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ABSTRACT ARTICLE HISTORY
TARDBP/TDP-43 (TAR DNA binding protein) proteinopathies are a common feature in a variety of neurode- Received 7 August 2018
generative disorders, including amyotrophic lateral sclerosis (ALS), frontotemporal lobar degeneration Revised 10 October 2019
(FTLD), and Alzheimer disease (AD). However, the molecular mechanisms underlying TARDBP-induced ~ Accepted 17 October 2019
neurotoxicity are largely unknown. In this study, we demonstrated that TARDBP proteinopathies induce KEYWORDS
impairment in the ubiquitin proteasome system (UPS), as evidenced by an accumulation of ubiquitinated Amyotrophic lateral
proteins and a reduction in proteasome activity in neuronal cells. Through kinase inhibitor screening, we sclerosis; PTK2/FAK;
identified PTK2/FAK (PTK2 protein tyrosine kinase 2) as a suppressor of neurotoxicity induced by UPS SQSTM1/p62; TARDBP/TDP-
impairment. Importantly, PTK2 inhibition significantly reduced ubiquitin aggregates and attenuated 43; ubiquitin-proteasome
TARDBP-induced cytotoxicity in a Drosophila model of TARDBP proteinopathies. We further identified that system
phosphorylation of SQSTM1/p62 (sequestosome 1) at S403 (p-SQSTM1 [S403]), a key component in the

autophagic degradation of poly-ubiquitinated proteins, is increased upon TARDBP overexpression and is

dependent on the activation of PTK2 in neuronal cells. Moreover, expressing a non-phosphorylated form of

SQSTM1 (SQSTM1°%%34) significantly repressed the accumulation of insoluble poly-ubiquitinated proteins

and neurotoxicity induced by TARDBP overexpression in neuronal cells. In addition, TBK1 (TANK binding

kinase 1), a kinase that phosphorylates S403 of SQSTM1, was found to be involved in the PTK2-mediated

phosphorylation of SQSTM1. Taken together, our data suggest that the PTK2-TBK1-SQSTM1 axis plays

a critical role in the pathogenesis of TARDBP by regulating neurotoxicity induced by UPS impairment.

Therefore, targeting the PTK2-TBK1-SQSTM1 axis may represent a novel therapeutic intervention for neuro-

degenerative diseases with TARDBP proteinopathies.

Abbreviations: ALP: macroautophagy/autophagy lysosomal pathway; ALS: amyotrophic lateral sclerosis;
ATXN2: ataxin 2; BafA1: bafilomycin A;; cCASP3: cleaved caspase 3; CSNK2: casein kinase 2; FTLD: frontotem-
poral lobar degeneration; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; OPTN: optineurin;
PTK2/FAK: PTK2 protein tyrosine kinase 2; SQSTM1/p62: sequestosome 1; TARDBP/TDP-43: TAR DNA binding
protein; TBK1: TANK binding kinase 1; ULK1: unc-51 like autophagy activating kinase 1; UPS: ubiquitin-
proteasome system.

Introduction nuclear RNA binding protein. So far, over fifty missense
mutations of TARDBP have been linked to sporadic and
familial ALS [5,9]. TARDBP-induced neurotoxicity is cur-
rently well-recognized as a contributor to the pathology of
ALS and other neurodegenerative diseases that are linked to
the deposition of TARDBP, known as TARDBP proteinopa-
thies, such as frontotemporal lobar degeneration (FTLD) and
Alzheimer disease [5,7,10]. However, the neuropathological
mechanisms of TARDBP proteinopathies are largely
unknown. To gain further insight into the pathogenesis of
TARDBP proteinopathies, it is critical to understand how
TARDBP deposition leads to neurotoxicity.

Amyotrophic lateral sclerosis (ALS) is the most common type
of motor neuron disease and is characterized by the progres-
sive degeneration of motor neurons in the brain and the
spinal cord [1,2]. ALS is a fatal neurodegenerative disease
with no cure. Currently, there is only two FDA-approved
drugs for ALS. However, they are known to extend lifespan
by only a few months [3,4]. Therefore, there is an urgent
demand for the development of effective treatments for ALS.

Intracellular accumulation of TARDBP/TDP-43 (TAR
DNA binding protein) is a pathological hallmark of ALS in
the majority of cases [5-8]. TARDBP is a highly conserved
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Notably, the most prominent pathological hallmark of
TARDBP proteinopathies is the presence of intracellular ubi-
quitin-positive inclusions in neurons [11,12]. Ubiquitinated
proteins are known to be rapidly degraded by the proteasome
in healthy neurons [13]. These findings raise the possibility
that the accumulation of ubiquitin-positive proteinaceous
inclusions in degenerating neurons contributes to impairment
of the ubiquitin proteasome system (UPS) in TARDBP pro-
teinopathies. Interestingly, several genes associated with ALS,
such as SQSTMI1/p62, VCP (valosin containing protein),
OPTN (optineurin), TBKI (TANK binding kinase 1) and
UBQLN?2 (ubiquilin 2), are directly linked to the degradation
of ubiquitinated proteins, suggesting that impairment of the
UPS may be a core pathological mechanism of ALS [14,15].
These findings raise the possibility that the UPS may play
a crucial role in TARDBP proteinopathies. However, it has
never been determined whether UPS impairment is involved
in the neurotoxicity of TARDBP accumulation.

Notably, Drosophila models of TARDBP proteinopathies reca-
pitulate many key pathological features of ALS, such as the deposi-
tion of ubiquitin-positive aggregates, progressive motility deficits,
and shortened lifespan [16,17]. Moreover, the TARDBP-induced
ALS-like features of animal and cellular models including neuro-
toxicity, cytoplasmic accumulation of TARDBP and endoplasmic
reticulum stress are synergistically enhanced by ATXN2 (ataxin 2),
one of the polyglutamine disease proteins (polyQ) [18-22].
Furthermore, intermediate expansion of polyglutamine disease
proteins (27 ~ 33Q) in ATXN2 has indeed been identified as
a risk factor for ALS [19]. These results demonstrate that the
Drosophila model co-expressing TARDBP and ALS-associated
ATXN2 can mimic the human TARDBP proteinopathies better
than the TARDBP-only expressing model. However, the neuro-
pathological mechanisms underlying TARDBP and/or ATXN2-
associated ALS remain largely unknown.

PTK2/FAK (PTK2 protein tyrosine kinase 2) is
a multifunctional protein that is involved in cell migration and
survival [23]. The tyrosine phosphorylation sites in PTK2 are
Tyr397, 407, 576/567, 861, and 925. Autophosphorylation at
Y397 activates PTK2 and subsequently activates its downstream
signaling pathway, but its involvement in the protein quality
control system has been largely unexplored [24]. Previous studies
have indicated that PTK2 is upregulated in the motor neurons of
a 60-d-old presymptomatic SOD1%*** ALS mouse model [25,26].

In this study, we investigated the potential role of the UPS
in TARDBP-induced neuropathology by utilizing mammalian
cellular models as well as a Drosophila model of TARDBP
proteinopathies. We demonstrated that proteasome activity is
significantly reduced by TARDBP accumulation. Moreover,
we determined that PTK2 plays a critical role in the deposi-
tion of ubiquitinated aggregates and neurotoxicity induced by
UPS impairment through regulation of the TBK1-SQSTM1
pathway in TARDBP proteinopathies.

Results
TARDBP overexpression induces UPS impairment

To determine whether TARDBP overexpression impairs the UPS
in neuronal cells, we first transfected DNA vectors expressing
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GFP-tagged human TARDBP or Gfp only into mouse neuronal
N2a cells (Figure 1A). Consistent with previous findings [11],
TARDBP overexpression markedly increased the level of poly-
ubiquitinated proteins in insoluble fractions, whereas this level
mildly increased in soluble fractions (Figure 1B). We also con-
firmed these results by performing ICC with an FK1 antibody (a
specific antibody for poly-ubiquitinated proteins). TARDBP over-
expression dramatically increased the number of poly-
ubiquitinated aggregates compared to that in the control N2a
cells (Figure 1C). Similar results were also observed in N2a cells
treated with MG132 (a potent UPS inhibitor) (Figure 1C) [27].

Although TARDBP is mainly localized in the nucleus, it
can shuttle to the cytoplasm [28]. Accumulation of cytoplas-
mic and/or insoluble TARDBP is a key pathological feature of
TARDBP proteinopathies, such as ALS and FTLD [10,29],
and this accumulation causes neurodegeneration [5,30].
Nuclear cytoplasmic fractionation of N2a cells was employed
to determine the level of cytoplasmic and nuclear TARDBP in
TARDBP-overexpressing cells. Protein levels of both nuclear
and cytoplasmic TARDBP were significantly higher in
TARDBP-GFP-expressing cells compared to those in GFP-
expressing cells (Figure 1D). Furthermore, TARDBP protein
levels were also greatly increased in the insoluble fraction of
TARDBP-overexpressing cells (Fig. S1A). These results sug-
gest that TARDBP-GFP-overexpressing N2a cells recapitulate
some critical features of TARDBP proteinopathies.

To investigate how TARDBP overexpression inhibits protea-
some activity, we measured the enzymatic activities of the 26S
proteasome. Interestingly, chymotrypsin-like activity of the pro-
teasome of TARDBP-overexpressing cells was significantly
decreased compared to that of control cells, whereas trypsin-like
and caspase-like activity were not altered (Figure 1E). It is already
known that the PSMB5 subunit of the proteasome is associated
with chymotrypsin-like activity [31]. Therefore, we assessed the
level of PSMB5 by immunoblotting with a PSMB5 antibody. The
level of PSMB5 in the purified proteasome was significantly
decreased in TARDBP-GFP-expressing N2a cells compared to
that in GFP-expressing cells (Figure 1F). Consistent with the
results of the proteasome activity assay, PSMB1 (caspase-like)
and PSMB2 (trypsin-like) levels were not significantly affected
by TARDBP overexpression (Fig. S2A-B). It is well known that
the macroautophagy/autophagy-lysosomal pathway (ALP) is acti-
vated upon UPS impairment as a compensatory mechanism [32].
In line with this, we also observed that TARDBP overexpression
activated ALP, as evidenced by increased numbers of MAP1LC3/
LC3-II" puncta and increased levels of LC3-I/II in N2a cells (Fig.
S3A-B) compared to those in control cells; this further supports
the notion that TARDBP overexpression impairs the UPS in
neuronal cells. Taken together, our data demonstrated that
TARDBP overexpression inhibits the enzymatic activity of the
proteasome and thereby increases the level of poly-ubiquitinated
proteins in neuronal cells.

PTK2 inhibition ameliorates neurotoxicity induced by
TARDBP overexpression

Given that the accumulation of poly-ubiquitinated proteins exerts
a cytotoxic effect on cells, we hypothesized that UPS impairment
may mediate neurotoxicity in TARDBP proteinopathies and that
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Figure 1. Overexpression of TARDBP causes UPS impairment in neuronal cells. (A-B) N2a cells were transiently transfected with a plasmid containing TARDBP cDNA
(pCMV6-AC-TARDBP-Gfp) or a control plasmid (pCMV6-AC-Gfp) and analyzed by immunoblotting. (A) Cell lysates were prepared, and samples were immunoblotted
with an anti-GFP or TARDBP antibody. (B) Soluble and insoluble poly-ubiquitinated protein levels in GFP- or TARDBP-GFP-expressing cells. Both soluble and insoluble
poly-ubiquitinated protein levels were significantly increased by TARDBP-GFP expression. GFP- or TARDBP-GFP-expressing cells were fractionated into the super-
natant (the soluble fraction) and the pellet (the insoluble fraction) using lysis buffer containing 1% Triton X-100. The levels of poly-ubiquitinated proteins were
analyzed by immunoblotting. Data are presented as the mean + SD of 3 independent experiments. **p < 0.005, ***p < 0.001 (Student’s t-test). (C) N2a cells were
transiently transfected with a plasmid containing either Gfp or TARDBP-Gfp for 2 d and subsequently treated with MG132 (5 puM) for 24 h. ICC was subsequently
performed to detect poly-ubiquitin (red) or DAPI (nuclei; blue). Poly-ubiquitinated aggregates were greatly increased by TARDBP-GFP expression. The percentage of
GFP-positive cells that were positive for poly-ubiquitin is shown (lower). Arrowheads indicate the colocalization of the poly-ubiquitinated aggregates with GFP-
positive cells. Scale bars: 10 um. Data are presented as the mean + SD of 3 independent experiments. *p < 0.05, ***p < 0.001 (one-way ANOVA with Bonferroni



these can be attenuated by modulating deficits in the UPS. To
address this hypothesis, we used kinase inhibitor screening to
screen molecules that regulate cytotoxicity induced by blocking
the UPS with MGI132 (Fig. S4A). We found that the PTK2
inhibitor PF573228 significantly mitigated MG132-induced toxi-
city in N2a and mouse primary cortical neurons (Figure 2A,C,
and S4B-C). We also confirmed these results by immunoblotting
for cleaved CASP3/caspase-3 (cCASP3) (Figure 2E). To rule out
the possibility of off-target effects of PF573228, we confirmed
these results using Ptk2 siRNA. Downregulation of PTK2 also
attenuated MG132-induced toxicity in N2a and primary cortical
neurons (Figure 2B,D and Fig. S5). We also confirmed these
results using a different experimental approach based on live cell
imaging and obtained similar results (Fig. S6A-B). However,
rotenone and tunicamycin-induced neuronal toxicity were not
significantly affected by a PTK2 inhibitor (Fig. S7A). These results
suggest that PTK2 inhibition specifically mitigates UPS-
impairment cytotoxicity but not cell death by other proteotoxic
stresses such as reactive oxygen production or endoplasmic reti-
culum stress. PF573228 is a PTK2-specific inhibitor [33,34].
A previous report indicated that the major autophosphorylation
site of PTK2 is Tyr397 residue (Y397) and that the level of Y397
phosphorylation represents the kinase activity of PTK2 [23,24,35].
The level of PTK2 phosphorylated at Tyr397 (p-PTK2 [Y397])
was significantly increased upon MG132 treatment in N2a cells
compared to control cells (Fig. S8A). Inhibiting PTK2 with
PF573228 significantly decreased the level of p-PTK2 (Y397)
(Fig. S8A) and insoluble poly-ubiquitinated proteins (Fig. S8B)
in MG132-treated N2a cells. We also confirmed these results in
mouse primary cortical neurons (Fig. S8C). However, MG132 is
also able to inhibit several other proteases, including serine pro-
tease and calpain [36]. Thus, we confirmed these results using
lactacystin as a more specific UPS inhibitor than MG132 [37].
Consistently, lactacystin treatment also increased p-PTK2 (Y397)
levels, and PTK2 inhibition significantly suppressed lactacystin-
induced toxicity in N2a cells (Fig. S9).

Given that PTK2 regulates cytotoxicity induced by UPS
impairment, we next investigated whether inhibiting PTK2 ame-
liorates neurotoxicity induced by overexpression of TARDBP.
We first assessed whether TARDBP overexpression increases the
level of p-PTK2 (Y397). TARDBP overexpression markedly
increased p-PTK2 (Y397) levels in N2a cells compared to those
in control cells (Figure 2F). We also confirmed these results by
immunostaining for p-PTK2 (Y397) (Fig. S10A). This result
suggests that TARDBP-induced UPS impairment is sufficient
to activate PTK2. Moreover, PTK2 inhibition by either siRNA or
PF573228 decreased the accumulation of poly-ubiquitinated
aggregates induced by TARDBP overexpression in N2a cells
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(Figure 2G). We also confirmed these results by immunoblotting
for poly-ubiquitinated proteins. The level of insoluble poly-
ubiquitinated proteins was significantly higher in TARDBP-
transfected N2a cells than in Gfp-transfected cells, and PTK2
inhibition effectively reduced the TARDBP-induced accumula-
tion of insoluble poly-ubiquitinated proteins (Fig. S1A).
Insoluble TARDBP levels were not significantly affected by
Ptk2 siRNA or a PTK2 inhibitor (Fig. S1A).

Interestingly, PTK2 inhibition reduced cytoplasmic TARDBP
protein levels but not nuclear TARDBP in TARDBP-GFP-
expressing N2a cells (Figure 1D). Cytoplasmic accumulation of
TARDBP is a marker of TARDBP toxicity. Therefore, we assumed
that TARDBP toxicity is also attenuated by PTK2 inhibition. To
determine whether PTK2 modulates neurotoxicity induced by
TARDBP overexpression, we monitored the levels of cCASP3 by
immunostaining after inhibiting PTK2 in N2a cells expressing
TARDBP. cCASP3 is a typical marker for apoptotic cell death
[38]. As expected, PTK2 inhibition suppressed TARDBP-induced
cell death in N2a cells compared to that in control N2a cells
(Figure 2H). We also confirmed these results using a different
experimental approach such as immunoblotting and CASP3 col-
orimetric activity assay (Fig. S1B-C). These results indicate that
PTK2 inhibition strongly mitigates TARDBP neurotoxicity in
a cellular model of TARDBP proteinopathies.

Downregulation of Fak ameliorates UPS impairment and
behavioral deficits in the Drosophila model of TARDBP
proteinopathies

Given strong in vitro evidence that PTK2 regulates TARDBP-
induced toxicity in neuronal cells, we next examined whether
inhibiting PTK2 suppresses TARDBP-induced toxicity in vivo
using a Drosophila model of TARDBP proteinopathies that
expresses human TARDBP and ATXN2-32Q in the nervous
system (hereafter referred to as TDP-P flies) [19,22]. The
expression of TARDBP in TDP-P flies was verified by immu-
noblot (Figure 3A). We first assessed whether the UPS is
impaired in TDP-P flies. To monitor UPS activity in flies,
we utilized CLI-GFP reporter flies expressing CL1 fused to
GFP. CL1 degron is a peptide that is rapidly degraded speci-
fically by the UPS. Therefore, the level of CL1-GFP is indica-
tive of UPS activity [39]. The protein level of CL1-GFP was
markedly increased in TDP-P flies compared to that in con-
trols (Figure 3B). Moreover, both insoluble and soluble poly-
ubiquitinated proteins were significantly increased in TDP-P
fly heads (Figure 3C), suggesting that the UPS is impaired in
the nervous system of TDP-P flies.

multiple comparison test). (D-F) N2a cells were transiently transfected with a plasmid containing either Gfp or TARDBP-Gfp for 2 d and subsequently treated with
a PTK2 inhibitor (5 puM) for 24 h. (D) Protein levels of nuclear and cytosolic TARDBP. The protein level of cytosolic TARDBP was greatly increased by TARDBP-GFP
expression, and PTK2 inhibition significantly reduced the protein level of cytosolic TARDBP in TARDBP-GFP expressing cells. Bar diagram of expression levels of
cytoplasmic and nuclear TARDBP normalized to that of TUBA or LMNA. Data are presented as the mean + SD of 3 independent experiments. *p < 0.05, **p < 0.005,
***p < 0.001, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison test). (E) Chymotrypsin-like, trypsin-like, and caspase-like activity of the 20S
proteasome in GFP- or TARDBP-GFP-expressing cells was analyzed using a Proteasome 20S assay kit from Enzo Life Sciences. TARDBP overexpression markedly
reduced the chymotrypsin-like activity of the proteasome. Data are presented as the mean + SD (n = 3). *p < 0.05, n.s., not significant (one-way ANOVA with
Bonferroni multiple comparison test). (F) Immunoblotting for the PSMB5 from the cell lysate and purified proteasome. TARDBP overexpression in N2a cells markedly
decreased the PSMB5 subunit of the proteasome in purified proteasome samples. Data are presented as the mean + SD of 3 independent experiments. **p < 0.005,

n.s., not significant (one-way ANOVA with Bonferroni multiple comparison test).
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siRNA (40 nM, D) for 30 min and subsequently treated with MG132 (5 puM) for 24 h. CCK-8 analysis was performed thereafter. Data are presented as the mean + SD of
3 independent experiments. **p < 0.005 (Student’s t-test). (E) Immunoblot for cCASP3. PTK2 inhibition significantly mitigated MG132-induced cell death. Data are
presented as the mean + SD. **p < 0.005 (one-way ANOVA with Bonferroni multiple comparison test). (F-H) N2a cells were transiently transfected with a plasmid
containing either Gfp or TARDBP-Gfp for 2 d and subsequently treated with a PTK2 inhibitor (5 pM) or Ptk2-specific siRNA (20 nM) for 24 h. (F) Immunoblot for p-PTK2
(Y397) and total PTK2. TARDBP overexpression markedly increased the phosphorylation level of PTK2. Data are presented as the mean + SD of 3 independent
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AUTOPHAGY 1401

3
$ of S 9
oa)_ <K s S <K c Insoluble ~ Soluble
33‘| S| TARDEP a0 W cLi-GFP (kDa) . .
200 1 160
P—— 460 1
TUBA R | AcTB = 158
49 . o _
38 E 160 % 122
268 3 g w
* . g 120 'g
— [ — = =
700 640 400 342 1714 Poly-Ub & g w
o =] =
g © o w00 GE :.;
2 E 117+ 5 R 2w
5 w200 B >
g ¢ 2 s
© -
g o 10 0 0
100 55— TUBA Control TDP-P Control TDP-P
o 0
Control TDP-P Control TDP-P
D E e F - ns.
120 —
12 P
[— TDP-P 0 TDP-P 100
1 .
+ Gfp RNAI @ o GprNA_I B e
§ o8 (kDa) - + Fak RNAI Z) ® (kDa) = ¥ Fak RNAI g -
Q a 9 &
& os 38 TARDBP B ] o | ATXN2 é -
X 03 2 E
IE 04 S - 20
41— ACTB
o | | o Nl N | - — T Ry
B RS Q &7 Q* S Q&
; 5 R & R QO N7
L St S SR A
S & AL o «
L AY g%
X ® TOP-P TOP-P
G H Control +Gfp RNAI +Fak RNAI
Insoluble ** *
i 1
Control TDP-P 300 270
— - *ohk 4k
wa * - % - GPRNAI 2 5, K | | e—
- + - + FakRNAi 3 S 2 2
268 ] H
= 200 g »
< 140 s
171 @ 150 2 5
Poly-Ub P ES
17+ & | S e % 1 8
[ 1 2 5
a % g s \
71 = 2 0
0
55 % - = -
w— e s s | TUBA QV‘ ev} QY o @ Control TDP-P TDP-P
& & SR +GRNAI +Fak RNAi
o ¢t "QXO“’ /\Ox@\‘
' w = TDP-P+GHRNAI
g @ A e - s » _ go5 & wsion GpROAT
% 70 = TDP-P+FakRNAI é 100 - mM —m i i i [ | Fak RNAI
£ so *% .; 2 & D L kL T I I L I I = TDP-P+Gfp RNAI
s 2 2w 1 1 » TDP-P+FakRNAI
2 2 :
T w0 2
o >
° 1 7]
£ 5
g § »
5 10 14
a @
0 Qo

18

10

Day (d) Day (d)

Figure 3. Fak downregulation mitigates UPS impairment and neuronal toxicity in a fly model of TARDBP proteinopathies. (A-B) Immunoblot of TARDBP-
proteinopathies (TDP-P) files expressing the CL1-GFP reporter (a reporter of UPS activity). Genes were expressed in the nervous system in a drug-inducible manner
with the elavG$ driver. (A) Immunoblot analysis of an anti-TARDBP antibody. (B) Immunoblot analysis of an anti-GFP antibody. The level of CL1-GFP was significantly
upregulated in TDP-P flies, which indicates impaired UPS activity. Data are presented as the mean + standard error of the mean/SEM of 3 independent experiments.
**p < 0.005 (Student'’s t-test). (C) Both soluble and insoluble poly-ubiquitinated proteins levels were significantly increased in TDP-P flies. The lysates from control or
TDP-P fly heads were fractionated into the supernatant (the soluble fraction) and the pellet (the insoluble fraction) using lysis buffer containing 1% Triton X-100. Data
are presented as the mean + SEM. *p < 0.05 (Student’s t-test). (A-C) Genotypes: Control is elavGS,UAS-CL1-Gfp/+, TDP-P is UAS-TARDBP/+;elavGS,UAS-CL1-Gfp/UAS-
ATXN2-32Q. (D) RT-PCR for Fak mRNA expression in the heads of TDP-P+ Gfp RNAi or TDP-P+ Fak RNAi flies. The quantification of data Fak mRNA transcript levels are
presented as the mean + SD from 3 independent real-time RT-PCR experiments. Gapdh was used for normalization. ***p < 0.001 (Student’s t-test). (E-F) Immunoblot
of TARDBP-proteinopathies (TDP-P) flies with Gfp or Fak RNAi. Knockdown of Fak does not affect TARDBP or ATXN2 protein levels. Data are presented as the mean +
SEM of 3 independent experiments. n.s., not significant (Student’s t-test). (D-F) Genotypes: TDP-P+ Gfp RNAi is UAS-ATXN2-32Q/+;elavGS,UAS-TARDBP/UAS-Egfp RNAI,
TDP-P+ Fak RNAi is UAS-ATXN2-32Q/+;elavGS,UAS-TARDBP/UAS-Fak RNAi"™5%%°™° (G) Immunoblot for insoluble poly-ubiquitinated proteins in the heads of TDP-P+ Gfp
RNAi or TDP-P+ Fak RNAi flies. TDP-P-induced accumulation of insoluble poly-ubiquitinated proteins was greatly reduced by Fak inhibition. Data are presented as the
mean + SEM of 3 independent experiments. *p < 0.05, **p < 0.005 (one-way ANOVA with Bonferroni multiple comparison test). Genotypes: (H) The brains of TDP-P
+ Gfp RNAi or TDP-P+ Fak RNA:i flies were immunostained for poly-ubiquitin (red) and ELAV (green). Knockdown of Fak significantly reduced the accumulation of
ubiquitinated inclusions in the brain of TDP-P flies. ELAV is a marker for most differentiated neuronal cells in the central and peripheral nervous systems of
Drosophila. The quantification of the number of poly-ubiquitin-positive inclusions per brain (right). Arrowheads indicate poly-ubiquitin-positive inclusions. Data are
presented as the mean + SEM of 4 independent experiments. ***p < 0.001 (two-way ANOVA with Tukey’s multiple comparison test). Scale bars: 50 pm. (I-J)
Knockdown of Fak mildly mitigates the climbing defects and shortened lifespan of TDP-P flies. Data are presented as the mean + SEM of 4 independent experiments.
*p < 0.05, **p < 0.005, ***p < 0.001 (one-way ANOVA with Tukey’s multiple comparison test). (G-J) Genotypes: control is elavGS/+, Gfp RNAi is elavGS, UAS-Egfp RNAi,
Fak RNAI is elavGs, UAS-Fak RNAI™39°"%, TDP-P+- Gfp RNAi is UAS-ATXN2-32Q/+;elavGS,UAS-TARDBP/UAS-Egfp RNAi and TDP-P+ Fak RNAI is UAS-ATXN2-32Q/+;elavGs,
UAS-TARDBP/UAS-Fak RNAj 00010

To determine whether knockdown of Fak (Drosophila homo-
log of PTK?2) decreases the level of poly-ubiquitinated proteins in
TDP-P flies, we downregulated the expression of Fak by RNAI-
mediated gene knock-down (Figure 3D, S11A-B). TARDBP and

ATXN2 levels were not affected in Fak RNAi flies (Figure 3E-F).
However, the amount of insoluble poly-ubiquitinated proteins
was significantly higher in TDP-P flies than in Gfp flies, and Fak
inhibition effectively reduced the TDP-P-induced accumulation
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of insoluble poly-ubiquitinated proteins (Figure 3G). We also
confirmed these results by immunostaining for poly-
ubiquitinated proteins. Knockdown of Fak decreased the num-
ber of poly-ubiquitin-positive aggregates in the brains of TDP-P
flies (Figure 3H). In physiological conditions, the level of poly-
ubiquitinated proteins was not altered by downregulation of Fak
(Fig. S12A-B). Taken together, we concluded that knockdown of
Fak attenuates UPS impairment in TDP-P flies, similar to the
cell-based TARDBP proteinopathies model. Previously, we
revealed that TDP-P flies showed deficits in climbing ability
and exhibited shortened lifespan [19,22]. When Fak is inhibited,
climbing ability and shortened lifespan in TDP-P flies were
mildly improved compared those in controls (Figure 31-]J). We
also confirmed these results using flies expressing only TARDBP
(Fig. S11). Taken together, Fak inhibition ameliorates UPS
impairment and behavioral deficits in a Drosophila model of
TARDBP proteinopathies.

PTK2 inhibition ameliorates UPS impairment-induced
neurotoxicity in a SQSTM1-dependent manne

We next investigated how PTK2 regulates neurotoxicity in
TARDBP proteinopathies. It is noteworthy that inhibiting PTK2
markedly decreased the level of insoluble poly-ubiquitinated pro-
teins upon inhibition of protein degradation via the UPS (Fig.
S8B). However, PTK2 inhibition did not restore the impaired
chymotrypsin-like activity of the proteasome in TARDBP-
overexpressing neuronal cells (Figure 1E-F). These results suggest
that PTK2 inhibition improves the degradation of poly-
ubiquitinated proteins by mechanisms other than the UPS. Poly-
ubiquitinated proteins can be degraded by ALP under conditions
of UPS impairment [40]. SQSTM1 is an ubiquitin-binding protein
that mediates the degradation of poly-ubiquitinated proteins by
ALP [41,42]. To determine whether SQSTMI1 is involved in
PTK2-mediated mitigation of neurotoxicity induced by UPS dys-
function, we treated MG132-treated cells with SqstmI-specific
siRNA to suppress SQSTM1 (Figure 4A,D). Knockdown of
Sgstm1 completely abolished the neuroprotective effect of PTK2
inhibition against MG132-induced toxicity in both N2a cells and
primary neurons (Figure 4B,E). All of these findings indicate that
PTK2 inhibition compensates for the dysfunction of the UPS
through the SQSTM1-mediated pathway.

PTK2 regulates TARDBP- and UPS impairment-induced
neurotoxicity via phosphorylation of SQSTM1 at S403

SQSTM1 has multiple phosphorylation sites, and the phos-
phorylation of SQSTM1 modulates various SQSTM1 functions,
including the transfer of ubiquitinated proteins to autophago-
somes [42,43]. Thus, we investigated whether PTK2 regulates
SQSTM1 phosphorylation during UPS dysfunction. The most
recognized phosphorylation sites of SQSTM1 were not affected
by PTK2 inhibition in MG132-treated N2a cells, except for the
Ser403 residue (S403) (Figure 4C,F and S13A). Total SQSTM1
expression and the level of SQSTM1 phosphorylated at S403
(p-SQSTM1 [S403]) were significantly higher in MG132-
treated N2a cells compared to those in DMSO-only-treated
cells, but PTK2 inhibition did not alter the level of total
SQSTMLI in either the insoluble or soluble fraction compared

to those in MG132 treated cells (Fig. S13B). However, PTK2
inhibition dramatically decreased the level of p-SQSTM1
(5403) in N2a cells and primary neurons treated with MG132
(Figure 4C,F). In addition, PTK2 did not regulate p-SQSTM1
(5403) under untreated conditions (Fig. S13C-D), suggesting
that PTK2-mediated regulation of SQSTM1 phosphorylation at
$403 is specific to the condition of UPS dysfunction. To deter-
mine whether TARDBP also increases p-SQSTM1 (S403)
levels, we performed immunostaining of N2a cells overexpres-
sing TARDBP with a p-SQSTM1 (S403)-specific antibody. We
found that TARDBP overexpression markedly increased the
number of p-SQSTMI1 (S403)-positive cells and that PTK2
inhibition effectively reduced the TARDBP-induced upregula-
tion of p-SQSTM1 (S403) (Figure 4G). Moreover, the level of
total SQSTMI1 was significantly higher in TARDBP-transfected
N2a cells compared to that in Gfp-transfected cells, and PTK2
inhibition did not affect TARDBP-induced upregulation of
total SQSTM1 (Figure 4H). We also confirmed this result
using immunoblotting, and the total SQSTMI1 level was not
altered by PTK2 inhibition in either the soluble or insoluble
fraction of the cell lysate (Fig. S13E). Altogether, these findings
suggest that PTK2 regulates TARDBP-induced UPS impair-
ment via phosphorylation of SQSTMI1 at S403.

The SQSTM1%%°*4 mutation enhances the autophagic
clearance of insoluble ubiquitinated proteins during UPS
dysfunction

Previous studies demonstrated that the phosphorylation of
SQSTM1 at S403 modulates its binding affinity to poly-
ubiquitinated proteins, thereby regulating their autophagic degra-
dation [44]. To examine the effect of the phosphorylation of
SQSTMI at S403 on the degradation of poly-ubiquitinated pro-
teins during UPS impairment, we generated a stable N2a cell line
expressing MYC-DDK-tagged wild-type SQSTMI1, a non-
phosphorylated mimic form of SQSTMI (SQSTM1%'***) (Fig.
S14A-B). Strikingly, SQSTM1%*®**_expressing cells showed sig-
nificantly fewer poly-ubiquitinated aggregates than SQSTMI-
expressing cells undergoing UPS impairment (Figure 5A), which
was further validated by immunoblotting of the soluble and
insoluble fractions of the cell lysate (Fig. $14C). Similar to PTK2-
inhibited cells, only the insoluble ubiquitinated protein accumula-
tion was reduced in the cells expressing the S403A mutation
during UPS dysfunction (Fig. S14C). Moreover, poly-
ubiquitinated aggregates in SQSTM1%****-expressing cells were
more frequently colocalized with autophagic vesicles (visualized
by Cyto-ID) than in control cells (Figure 5A). Consistent with
these results, poly-ubiquitinated aggregates were more frequently
colocalized with SQSTM1%*%4 (marked by DDK) than with wild-
type SQSTM1 (Figure 5A), indicating that SQSTM1 phosphoryla-
tion at S403 inhibits the transfer of poly-ubiquitinated proteins to
autophagic vesicles. Neither the soluble nor the insoluble
SQSTMI levels were affected by SQSTM1%*®** expression.
These results indicate that SQSTM1%**** mitigates UPS impair-
ment without altering SQSTML1 stability (Fig. S14D). In addition,
MG132-induced cell death was attenuated by SQSTM1%'***
expression compared to that in wild-type SQSTM1 expressing
control cells (Figure 5B). Taken together, these findings suggest
that non-phosphorylated SQSTM1 (SQSTM1%****) incorporates
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Figure 4. SQSTM1 is a crucial component of PTK2-mediated neuroprotection during UPS impairment. (A-B) N2a cells were pretransfected with control siRNA (40 nM)
or Sgstm1-specific SiRNA (40 nM) for 24 h and subsequently treated with MG132 (5 pM) for 24 h. (A) Transfection of Sqstm1 siRNA efficiently downregulated the
protein level of SQSTM1 in N2a cells. Data are presented as the mean + SD of 3 independent experiments. **p < 0.005 (Student’s t-test). (B) A CCK-8 assay was
performed to assess the effect of Sgstm1 knockdown on MG132-induced toxicity in N2a cells. PTK2 inhibition did not mitigate MG132 toxicity in Sgstm7 knockdown
conditions. Data are presented as the mean = SD of 3 independent experiments. **p < 0.005, n.s., not significant (one-way ANOVA with Bonferroni multiple
comparison test). (C) N2a cells were pretreated with a PTK2 inhibitor (5 pM) for 30 min and subsequently treated with MG132 (5 uM) for 24 h. Immunoblot for
p-SQSTM1 at S403 (p-SQSTM1 [S403]) and total SQSTM1. PTK2 inhibition significantly reduced UPS impairment-induced PTK2 phosphorylation. Data are presented as
the mean £ SD of 3 independent experiments. *p < 0.05 (one-way ANOVA with Bonferroni multiple comparison test). (D-E) Primary cortical neurons were
pretransfected with control siRNA (40 nM) or Sgstm1-specific SiRNA (40 nM) for 24 h and subsequently treated with MG132 (5 pM) for 24 h. (D) Immunoblot for total
SQSTM1. Data are presented as the mean + SD of 3 independent experiments. **p < 0.005 (Student’s t-test). (E) A CCK-8 assay was performed to assess the effect of
Sgstm1 knockdown on MG132-induced toxicity in primary cortical neurons. PTK2 inhibition did not mitigate MG132 toxicity in Sgstm1 knockdown conditions. Data
are presented as the mean = SD of 3 independent experiments. **p < 0.005, ***p < 0.001, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison
test). (F) Primary cortical neurons were pretreated with a PTK2 inhibitor (0.05 uM) for 30 min and subsequently treated with MG132 (5 uM) for 24 h. Immunoblot for
p-SQSTM1 (S403) and total SQSTM1. Data are presented as the mean + SD of 3 independent experiments. **p < 0.005, ***p < 0.001 (one-way ANOVA with Bonferroni
multiple comparison test). (G-1) N2a cells were transiently transfected with either Gfp or TARDBP-Gfp for 2 d and subsequently treated with a PTK2 inhibitor (5 pM) for
24 h. (G) Immunocytochemistry was subsequently performed to detect p-SQSTM1 (S403) (red) or DAPI (nuclei; blue). TARDBP-induced upregulation of p-SQSTM1
(S403) was greatly reduced by PTK2 inhibition. Arrowheads indicate p-SQSTM1 (5403)-positive puncta. The percentage of GFP-positive cells that were positive for
p-SQSTM1 (S403) is shown (right). Data are presented as the mean + SD of 3 independent experiments. **p < 0.005 (one-way ANOVA with Bonferroni multiple
comparison test). Scale bars: 10 um. (H) N2a cells transfected with either a Gfp or TARDBP-Gfp vector were stained for SQSTM1. PTK2 inhibition did not affect the total
SQSTM1 level in TARDBP-expressing cells. Arrowheads indicate SQSTM1-positive puncta. The percentage of GFP-positive cells that were positive for SQSTM1 is shown
(right). Data are presented as the mean + SD of 3 independent experiments. ***p < 0.001, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison
test). Scale bars: 10 um. (I) Immunoblot for total SQSTM1 expression. Data are presented as the mean + SD of 3 independent experiments. *p < 0.05, n.s., not
significant (one-way ANOVA with Bonferroni multiple comparison test).

poly-ubiquitinated proteins into autophagic vesicles more effec- 12 h to inhibit UPS activity. The cells were then treated with
tively than wild-type SQSTMI1 does. To further support this BafAl for 12 h to evaluate the ability of ALP to degrade poly-
hypothesis, we used bafilomycin A; (BafAl) as a specific inhibitor ~ ubiquitinated proteins and MYC-DDK-tagged SQSTMI.
of lysosomal degradation [45] and generated an N2a cell line that A greater amount of poly-ubiquitinated proteins and MYC-
stably expresses a phosphorylated mimic form of MYC-DDK- DDK-SQSTM1 accumulated in BafAl-treated SQSTM1%%*4
tagged SQSTM1 (SQSTMI****F). Accumulated ubiquitinated cells compared to that in BafAl-treated wild-type and
proteins produced by UPS dysfunction are generally degraded ~SQSTM1%***®-expressing cells (Fig. S15A-B). We next investi-
by ALP [40]. We examined the amount of poly-ubiquitinated gated whether SQSTMI phosphorylation also regulates ubiquitin
proteins degraded by ALP during UPS inhibition to evaluate the binding affinity of SQSTM1. We performed co-immunoprecipi-
degradation capacity of ALP against ubiquitinated proteins. Wild-  tation (co-IP) of MYC-DDK-SQSTMI1- or SQSTM1%%*A with
type SQSTM1- or mutant SQSTMI1 (SQSTM1%*"A  and  a MYC and poly-ubiquitin antibodies. The S403A mutation
SQSTM1%***F)-expressing cells were treated with MG132 for does not improve the binding affinity of SQSTM1 to soluble
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Figure 5. The S403A mutation suppresses TARDBP- and MG132-induced neuronal toxicity in neuronal cells. (A-B) MYC-DDK-tagged wild-type SQSTM1-, and SQSTM1540%A.
expressing N2a stable cell lines were treated with MG132 (5 pM) for 24 h. (A) Immunocytochemistry to detect the Cyto-ID autophagy dye (green), poly-ubiquitin (red), DDK
(SQSTM1; violet) was subsequently performed. The percentage of total cells that were positive for poly-ubiquitin, the percentage of poly-ubiquitin-positive cells that were positive
for CytolD:poly-ubiquitin, the percentage total cells that were positive for CytolD, and the percentage of poly-ubiquitin-positive cells that were exhibited SQSTM1-positive puncta
is shown (lower). Arrowheads indicate the colocalization of the Cyto-ID autophagy dye with poly-ubiquitin or of SQSTM1 with poly-ubiquitin in the SQSTM1 or SQSTM1 mutant
stable cell lines. Data are presented as the mean + SD of 3 independent experiments. *p < 0.05, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison test).
Scale bars: 10 um. (B) N2a cells expressing either MYC-DDK-SQSTM1 or MYC-DDK-SQSTM1%*% were stained for cCASP3 (red) or DAPI (nuclei; blue). SQSTM13403A significantly
mitigates MG132-induced cell death. Arrowheads indicate cCASP3-positive cells. The percentage of cells that were positive for cCASP3 in the SQSTM1 stable cell lines is shown
(lower). Data are presented as the mean + SD of 3 independent experiments. **p < 0.005 (one-way ANOVA with Bonferroni multiple comparison test). Scale bars: 100 pm. (C-D)
MYC-DDK-SQSTM1 or MYC-DDK-SQSTM1%*%**.overexpressing N2a stable cells were transiently transfected with plasmids containing either Gfo or TARDBP-Gfp for 3
d. Immunostaining was performed thereafter. (C) Immunocytochemistry to detect poly-ubiquitin (red) or DAPI (nuclei; blue). TARDBP-induced UPS impairment was markedly
reduced by SQSTM1**3* expression. Arrowheads indicate poly-ubiquitin-positive inclusions. The percentage of GFP-positive cells that were positive for poly-ubiquitin is shown
(lower). Data are presented as the mean + SD of 3 independent experiments. **p < 0.005 (one-way ANOVA with Bonferroni multiple comparison test). Scale bars: 10 um. (D)
Immunocytochemistry to detect cCASP3 (red) or DAPI (nuclei; blue). TARDBP-induced cell death is greatly mitigated by SQSTM13403A expression. Arrowheads indicate cCASP3-
positive cells. The percentage of GFP-positive cells that were positive for cCASP3 is shown (lower). Data are presented as the mean + SD of 3 independent experiments. **p < 0.005
(one-way ANOVA with Bonferroni multiple comparison test). Scale bars: 10 pm.



ubiquitinated proteins (Fig. S16A). These results further con-
firmed our hypothesis that dephosphorylation of p-SQSTM1
(5403) improves the autophagic degradation of insoluble ubiqui-
tinated proteins under UPS impaired conditions.

We next investigated whether SQSTM1 phosphorylation at
$403 regulates TARDBP-induced neurotoxicity. To do this, we
transfected TARDBP-Gfp or Gfp into N2a cells stably expressing
either SQSTM1 or SQSTM1°***, The accumulation of poly-
ubiquitinated aggregates induced by TARDBP overexpression
was markedly reduced in the SQSTM1%****-expressing cells
compared to that in the control cells (Figure 5C). In line with
these findings, TARDBP-induced cell death was strongly sup-
pressed in SQSTM1%*®*_expressing cells compared to that in
SQSTM1-expressing cells (Figure 5D). Taken together, our data
suggest that PTK2 inhibition alleviates TARDBP-induced neu-
rotoxicity by inhibiting the phosphorylation of SQSTM1 at S403.

PTK2 regulates SQSTM1 phosphorylation at S403 via
TBK1

PTK2 is a tyrosine kinase that cannot directly phosphorylate
SQSTM1 at S403. Therefore, another kinase is likely involved in
the PTK2-mediated regulation of SQSTMI1 phosphorylation.
Previous studies showed that S403 of SQSTM1 is phosphorylated
by TBK1, CSNK2 (casein kinase 2), or ULK1 (unc-51 like autop-
hagy activating kinase 1) [44,46,47]. Among these proteins, inhi-
bition of only TBK1 (by BX797)-mitigated MG132-induced
neurotoxicity in N2a cells (Figure 6A). TBK1 inhibition with
Tbk1-specific siRNA showed a similar protective effect against
MG132-induced neurotoxicity in primary neurons (Fig. S17A-B).
TBK1 inhibition suppressed MGI132-induced upregulation of
p-SQSTMI (S403) in N2a cells and primary neurons (Figure 6B
and S17C). We also showed that TBK1 overexpression clearly
increased p-SQSTM1 (S403) levels (Figure 6C). Consistent with
these results, PTK2 overexpression also increased p-SQSTM1
(5403) levels, and TBK1 inhibition significantly suppressed PTK2-
induced phosphorylation of SQSTMI in N2a cells (Figure 6D).
Moreover, PTK2 inhibition did not compensate for UPS impair-
ment in TBK1-overexpressing cells (Figure 6E). Similar results
were also observed with immunoblotting for poly-Ub (Fig. S18A).
In addition, the ability of ALP to degrade poly-ubiquitinated
proteins under UPS impaired condition was markedly reduced
in the TBK1-overexpressing cells compared to that in the control
cells (Fig. S19A). Furthermore, SQSTM1, PTK2, and p-PTK2
(Y397) levels were not affected by TBK1 inhibition or overexpres-
sion (Fig. S20A-B). All of these data indicate that PTK2 regulates
P-SQSTMI (5403) via TBK1 in cells with UPS impairment. To
determine whether PTK2 physically interacts with TBK1, we
performed co-IP using MYC and GFP antibodies. To do this,
N2a cells were co-transfected with Ptk2-GFP and Tbki-MYC-
DDK expression constructs. Then, co-transfected cells were either
treated with MG132 or left untreated before extracting protein.
Interestingly, PTK2 physically bound to TBK1, and this interac-
tion was enhanced by UPS impairment (Figure 6G). Knockdown
of Sgstml completely abolished the neuroprotective effect of
PTK2 inhibition against MG132-induced toxicity in both N2a
cells and primary neurons (Figure 4B,E). Our data suggest that
PTK2 modulates neurotoxicity induced by UPS impairment via
the TBK1-SQSTMI axis in neurons.
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We next investigated whether TBK1 regulates TARDBP-
induced neurotoxicity. We co-transfected Tbkl siRNA and
TARDBP-Gfp into N2a cells. Consistently, knockdown of Tbk1
greatly alleviated TARDBP-induced cell death (Figure 6F).
Taken together, our data support a model whereby TARDBP
compromises UPS activity (Figure 7). In the context of TARDBP
proteinopathies, the accumulation of TARDBP compromises
the UPS. UPS impairment eventually leads to an increase in
insoluble ubiquitinated aggregates and PTK2 activation. PTK2
activation also increases TBK1 activity, which phosphorylates
the Ser403 site of SQSTMI. Increased phosphorylation of
SQSTML1 at S403 weakens the ability of SQSTM1 to facilitate
autophagic clearance of insoluble ubiquitinated proteins.
Consequently, elevated proteotoxic stress due to the accumula-
tion of ubiquitinated aggregates induces neuronal cell death. On
the other hand, PTK2 inhibition reduces the phosphorylation of
SQSTM1 at S403, which enables ubiquitinated proteins to be
more effectively degraded by ALP, thereby mitigating TARDBP
toxicity.

Discussion

More than 95% of ALS patients have TARDBP aggregates in
their affected tissues [5]. As mentioned above, several lines of
evidence suggest that the UPS may be impaired in cases of
ALS with TARDBP proteinopathies [48-51]. Some evidence
suggests that ubiquitin-proteasome activity is reduced in the
motor neurons of sporadic ALS patients [11]. However, it has
never been clearly addressed whether TARDBP is the culprit
behind UPS dysfunction in ALS. In this study, we demon-
strated that TARDBP overexpression impairs the UPS in
cellular and Drosophila models of TARDBP proteinopathies.
In particular, chymotrypsin-like activity of the 26S protea-
some and PSMB5 levels are significantly reduced by
TARDBP overexpression. Our data suggest that abnormal
accumulation of TARDBP contributes to the progression of
ALS with TARDBP proteinopathies at least in part by impair-
ing the UPS. However, further studies are warranted to deter-
mine how TARDBP accumulation affects UPS function.
Through kinase inhibitor screening in neuronal cells, we
identified PTK2 as a modifier of toxicity induced by UPS
impairment. We also found that the knockdown of Sgstml
abolished the neuroprotective effect of PTK2 inhibition
against MG132-induced toxicity. These results indicate that
neuroprotective effect of PTK2 inhibition against UPS dys-
function requires SQSTM1. Besides, we observed that UPS
impairment increases phosphorylation of SQSTM1 at 5403,
and this upregulation of SQSTMI1 phosphorylation was
diminished by PTK2 inhibition. Therefore, we concluded
that PTK2 inhibition suppresses neurotoxicity induced by
UPS impairment via regulation of SQSTM1 phosphorylation.
Moreover, PTK2 inhibition represses the accumulation of
ubiquitinated aggregates in cellular and Drosophila models
of TARDBP proteinopathies, suggesting that inhibiting
PTK2 may represent a novel therapeutic intervention for
neurodegenerative diseases with TARDBP proteinopathies.
SQSTM1 mediates the sequestration of poly-ubiquitinated
proteins into the autophagosome [52,53]. It is well known that
SQSTM1 plays an important role in the degradation of poly-
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Figure 6. TBK1 inhibition attenuates UPS impairment-induced neuronal toxicity. (A-B) N2a cells were pretreated with a TBK1 inhibitor (1 pM), a CSNK2A1 inhibitor (5 uM), or
a ULK1 inhibitor (10 nM) for 30 min and subsequently treated with MG132 (5 uM) for 24 h. (A) A CCK-8 assay was performed to assess the effects of TBK1, CSNK2A1 and ULK1
inhibition on MG132-induced toxicity in N2a cells. TBK1 inhibition significantly reduced MG132-induced toxicity. Data are presented as the mean + SD of 3 independent
experiments. **p < 0.005, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison test). (B) Immunoblot for p-SQSTM1 (S403) and total SQSTM1. TBK1
inhibition significantly decreased the MG132-induced upregulation of p-SQSTM1 (S403). Data are presented as the mean + SD. **p < 0.005, n.s., not significant (one-way ANOVA
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mean * SD of 3 independent experiments. *p < 0.05 (Student’s t-test). (D) N2a cells were transiently transfected with either a Gfp (pGFP) or a Ptk2-GFP (pGFP-Ptk2) vector for 2
d and subsequently treated with TBK1 inhibitor (1 pM) for 24 h. Immunoblot for p-SQSTM1 (S403) and total SQSTM1. TBK1 inhibition significantly suppressed the
phosphorylation of SQSTM1 induced by PTK2 overexpression. *p < 0.05, **p < 0.005 (one-way ANOVA with Bonferroni multiple comparison test). (E) N2a cells were transiently
transfected with either a MYC-DDK or a Tbk1-MYC-DDK vector for 2 d. The Tbki-transfected cells were pretreated with a PTK2 inhibitor (5 uM) for 30 min and subsequently



ubiquitinated proteins during UPS impairment [42,53-55].
Previous studies reported that phosphorylation of SQSTM1
at 5403 increases the binding affinity between SQSTM1 and
polyubiquitin chain, resulting in the enhancement of autop-
hagic clearance of poly-ubiquitinated proteins [44]. Moreover,
SQSTM1 is known to facilitate the incorporation of soluble
ubiquitinated proteins to autophagosome [53,56], and another
autophagic adapter protein NBRI enhances the autophagic
degradation of insoluble ubiquitinated proteins in plants
[57]. However, our results have shown that inhibition of
SQSTM1 $403 phosphorylation reduces the accumulation of
insoluble poly-ubiquitinated proteins under UPS impaired
conditions. We also found that inhibition of UPS activity
induced by MG132 treatment or TARDBP overexpression
increases p-SQSTM1 (S403) levels in neuronal cells.
Moreover, PTK2 inhibition, which reduces the UPS impair-
ment induced toxicity and ubiquitinated aggregates, sup-
presses UPS impairment induced upregulation of p-SQSTM1
(S403) in neuronal cells. Besides, expressing the non-
phosphorylated form of SQSTM1 (SQSTM1%***4) in UPS
impaired neuronal cells reduces the amount of insoluble ubi-
quitin aggregates (Fig. S14C). All of these results indicate that
SQSTMI1**P** facilitates the degradation of insoluble ubiqui-
tinated proteins by ALP under UPS-impaired conditions in
neuronal cells. Insoluble ubiquitinated proteins are mainly
degraded by ALP in yeast under non-stressed condition
[58]. To investigate whether S403 phosphorylation regulates
autophagic degradation of insoluble ubiquitinated proteins in
normal condition, we increased the level p-SQSTM1 (S403) by
TBK1 overexpression and analyzed the amount of insoluble
ubiquitinated aggregates. Intriguingly, insoluble ubiquitinated
proteins were accumulated in the TBK1-overexpressing cells
without UPS impairment (Fig. $19). These results also suggest
that the dephosphorylation of SQSTMI1 at S403 facilitates the
autophagic clearance of insoluble ubiquitinated proteins.
However, further analysis is still warranted to clarify how
phosphorylation of SQSTM1 controls the autophagic degra-
dation efficiency of poly-ubiquitinated proteins during the
UPS dysfunction.

Importantly, SQSTM1%*®** significantly attenuates cell
death induced by TARDBP overexpression in neuronal cells.
Thus, our findings also suggest that PTK2 regulates TARDBP-
mediated neurotoxicity by modulating the phosphorylation of
SQSTM1 at S403. Intriguingly, mutations in SQSTMI are
associated with ALS and FTLD [59-63]. In addition,
p-SQSTM1 (S403)-positive inclusions accumulate in the
spinal cord of ALS patients [64]. These results raise the
possibility that the PTK2-SQSTM1 axis plays a critical role
in the pathogenesis of ALS.
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TBK1 is a kinase that phosphorylates SQSTM1 at S403 [65].
Notably, mutations in Tbkl are also associated with ALS [66].
Moreover, OPTN, another interacting partner of both TBK1 and
SQSTMI, is associated with ALS [67]. TBK1 phosphorylates
OPTN to modulate its binding affinity for ubiquitin chains [68].
ALS-associated mutations in OPTN are reported to induce deficits
in autophagosome formation and thereby inhibit the degradation
of ubiquitinated substrates [49,69,70]. Taken together, all the
evidence suggests that UPS dysfunction may be one of the core
pathogenic mechanisms of ALS. We demonstrated that TBK1
inhibition strongly suppresses the induction of p-SQSTM1
(5403) and cell death induced by UPS impairment in neuronal
cells, suggesting that the PTK2-TBK1-SQSTM1 axis may repre-
sent a novel therapeutic target for ALS. Further studies are war-
ranted to elucidate the underlying mechanism of the effect of
TARDBP accumulation on the PTK2-TBK1-SQSTM1 axis.

In summary, we demonstrated that the UPS is impaired in
TARDBP proteinopathies. We identified that the PTK2-TBK1-
SQSTML1 axis regulates the degradation of ubiquitinated pro-
teins and neurotoxicity induced by TARDBP overexpression.
Therefore, our data suggest that targeting the PTK2-TBK1-
SQSTM1 axis may represent a novel therapeutic intervention
for neurodegenerative diseases with TARDBP proteinopathies.

Materials and methods
Reagents

The following reagents were purchased as indicated: dimethyl
sulfoxide (DMSO, Sigma, D8418), mifepristone (RU-486; Sigma,
M8046), MG132 (Calbiochem/Merck-Millipore, 474791), PTK2
inhibitor (PF573228; APExBIO, B1523), CSNK2Al inhibitor
(DMAT; APExBIO, A3368), ULK1 inhibitor (MRT68921;
Selleckchem, S7949), and TBK1 inhibitor (BX 795; Axon
Medchem, 1390).

Antibodies

The following antibodies were used for immunoblotting: p-PTK2
(Y397) (Cell Signaling Technology, 3283), PTK2 (Cell Signaling
Technology, 3285), HRP-conjugated TUBA/alpha-Tubulin (Cell
Signaling Technology, 9099), TBK1 (Abcam, ab40676), HRP-
conjugated mouse IgM (Abcam, ab97230), ACTB/beta-Actin
(Abcam, ab16039), poly-ubiquitin (FK1, Enzo Life Science, BML-
PW8805), PSMB5 (Enzo Life Science, BML-PW8895), TARDBP
(Proteintech, 10782-2-AP), GFP (Clontech, 632380), SQSTM1
(Sigma, PO0067), poly-ubiquitin (FK2, Calbiochem/Merck-
Millipore, 04-263), LMNA/Lamin A/C (Calbiochem/Merck-
Millipore, 05-714), p-SQSTM1 (5403) (GeneTex, GTX128171),

treated with MG132 (5 pM) for 24 h. PTK2 inhibition did not affect MG132-induced toxicity in TBK1-overexpressing cells. Inmunocytochemistry to detect DDK (green), poly-
ubiquitin (red), or DAPI (nuclei; blue). The percentage of DDK-positive cells that were positive for poly-ubiquitin is shown (lower). Data are presented as the mean + SD of 3
independent experiments. **p < 0.005, **p < 0.001, n.s., not significant (one-way ANOVA with Bonferroni multiple comparison test). Scale bars: 10 um. (F) N2a cells were
transiently transfected with control SiRNA or Tbk7 siRNA for 24 h. The Tbk1 siRNA-transfected cells were co- transfected with a plasmid containing either Gfp- or TARDBP-Gfp for 2
d. Immunocytochemistry to detect cCASP3 (red) or DAPI (nuclei; blue). Knockdown of Tbk1 greatly attenuated TARDBP-induced cell death. The percentage of GFP-positive cells
that were positive for cCCASP3 is shown (lower). Data are presented as the mean = SD of 3 independent experiments. **p < 0.005, ***p < 0.001 (one-way ANOVA with Bonferroni
multiple comparison test). Scale bars: 10 um. (G) N2a cells were co-transfected with a Tbk1-MYC-DDK or a Ptk2-GFP vector for 2 d and subsequently treated with MG132 (5 uM)
for 24 h. Cell lysates were immunoprecipitated with anti-GFP or anti-MYC antibodies. TBK1 physically interacted with PTK2 in physiological and UPS-impaired conditions.
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Figure 7. Model of TARDBP-mediated neurodegeneration in TARDBP proteinopathies. See text for details.

TurboGFP (Origene, TA150041), HRP-conjugated anti-rabbit
IgG (Santa Cruz Biotechnology, sc-2004), and HRP-conjugated
mouse IgG (Santa Cruz Biotechnology, sc-2005). The following
antibodies were used for immunocytochemistry: Cleaved CASP3
(cCASP3, Cell Signaling Technology, 9661), poly-ubiquitin (FKI1,
Enzo Life Science, BML-PW8805), DDK (Origene, TA50011),
p-SQSTM1 (S403) (GeneTex, GTX128171), and SQSTMI1
(Sigma, P0067). The following antibodies were used for immuno-
histochemistry: ELAV (DSHB, RAT-ELAV-7) and poly-ubiquitin
(FK1, Enzo Life Science, BML-PW8805).

Cell lines

The Neuro-2a (N2a) mouse neuroblastoma cell line was main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
11995-065) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, 16000-044) and 50 pg/ml penicillin-
streptomycin (Gibco, 15140-122). Primary cultures of cerebral
cortical neurons were prepared from 16 d embryonic mice as
described previously [71,72]. Briefly, mouse embryos were decapi-
tated, and the brains were rapidly removed and placed in a culture
dish containing HBSS (Gibco, 14170-112). Cortices were isolated,
transferred to a conical tube and washed twice in HBSS. Cortical
tissues were enzymatically digested by 20 U/ml papain
(Worthington Biochemical Corporation, LK003176) and 0.005%
DNase I (Worthington Biochemical Corporation, LK003170) for
30 min at 37°C. The tissues were mechanically dissociated by
gently pipetting up and down. The cortical cells were centrifuged
at 800 x g for 10 min at room temperature. Then, the dissociated
cells were seeded onto plates coated with poly-D-lysine (Sigma-
Aldrich, P7405) in neurobasal media containing 2 mM glutamine
(Gibco, 25030-081), N2 supplement (Gibco, 17502-048), B27
supplement (Gibco, 17504-044), and penicillin-streptomycin
(Gibco, 15140-122). Culture media were changed initially after 5
d and then changed every 3 d. All experiments with primary
neurons were performed at DIV 14-21 d.

Transfection

N2a cells were plated in 6 well plate and transfected with 4 ug Gfp
(pCMV6-AC-Gfp, Origene Technologies, PS100010), human
TARDBP (pCMV6-AC-TARDBP-Gfp, Origene Technologies,
RG210639), MYC-DDK (pCMV6-AC-MYC-DDK, Origene
Technologies, PS100001), Tbk1-MYC-DDK (pCMV6-AC-Tbk1-
MYC-DDK, Origene Technologies, MR223008), or Ptk2-GFP
(pGFP-Ptk2, Addgene, 50515) ¢cDNA by using Lipofectamine
3000 reagent (Invitrogen, L3000-015) according to the manufac-
turer’s guide. Empty pCMV6-AC-Gfp, pCMV6-MYC-DDK, or
PGFP vector were generated from original vectors and used as
a negative control. For siRNA transfection, cells were transfected
with control siRNA (Santa Cruz Biotechnology, sc-37007 and
Dharmacon; D-001810-10), mouse Sgstml siRNA (Santa
Cruz Biotechnology, sc-29828), mouse Ptk2 siRNA (Santa Cruz
Biotechnology, sc-35353), or mouse Tbkl siRNA (Santa Cruz
Biotechnology, sc-39059) by using Lipofectamine RNAIMAX
reagent (Invitrogen, 13778-150). At 48 h post-transfection, knock-
down of target proteins was confirmed by immunoblot analysis.

Immunostaining

For immunocytochemistry, cells were fixed in 4% or 8% paraf-
ormaldehyde in PBS (Gibco, 70011-044) for 30 min at room
temperature. The cells were then washed three times with PBS
and permeabilized in PBS-T (0.3% Triton X-100 (Sigma,
T8787)) for 15 min at room temperature. After blocking with
5% BSA (Sigma, A3509) in PBS-T for 1h. The primary antibodies
were incubated with 1% BSA in PBS-T for overnight at 4°C. The
cells were then washed three times with PBS and incubated with
Alexa Fluor-conjugated secondary antibody for 1 h at room
temperature. Alexa Fluor 594-conjugated rabbit IgG (Jackson
Immuno Research, 111-585-144), Alexa Fluor 647-conjugated
mouse IgG (Jackson Immuno Research, 115-605-146), and
Alexa Fluor 594-conjugated mouse IgM (Jackson Immuno



Research, 115-587-020) were used as secondary antibodies as
indicated. Then, samples were mounted and observed with
a fluorescence microscope (Nikon). Photomicrographs from
three randomly chosen fields were obtained and the number of
poly-ubiquitin*, cCASP3", p-SQSTM1 (S403)", or SQSTM1"
cells was counted in the GFP™ cells. For immunohistochemistry,
adult flies were dissected in PBS and fixed in 4% paraformalde-
hyde in PBS for 30 min at room temperature. The brains were
then washed six times with PBS and pre-incubated in PBS-T for
15 min at room temperature. After blocking with 5% normal
goat serum (Abcam, ab748) in PBS-T for overnight at 4°C. The
primary antibodies were incubated with 5% normal goat serum
in PBS-T for 2 d at 4°C. The brains were then washed six times
with PBS and incubated with Alexa-conjugated secondary anti-
body for 2 d at 4°C. Alexa Fluor 488-conjugated rat IgG (Jackson
Immuno Research, 112-545-167) and Alexa Fluor 594-
conjugated mouse IgM (Jackson Immuno Research,
115-587-020) were used as secondary antibodies as indicated.
The samples were mounted and observed with fluorescence
confocal microscope (Leica). Photomicrographs from three ran-
domly chosen fields were obtained and the number of poly-
ubiquitin® was counted.

Proteasome activity assay

N2a cells were transfected with Gfp or TARDBP-Gfp for 3 d and
then the cells expressing GFP were sorted using FACS. Cells
harvested were incubated in Lysis Buffer (Cell Signaling
Technology, 9803). The lysates were centrifuged at 13,000 x g
for 30 min at 4°C. Total protein (100 pg) was used for protea-
some purification by using 26S proteasome purification kit
according to the manufacturer’s guide (Enzo Life Science,
BML-PW1075). The lysates were incubated with matrices for
overnight at 4°C. The 20S proteasome activity was measured
using the 20S proteasome activity Kit (Promega, G8531)
according to the manufacturer’s guide. Briefly, 20 ug of purified
lysates was incubated with inhibitor and enzyme matrix for
10 min at room temperature. After adding 10 pl of fluorescently
labeled substrate (trypsin-like; Boc-LSTR-AMC, Bachem and
chymotrypsin-like; Suc-LLVY-AMC; caspase-like; Z-nLPnLD-
AMQC) to each well, the fluorescence signals were measured at
10 min intervals for 1 h using a FlexStation 3 microplate reader
(set to 37°C, Molecular Devices) at an excitation wavelength of
360 nm and an emission wavelength of 460 nm. For immuno-
blotting, purified proteasome and original lysate sample were
mixed with 5X SDS-PAGE gel loading buffer and then boiled at
95°C for 5 min.

Preparation of soluble and insoluble cell extracts

Cells were homogenized in RIPA buffer (Thermo Fisher Scientific,
SH252366) with protease and phosphatase inhibitor cocktails
(Roche, 11836153001, 04906837001). Soluble and insoluble frac-
tions in 1% Triton X-100 were obtained by centrifugation at
100,000 x g for 30 min at 4°C. Supernatants containing the soluble
factions were harvested and the pellets for insoluble fractions were
solubilized in a 2% SDS detergent Cell Lysis buffer (Cell signaling
Technology, 9803). After sonication, the cell lysates were mixed
with 4x Bolt LDS Sample buffer (Invitrogen, B0007) and 10x Bolt
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Sample Reducing Agent buffer (Invitrogen, B0009) and then
boiled at 95°C for 5 min.

Nuclear and cytoplasmic extraction

The Gfp or TARDBP-Gfp-transfected N2a cells were fractio-
nated using NE-PER nuclear and cytosolic extraction reagents
(Thermo Fisher Scientific, 78833). Nuclear and cytoplasmic
fractions in ice-cold CER I and CER II buffer were obtained
by centrifugation at 16,000 x g for 5 min at 4°C. Supernatants
containing the cytoplasmic extract were harvested, and the
pellets were solubilized in ice-cold NER buffer. After vortex-
ing, the extracts were centrifuged at 16,000 x g for 10 min at
4°C. Supernatants containing the nuclear extract were har-
vested. The extracts were mixed with 4x Bolt LDS sample
buffer and 10x Bolt Sample Reducing Agent buffer and then
boiled at 95°C for 5 min.

Co-immunoprecipitation

The Tbkl-MYC-DDK or Ptk2-GFP co-transfected N2a cells
were co-immunoprecipitated using crosslink immunoprecipi-
tation kit (Thermo Fisher Scientific, 26147) according to the
manufacturer’s guide. The lysates in IP lysis buffer (Thermo
Fisher Scientific, 26147) were obtained by centrifugation at
13,000 x g for 10 min at 4°C. 1 mg of total protein was used
for immunoprecipitation. Lysates were immunoprecipitated
with the antibody-coupled resin indicated at 4°C overnight.
Immunoprecipitated proteins were eluted with 5x sample
buffer and analyzed by immunoblotting. Ten percent of each
lysates was analyzed as the input.

Immunoblot analysis

For total protein extraction, either cells or 20 adult fly heads were
homogenized in Cell Lysis buffer (Cell signaling Technology,
9803) with protease and phosphatase inhibitor cocktails. The
protein concentration of the cell lysates was determined by
BCA protein assay (Thermo Fisher Scientific, 23225). Next, the
protein extracts were mixed with 4x Bolt LDS sample buffer
(Invitrogen) and 10x Bolt Sample Reducing Agent buffer
(Invitrogen) and then boiled at 95°C for 5 min. An equal amount
of proteins from each sample were separated on Bolt 4-12% Bis-
Tris gels (Invitrogen, NW04120BOX) or NuPAGE 3-8% Tris-
Acetate gels (Invitrogen, EA0378BOX) and transferred to
a polyvinylidene difluoride (PVDF, Invitrogen, LC2005) mem-
brane. After blocking membranes with 5% skim milk (BD Difco,
232100) in TBS with 0.025% Tween 20 (Sigma, P2287), blots
were probed with antibodies as indicated and detected with an
ECL prime kit (GE healthcare, RPN2232). Samples from three
independent experiments were used and the relative expression
levels were determined using a Fusion-FX (Viber Lourmat).

Cytotoxicity assay

N2a cells (5 x 10° cells/ml) or primary cortical neuron cells
(10 x 10° cells/ml) were grown in 96 well plates and treated
with MG132 or inhibitors as indicated for 24 h. DMSO was
used as a negative control. To measure cytotoxicity, the Cell
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Counting Kit-8 (CCK-8, Enzo Life Science, ALX-850-039-
KI02) was used according to the manufacturer’s guide.
Briefly, 10 pl of CCK-8 reagent was added into each well
and the plate was incubated at 37°C for 2 h. The absorbance
at 450 nm was measured by using a microplate reader
(Tecan). Cell viability was expressed as a percentage of con-
trol. All experiments were performed in triplicate.

Cyto-ID autophagy analysis

To detect autophagic vesicles, the Cyto-ID® Green Autophagy
Kit (Enzo Life Science, ENZ-51031-K200) was used according
to the manufacturer’s guide. Briefly, 1 ul of Cyto-ID dye was
added into each well of a 24 well plate. Then, the plate was
incubated at 37°C for 30 min. Cells were fixed in 4% paraf-
ormaldehyde in PBS for 30 min. All reagents were diluted in
1x Assay buffer with 2% FBS. The samples were mounted and
observed with a microscope.

Stable transfection

N2a cells in 6 well plates were transfected with 4 pg of Sqstm1,
Sgstm 1%, or Sqstm1%**F plasmid by using Lipofectamine
3000 reagent (Invitrogen, L3000-015). An empty pCMV6-MYC-
DDK vector was used as a negative control. Stable transfectants
were selected in the presence of 800 pg/ml G418 (Gibco,
10131-027). The expression of transgenes was confirmed by
immunoblot and immunocytochemistry analysis.

Quantitative RT-PCR

RNA was extracted from cells by using TRIzol plus RNA
Purification Kit (Invitrogen, 12183-555) according to the man-
ufacturer’s instructions. cDNA synthesis was performed at 37°C
for 120 min with 100 ng of RNA using a High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, 4368814).
Quantitative RT-PCR was performed using the one-step SYBR®
PrimeScript'™ RT-PCR kit (Takara Bio Inc, RR420A) according
to the manufacturer’s instructions, followed by detection using
an Applied Biosystems 7500 Real-Time PCR system (Applied
Biosystems). Gapdh was used as an internal control. The 2”44
method was used to calculate relative changes in gene expres-
sion, as determined by real time PCR experiments [73].

Fly strains

Drosophila stocks were maintained on standard cornmeal
agar media at 24°C unless otherwise noted. The UAS-
ATXN2-32Q were described previously [22]. UAS-CL1-GFP
has been described previously [39]. All other stocks were from
The Bloomington stock centre.

Climbing and lifespan assays

Adult males (0 to 1-d-old) were separated and transferred into
experimental vials containing fly media or paper mixed with
or without RU-486 (in ethanol, 40 pg/ml) at a density of 20
(for lifespan) or 25 (for climbing assay) flies per vial (n > 100).
The number of dead flies was scored daily, and flies were

transferred to fresh media or paper every other day. Adult
locomotor function was assessed by a previously described
method [74] with 125 flies per genotype per time point in
all experiments. Experiments were repeated twice to assure
consistent results.

Statistical analyses

Data were analyzed by Student’s t-test (Vassar Stats, www.
vassarstats.net), one-way ANOVA, or two-way ANOVA test
depending on comparison variables with post-hoc analysis as
indicated (GraphPad Prism Software). Differences were con-
sidered significant when p < 0.05 and are indicated as follows:
*p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.
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