in HA-TDP43 and HA-TDP-43A315T transfected cells.  

 

Discussion 
Missense mutations in TDP-43 have been asso-

ciated with TDP-43 proteinopathies in ALS and FTLD, 
and the A315T mutant has been identified as an ALS 
causing mutation with enhanced protein aggregation 
and neurotoxicity to neurons [3-6, 37-40]. However, 
the molecular mechanism of the TDP-43A315T neuro-
pathology is not clear. In this study, we demonstrate 
that TDP-43A315T induces enhanced neuronal toxicity 
via activating ER stress-mediated apoptosis in 

SH-SY5Y cells. Autophagy was activated by the ex-
pression of TDP-43A315T to attenuate neuronal toxicity. 
In addition, ER stress protein marker GRP-78 and 
autophagy marker LC3 were observed in elevated 
levels in the skin tissue from patients with 
TDP-43A315T mutation, suggesting a diagnostic value 
of these molecules. Our findings, for the first time, 
reveal the roles of both ER stress and autophagy in 
TDP-43A315T neuropathology.  

One of the common features shared by several 
neurodegenerative disorders is the accumulation of 
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protein aggregates and the inclusions containing 
misfolded proteins, which is also a common trigger 
for ER stress [28, 41, 42]. In fact, the frequent observa-
tion of ER stress activation and its crosstalk with other 
important processes implicated in neurodegenerative 
diseases, including oxidative stress, mitochondri-
al-mediated apoptosis, and autophagy, imply an es-
sential role of ER stress in neurodegeneration [19, 
43-45]. Our data showing the significant up-regulated 
levels of phosphorylated eIF2α in TDP-43A315T ex-
pressing neuronal cells indicates that the protein ki-
nase RNA-like endoplasmic reticulum kinase (PERK) 
in ER stress pathway is activated by TDP-43A315T. 
When the UPR fails to rescue the ER stress and to re-
store cell homeostasis, cell death is initiated by the ER 

stress specific pro-apoptotic proteins and caspases, 
and the interaction between the ER stress pathways 
and the mitochondria apoptotic pathway [43, 45]. One 
major pro-apoptotic protein for ER stress activated 
cell death is CHOP, whose expression level is sub-
stantially stimulated by activation of the PERK and 
ATF6 branches of the UPR [33, 46]. In this study, we 
observe significant increase of CHOP expression in 
neuronal cells expressing TDP-43 or TDP-43A315T 

compared with control cells, with the highest level of 
CHOP in TDP-43A315T cells (Figure 2A, B), which re-
veals the involvement of CHOP in TDP-43A315T in-
duced neuronal cell death. Whether CHOP is acti-
vated via the PERK pathway only or its combination 
with ATF6 pathway requires further investigation.  

 

 
Figure 4. Elevated levels of TDP-43 and protein markers for ER stress and autophagy in the skin tissue of patients with TDP-43A315T mutation. (A) Im-
munochemistry staining for the expression of TDP-43 in skin tissue from healthy individuals (left) and patients harboring TDP-43A315T mutation (right). (B) Immunochemistry 
staining for the expression of GRP-78 in skin tissue from healthy individuals (left) and patients harboring TDP-43A315T mutation (right). (C) Immunochemistry staining for the 
expression of LC3 in skin tissue from healthy individuals (left) and patients harboring TDP-43A315T mutation (right). 
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In the current work, we have also analyzed 
whether and how caspases, well-known pro-apoptotic 
components, were involved in TDP-43A315T associated 
ER stress induced cell death. ER stress has been re-
ported to increase cytosolic calcium levels and trigger 
the activation of calpains, which subsequently cleave 
Bcl-XL and activates caspase-12 [47]. The cleaved 
caspase-12 further stimulates the activation of caspa-
se-9, which in turn activates caspase-3 and lead to 
apoptosis [48]. The association of TNF recep-
tor-associated factor 2 (TRAF2) with phosphorylated 
IRE1 also results in the cleavage of caspase-12 [49]. 
These are in line with our findings that TDP-43A315T 
induced increased levels of cleaved caspase-12, 
cleaved caspase-3, and cleaved caspase-9, and 
down-regulated pro-apoptotic Bcl-2 family proteins. 
These data demonstrate that TDP-43A315T induces 
neuronal cell death via ER stress. 

Autophagy has been shown as an essential pro-
cess for neuronal homeostasis, and may be neu-
ro-protective in some setting [50-52], or if excessively 
induced or deregulated, can lead to autophagic cell 
death [53]. In this study, to further evaluate the role of 
autophagy in TDP-43A315T neuropathology, SH-SY5Y 
cells were treated with an autophagy inhibitor. Our 
results showed that overexpression of TDP-43 or 
TDP-43A315T induces macroautophagy and the inhibi-
tion of autophagy enhances TDP-43 or TDP-43A315T 
induced neuronal cell death. Our data together with 
previous observations indicate that activation of au-
tophagy is a self-defensive mechanism for neuronal 
survival and support the recent assumption that au-
tophagy activation might have therapeutic potential 
for ALS treatment. Future research on the therapeutic 
implication of autophagy activation and its cross-talk 
with ER stress in ALS is warranted. 

Currently, there is no a simple specific diagnostic 
test for most motor neuron diseases (MNDs). The 
various symptoms among different individuals and 
different stages of the disease, and the similarity of 
MNDs with other diseases significantly complicate 
the diagnosis [54]. Identification of specific and simple 
diagnostic markers for ALS and other MNDs is ur-
gently needed. Previous studies revealing TDP-43A315T 

as a disease causing mutation for ALS and our finding 
that ER stress and autophagy were significantly acti-
vated by TDP-43A315T in neuronal cells prompted us to 
evaluate the histological changes in patients harbor-
ing TDP-43A315T mutation and possible diagnostic po-
tential of our findings from the current study. By an-
alyzing the skin biopsy from ALS patients harboring 
TDP-43A315T, we observed elevated levels of TDP-43 
expression in patients with TDP-43A315T compared 
with healthy individuals. The ER chaperone GRP-78 
stands out from the many ER-resident proteins be-

cause of its protein processing and calcium binding 
activities and its critical role as a master regulator of 
early ER stress and UPR signaling [55]. Previous 
studies have also revealed that the depletion of 
GRP-78 inhibited both ER stress and nutrient starva-
tion-induced autophagosome formation, and the 
suppression of GRP-78 mildly increased the associa-
tion of Class III phosphatidylinositol 3-kinase 
(PI3KC3) with the macroautophagic marker Beclin1, 
which suggested GRP-78 as a functional mediator in 
both ER stress and the intriguingly regulated 
cross-talk between ER stress and autophagy [55, 56]. 
LC3, on the other hand, is currently the major protein 
marker specifically associated with autophagosome in 
eukaryotes [57]. In our study, we observe that levels 
of GRP-78 and LC3 in neuronal cells expressing 
TDP-43A315T were elevated compared with control. 
More intriguingly, the levels of both GRP-78 and LC3 
were dramatically increased in skin tissues from pa-
tients with TDP-43A315T mutation compared with 
healthy individuals (Figure 4). These results confirm 
our in vitro finding for the activation of both ER stress 
and autophagy by TDP-43A315T in ALS pathology and 
further suggest TDP-43, GRP-78, and LC3 as potential 
diagnostic markers for ALS patients. Future clinical 
studies with larger amount of patients to further 
evaluate the diagnostic potential of these markers 
involved in the ER stress and autophagy pathways are 
warranted and would be beneficial for the disease 
diagnosis and therapeutics. 

Conclusions 
In summary, our results demonstrate that 

TDP-43A315T induced neuronal death via ER 
stress-mediated apoptosis. In addition, autophagy 
was activated by the expression of TDP-43A315T in a 
self-defensive manner to attenuate neuronal toxicity. 
Furthermore, the expression levels of ER stress pro-
tein marker GRP-78 and autophagy marker LC3 were 
elevated in the skin tissue from patients with 
TDP-43A315T mutation compared with control. Our 
findings provide a therapeutic rationale of suppress-
ing ER stress and enhancing autophagy for patients 
with ALS and suggest the potential of TDP-43, 
GRP-78, and LC3 as biomarkers in skin tissue for ALS 
diagnosis. 
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