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Abstract: Background: Amyotrophic lateral sclerosis (ALS) can result in the dysfunction of upper and lower motor
neurons. A previous study has indicated that TBK1 mutation (hTBK1-c.978T>A) is involved in progression of ALS.
However, the mechanism by which TBK1 mutation mediates the progression of ALS remains unclear. Methods:
NSC-34 cells with hTBK1-¢c.978T>A mutation (TBK1 mutation status) was used to mimic ALS in vitro. In addition,
cell proliferation was detected by Ki67 staining. Gene and protein expressions in NSC-34 cells were detected by
RT-gPCR and western blot, respectively. ROS and PGSK levels in NSC-34 cells were detected by flow cytometry. Re-
sults: hTBK1-¢.978T>A mutation significantly inhibited the proliferation of NSC-34 cells via inducing cell ferroptosis,
while the effect of TBK1 mutation was notably reversed by Ferrostatin-1 or p62 siRNA. Meanwhile, hTBK1-c.978T>A
mutation significantly increased the expression of KEAP1 in NSC-34 cells, while this phenomenon was partially
reversed by p62 knockdown. Conclusion: hTBK1-c.978T>A mutation promoted promotes the ferroptosis in NSC-34
cells via regulation of KEAP1/NRF2/p62 signaling. Thus, hTBK1-c.978T>A mutation may serve as a possible target

for the treatment of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a motor
neuron disease which is characterized by death
of motoneurons (MN) and early denervation of
the neuromuscular junction (NMJ) [1]. The re-
traction of MN nerve terminals at striated mus-
cles leads to the phenomenon that patients
with ALS suffer muscle weakness and paralysis
[2, 3], and these symptoms seriously disturb
their lives. Nowadays, the main treatment of
ALS is neurotrophic drug therapy, while the
therapeutic effect is still not ideal [4]. Althou-
gh some efforts have been made to study ALS
[5, 6], the outcomes remain limited. Thus, it is
urgent to find a new method for the treatment
of ALS.

It has been demonstrated gene mutation is
known to be participated in ALS. For instance,
TAR DNA-binding protein 43 (TDP-43) muta-
tion is correlated with DNA repair in ALS [7].
Watanabe Y et al found that C210RF2 muta-

tion is involved in progression of ALS [8]. TA-
NK-binding kinasel (TBK1) has been confirm-
ed as a risk gene of ALS [9]. Meanwhile, a re-
cent research has indicated that TBK1 mu-
tation (TBK1-c.1069C>T, TBK1-c.4C>T et al)
could act as a key mediator in ALS [10], and it
has been verified that a new TBK1 mutation
(hTBK1-c.978T>A mutation) is involved in ALS
[11]. However, the mechanism by which hTBK1-
¢.978T>A mutation mediates the progression
of ALS remains unclear.

Ferroptosis is known to be an iron-dependent
mechanism of cell death [12]. It is a pro-
grammed cell death process which is different
from autophagy, necrosis, and apoptosis [13,
14]. In addition, it has been indicated that fer-
roptosis can act as an important mediator in
ALS [15-17]. However, the correlation between
hTBK1-¢.978T>A mutation and ferroptosis in
ALS is largely unknown. In the current research,
we sought to explore the function of hTBK1-
€.978T>A mutation in ALS in vitro. We hope our
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research would provide a new idea for ALS
treatment.

Material and methods
Cell culture

Mouse motor neuron-like hybrid cell line (NSC-
34) was purchased from Vecscience Co. Ltd
(Wuhan, China). Cells were cultured in Dulbe-
cco’s modified Eagle’s medium (DMEM) and
Ham’s F-12K Nutrient Medium (a mixture of
1:1; Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 15 mM HEPES (Sigma-Aldri-
ch), 10% fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA), 100 U/ml penicillin and
100 pg/ml streptomycin (Sigma-Aldrich). In
addition, cells were incubated at 37°C in 5%
CO,,.

Cell transfection

hTBK1-¢c.978T>A mutation pcDNA-3.1 or nega-
tive control (pcDNA3.1-NC, 10 nM) were trans-
fected into NSC-34 cells using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). hTBK1-
€.978T>A mutation plasmids and pcDNA-3.1-
NC were purchased from GenePharma (Shang-
hai, China). For p62 knockdown, siRNAs target-
ed against p62 (p62 siRNA1, p62 siRNA2 and
p62 siRNA3; 10 nM; RiboBio, Guangzhou, Chi-
na) and a negative control siRNA (siRNA-NC)
were transfected into NSC-34 cells using Lipo-
fectamine® 2000 (Invitrogen). Cells were incu-
bated at 37°C for 6 h before subsequent ex-
periments were performed. The sequences of
the siRNAs were as follows: Negative cont-
rol siRNA, 5-UUCUCCGAACGUGUCACGUTT-3’;
p62 siRNA1, 5-GGAAUGAAGCAACUGAGAUUU-
3’; p62 siRNA2, 5-GGGTTACGATTGCCCAGAT-3’
and p62 siRNA3, 5-CCGGGAAGCCCGTCCCG-
UT-3..

Quantitative real time polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted from NSC-34 cells
with TRIzol reagent (Takara) and converted into
cDNA using PrimeScript RT-PCR Kit (TaKaRa).
The level of p62 was tested in triplicate using
SYBR Premix Ex Taq (Takara) on a Real-Time
PCR System (Applied Biosystems 7500) and
normalized to ACTIN. The amplification proto-
col was set as below: Incubation at 95°C for
5 min, then 40 cycles of 95°C for 10 s and
60°C for 30 s. The primer for p62 was pur-
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chased from GenePharma (Shanghai, China).
P62 forward, 5-AGCAGTCAGTAGTTGGTCCTT-
TG-3" and reverse 5-CCATCAGTCCCGTCTTG-
AAAC-3’. GAPDH: forward, 5’-CATCATCCCTGCC-
TCTACTGG-3’; reverse 5-GTGGGTGTCGCTGTT-
GAAGTC-3..

Western blot

Cell lysates were prepared using RIPA lysis
buffer. Equal amounts (20 ug) of protein from
each group were separated by SDS-PAGE el-
ectrophoresis. Separated proteins were trans-
ferred on to a PVDF (polyvinylidene fluoride)
membrane. Then, primary antibodies against
NRF2 (1:1000), NOX1 (1:1000), GPX4 (1:1000),
FTH1 (1:12000), p62 (1:1000), COX-2 (1:1000),
KEAP1 (1:1000) and corresponding secondary
antibody (1:5000) were used to incubate with
the membrane after blocking. B-actin was uti-
lized as endogenous control. All the antibodies
were purchased from Abcam (Cambridge, MA,
USA).

CCK-8 assay

The viability of NSC-34 cells in each group was
determined by Cell Counting Kit-8 (CCK8) as-
say using CCK-8 kit of Beyotime. The optical
density (OD) values at 450 nm were detected
by a microplate reader to indicate cell viability.

Immunofluorescence

Ki67 staining was performed with Ki67 cell pro-
liferation kit (Abcam) to determine the newly
proliferated NSC-34 cells in each group. All
procedures were followed manufacturer’s pro-
tocol. The number and the percentage of Ki67
positive cells were counted and calculated.

ROS detection

Cell suspensions were collected and supple-
mented with the ROS probe DCFDA (Beyotime,
Shanghai, China) [18]. After 20 min of incuba-
tion, cells were centrifuged at 300 g, washed
with PBS, and resuspended. Finally, the relative
ROS level was measured by FACS.

PGSK level detection

Cell suspensions were collected and supple-
mented with the PGSK probe (Beyotime). After
20 min of incubation, cells were centrifuged at
300 g, washed, and resuspended. Finally, the
relative PGSK level was measured by FACS, and
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Figure 1. In vitro model of ALS was successfully established. NSC-34 cells were treated with hTBK1-c.978T>A muta-
tion or NC for 0, 24, 48 or 72 h. A. Cell viability was tested by CCK-8 assay. B. The proliferation of NSC-34 cells was
measured by Ki67 staining. Red indicates Ki67; Blue indicates DAPI. C. The positive cell rate of Ki67 staining was

calculated. **P < 0.01 compared to control, n = 3.

the ferroptotic cells were observed under a
confocal microscope.

Measurement of mitochondrial membrane
potential (AWm)

Cell suspensions were collected and supple-
mented with the JC-1 buffer (Beyotime). After
20 min of incubation, cells were centrifuged at
600 g, washed with JC-1 buffer, and resus-
pended. Finally, the mitochondrial membrane
potential was measured by FACS.

Statistical analysis

All data were expressed as Mean = SD. Dif-
ference between groups were compared using
GraphPad Prism 8 software with one-way AN-
OVA analysis and Tukey’s tests. Differences
were considered significant when P < 0.05.

Results

In vitro model of ALS was successfully estab-
lished

According to a previous finding [19], TBK1
mutation (hTBK1-¢.978T>A) may contribute to
the occurrence of ALS. Therefore, NSC-34 ce-
lIs with hTBK1-¢.978T>A mutation was used to
mimic ALS in vitro (Supplementary Figure 1). As
indicated in Figure 1A, cell viability of NSC-34
was significantly decreased by hTBK1-c.978T>
A mutation. Consistently, the proliferation of
NSC-34 cells was notably inhibited in the pres-
ence of hTBK1-c.978T>A mutation (Figure 1B
and 1C). All these data revealed that in vitro
model of ALS was successfully established.
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hTBK1-c.978T>A mutation inhibited the prolif-
eration of NSC-34 cells via inducing ferroptosis

In order to test the cell viability, CCK-8 assay
was performed. As expected, the viability of
NSC-34 cells was significantly decreased by
hTBK1-¢.978T>A mutation, while this phenom-
enon was partially reversed by ferroptosis in-
hibitor (Ferrostatin-1) (Figure 2A). Additionally,
the relative ROS level of NSC-34 cells was ob-
viously increased by hTBK1-¢.978T>A mutation
(Figure 2B). However, hTBK1-¢c.978T>A muta-
tion-induced increase of ROS in NSC-34 cells
was significantly reversed by Ferrostatin-1 as
well (Figure 2B). Consistently, Ferrostatin-1 si-
gnificantly inhibited hTBK1-¢.978T>A mutation-
induced decrease of mitochondrial membrane
potential in NSC-34 cells (Figure 2C). More-
over, hTBK1-c.978T>A mutation-induced ferro-
ptosis in NSC-34 cells was notably inhibited
in the presence of Ferrostatin-1 (Figure 2D).
Furthermore, hTBK1-¢c.978T>A mutation great-
ly decreased the PGSK level in NSC-34 cells,
while the inhibitory effect of hTBK1-c.978T>A
mutation on PGSK level was significantly re-
versed by Ferrostatin-1 (Figure 2E). Taken to-
gether, hTBK1-¢c.978T>A mutation inhibited the
proliferation of NSC-34 cells via inducing fe-
rroptosis.

hTBK1-c.978T>A mutation regulated ferropto-
sis-related protein expressions in NSC-34 cells

Next, the ferroptosis-related protein expressi-
ons in NSC-34 cells with or without hTBK1-
€.978T>A mutation were detected with western
blot. As showed in Figure 3A-D, the protein
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Figure 2. hTBK1-c.978T>A mutation inhibited the proliferation of NSC-34 cells via inducing ferroptosis. NSC-34 cells were treated with hTBK1-c.978T>A mutation,
pDNA3.1-NC (NC) or hTBK1-c.978T>A mutation + Ferrostatin-1 for 48 h. Then, (A) cell viability was tested by CCK-8 assay. (B) ROS level in NSC-34 cells was mea-
sured by flow cytometry. The relative ROS level was calculated. (C) Mitochondrial membrane potential in NSC-34 cells was tested by JC-1 assay. (D, E) Iron level of
NSC-34 cells was measured by PGSK detection. Green fluorescence indicates PGSK. The relative PGSK level was calculated. **P < 0.01 compared to control, #P
< 0.01 compared to hTBK1-¢c.978T>A mutation, n = 3.
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Figure 3. hTBK1-c.978T>A mutation regulated ferroptosis-related protein expression in NSC-34 cells. A. The protein
expressions of p62, COX2, NOX1, GPX4 and FTH1 in NSC-34 cells were detected by western blot. B-F. The relative
expressions of p62, COX-2, NOX1, GPX4 and FTH1 were quantified by normalizing to B-actin. **P < 0.01 compared
to control, #P < 0.01 compared to hTBK1-¢c.978T>A mutation, n = 3.

expressions of p62, COX-2 and NOX1 in NSC-
34 cells were significantly increased by hTBK1-
c.978T>A mutation, while the effect of hTBK1-
¢.978T>A mutation on these three proteins was
partially revered by Ferrostatin-1. In addition,
hTBK1-¢.978T>A mutation-induced inactivation
on GPX4 and FTH1 in NSC-34 cells was reversed
by Ferrostatin-1 as well (Figure 3A, 3E and 3F).
Since COX-2, NOX1, GPX4 and FTH1 are known
to be the ferroptosis-related proteins [20-23],
these data confirmed that hTBK1-c.978T>A
mutation inhibited the proliferation of NSC-34
cells via inducing ferroptosis.

hTBK1-c.978T>A mutation-induced ferroptosis
in NSC-34 cells was inhibited by p62 knock-
down

To further confirm the interaction of hTBK1-
¢.978T>A mutation and ferroptosis in NSC-34
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cells, p62 knockdown rescue experiment was
performed. As indicated in Figure 4A-C, the
expression of p62 in NSC-34 cells was signi-
ficantly decreased when transfected with p62
siRNAs. These data revealed that p62 siRNAs
were stably transfected into NSC-34 cells.
Since NSC-34 cells were more sensitive to p62
siRNA2, p62 siRNA2 was selected of use in
following experiments. Next, the CCK-8 expe-
riment indicated hTBK1-¢c.978T>A mutation-in-
duced reduction of cell viability was reversed
by p62 siRNA2 (Figure 4D). Meanwhile, silen-
cing of p62 notably reversed hTBK1-c.978T>A
mutation-induced increase of ROS in NSC-34
cells (Figure 4E). Consistently, hTBK1-c.978T>
A mutation-induced decreases of PSGK level
in NSC-34 cells was significantly rescued by
p62 knockdown (Figure 4F). Altogether, knock-
down of p62 reversed hTBK1-c.978T>A muta-
tion-induced ferroptosis in NSC-34 cells.

Am J Transl Res 2020;12(11):7386-7394
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Figure 4. Knockdown of p62 reversed hTBK1-c.978T>A mutation-induced ferroptosis in NSC-34 cells. NSC-34 cells were transfected with p62 siRNA1, p62 siRNA2
or p62 siRNA3. Then, (A) gene expression of p62 was investigated by RT-qPCR. (B) Protein expression of p62 in NSC-34 cells was tested by western blot. (C) The
relative protein level of p62 was quantified by normalizing to B-actin. (D) CCK-8 assay was performed to test the cell viability. (E) ROS and (F) PGSK level in NSC-34
cells were detected by flow cytometry. **P < 0.01 compared to control, #P < 0.01 compared to hTBK1-¢.978T>A mutation, n = 3.
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Figure 5. hTBK1-c.978T>A mutation promoted the ferroptosis in NSC-34 cells via mediation of KEAP1/NRF2/p62
signaling. A. The protein expressions of p62 and KEAP1 in NSC-34 cells were tested by western blot. B, C. The rela-
tive protein levels of p62 and KEAP1 were quantified by normalizing to B-actin. **P < 0.01 compared to control, #P

< 0.01 compared to hTBK1-c.978T>A mutation, n = 3.

hTBK1-c.978T>A mutation promoted the
ferroptosis in NSC-34 cells via mediation of
KEAP1/NRF2/p62 signaling

To further explore the mechanism by which
hTBK1-c.978T>A mutation promoted the ferr-
optosis in NSC-34 cells, western blot was us-
ed. As we expected, the expressions of p62
and KEAP1 in NSC-34 cells were notably in-
creased by hTBK1-c.978T>A mutation, while
this phenomenon was significantly reversed by
p62 siRNA2 (Figure 5A-C). To sum up, hTBK1-
¢.978T>A mutation induced the ferroptosis in
NSC-34 cells via mediation of KEAP1/NRF2/
p62 axis.

Discussion

It has been previously reported that TBK1
mutation is involved in ALS [24]. In our study,
we found hTBK1-c.978T>A mutation contribut-
ed to the occurrence of ALS via inducing fe-
rroptosis and mediating KEAP1/NRF2/p62 si-
gnaling. This finding further supplemented the
mechanism by which TBK1 mutation modulat-
ed the progression of ALS.

According to Dobson-Stone C et al [25], CYLD
mutation (c.2155A4G, p.M719V) could promo-
te the progression of ALS via mediation of p62.
Our research was consistent to this data. CYLD
is known to interact with TBK1 [26]. However,
the correlation between TBK1 hTBK1-¢c.978T>A
mutation and CYLD in ALS remains unclear and
more investigation are needed.
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It has been confirmed that ferroptosis is in-
volved in the progression of ALS [16, 27]. In
addition, our findings revealed that TBK1 mu-
tation inhibited the expressions of COX-2 and
NOX1 and upregulated the protein levels of
GPX4 and FTH1 in NSC-34 cells. COX-2, NOX1,
GPX4 and FTH1 were key mediators in ferro-
ptosis [12, 21, 28, 29]. Taken together with
the backgrounds, hTBK1-¢.978T>A mutation in-
duced the ferroptosis via mediation of COX-2,
NOX1, GPX4 and FTH1. In addition, TBK1 muta-
tion was confirmed to promote the ferroptosis
in NSC-34 cells via mediation of KEAP1/NRF2/
p62 signaling in this study. P62 is known to be
participated in oxidative stress, autophagy and
cell signaling [30]. Additionally, KEAP1 could
serve as a NRF2 activity repressor [31]. Be-
sides, p62 can remove ubiquitinated proteins
and modulate KEAP1/NRF2 axis [32]. It has
been indicated that p62 can regulate KEAP1/
NRF2 pathway [33]. Our study was consistent
to this recent finding. On the other hand,
D’Amico AG et al revealed that pituitary ade-
nylate cyclase activating polypeptide (PACAP)
modulates ALS process via mediation of MA-
PK/ERK signaling [34], and PACAP dysregula-
tion may be related to the altered hippocam-
pal function [35]. However, the relationship
between TBK1 mutation and PACAP dysregula-
tion needed to be explored in the future.

Frankly speaking, there are some limitations
in this research. For instance, the correlation
between p62 and ferroptosis remains unclear.
In addition, this research focused only on KE-
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AP1/NRF2/p62 so far, and other more path-
ways should be investigated in the future. In
conclusion, hTBK1-c.978T>A mutation promot-
es the ferroptosis in NSC-34 cells via media-
tion of KEAP1/NRF2/p62 signaling. Thus, hTB-
K1-¢.978T>A mutation could serve as a novel
target ALS treatment.
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Supplementary Figure 1. The sequence of hTBK1-c.978T>A mutation in NSC-34 cells.



