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ORIGINAL RESEARCH ARTICLE

PTK2 regulates tau-induced neurotoxicity via phosphorylation of p62 at Ser403

Shinrye Leea�, Myungjin Joa�, Younghwi Kwona,b, Yu-Mi Jeona, Seyeon Kima,b, Kea Joo Leec and
Hyung-Jun Kima,b

aDementia Research Group, Korea Brain Research Institute (KBRI), Daegu, South Korea; bDepartment of Brain & Cognitive Sciences, DGIST,
Daegu, South Korea; cNeural Circuits Research Group, Korea Brain Research Institute (KBRI), Daegu, South Korea

ABSTRACT
Tau is a microtubule-associated protein that forms insoluble filaments that accumulate as neurofibrillary
tangles in neurodegenerative diseases such as Alzheimer’s disease and other related tauopathies. A
relationship between abnormal Tau accumulation and ubiquitin–proteasome system impairment has
been reported. However, the molecular mechanism linking Tau accumulation and ubiquitin proteasome
system (UPS) dysfunction remains unclear. Here, we show that overexpression of wild-type or mutant
(P301L) Tau increases the abundance of polyubiquitinated proteins and activates the autophagy–lyso-
some pathway in mammalian neuronal cells. Previous studies found that PTK2 inhibition mitigates tox-
icity induced by UPS impairment. Thus, we investigated whether PTK2 inhibition can attenuate Tau-
induced UPS impairment and cell toxicity. We found that PTK2 inhibition significantly reduces Tau-
induced death in mammalian neuronal cells. Moreover, overexpression of WT or mutant Tau increased
the phosphorylation levels of PTK2 and p62. We also confirmed that PTK2 inhibition suppresses Tau-
induced phosphorylation of PTK2 and p62. Furthermore, PTK2 inhibition significantly attenuated the
climbing defect and shortened the lifespan in the Drosophila model of tauopathy. In addition, we
observed that phosphorylation of p62 is markedly increased in Alzheimer’s disease patients with tauo-
pathies. Taken together, our results indicate that the UPS dysfunction induced by Tau accumulation
might contribute directly to neurodegeneration in tauopathies and that PTK2 could be a promising
therapeutic target for tauopathies.

Abbreviations: MAPT/Tau: Microtubule-associated protein tau; AD: Alzheimer’s disease; FTD: frontotem-
poral dementia; PHFs: paired helical filaments; NFTs: neurofibrillary tangles; FTDP-17: FTD with parkin-
sonism linked to chromosome-17; UPS: ubiquitin–proteasome system; ALS: amyotrophic lateral
sclerosis; HD: Huntington’s disease; PTK2: protein tyrosine kinase 2; N2a: Neuro-2a; PI: propidium iodide
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Introduction

Microtubule-associated protein tau (MAPT/Tau) is a neur-
onal protein that mediates axonal transport of cellular com-
ponents along microtubules by binding to microtubules and
regulating their assembly and stabilization (Cuchillo-Ibanez
et al., 2008; Gustke, Trinczek, Biernat, Mandelkow, &
Mandelkow, 1994). Tauopathies are one of the most com-
mon proteinopathies associated with neurodegenerative dis-
eases, including Alzheimer’s disease (AD) and
frontotemporal dementia (FTD). The presence of paired hel-
ical filaments (PHFs) and neurofibrillary tangles (NFTs)
inside neurons or glial cells is the pathological hallmark of
AD. In addition, FTD with parkinsonism linked to chromo-
some-17 (FTDP-17) is characterized by filamentous inclu-
sions that are composed of hyperphosphorylated Tau
(Ballatore, Lee, & Trojanowski, 2007; Lee, Goedert, &
Trojanowski, 2001; Williams, 2006). Under pathological con-
ditions, Tau undergoes various posttranslational modifica-
tions and detaches from microtubules to form insoluble
aggregates (Gendron & Petrucelli, 2009; Iqbal, Liu, & Gong,
2016; Kr€uger & Mandelkow, 2016).

The ubiquitin–proteasome system (UPS) is a major intra-
cellular protein degradation systems (Nalepa, Rolfe, &
Harper, 2006). Ubiquitination-dependent degradation is
involved in several cellular processes, such as protein quality
control, transcription, DNA repair, the cellular stress
response, and apoptosis. Previous studies have revealed that
dysfunction of the UPS is associated with many neurological
disorders, including AD, amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD) (Durcan et al., 2011; Liu,
Fallon, Lashuel, Liu, & Lansbury, 2002; Zhang et al., 2012).
The UPS impairment in these diseases may be related to
defective clearance of misfolded and aggregated proteins,
leading to cell death. A recent study also found that the tau-
opathy in AD is associated with impaired proteolysis medi-
ated by the UPS (Myeku et al., 2016; Tai et al., 2012).
However, studies about the molecular mechanisms linking
UPS impairment and tauopathies are insufficient.

PTK2 (protein tyrosine kinase 2) plays an essential role
in regulating cell proliferation, survival, and migration
(Armend�ariz, Masdeu, Soriano, Ure~na, & Burgaya, 2014).
The tyrosine phosphorylation sites in PTK2 are Y397, 407,
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576, 577, 861, and 925. Initiation of PTK2 activation
requires autophosphorylation at Y397 and subsequent phos-
phorylation of other residues in PTK2 by SRC protein fam-
ily members to activate the PTK2 downstream signaling
pathway (Hanks, Ryzhova, Shin, & Br�abek, 2003;
Rasmussen, M€uller, Jørgensen, Pedersen, & Hoffmann,
2015). Previous studies have indicated that PTK2 plays a
critical role in the deposition of ubiquitinated aggregates
and in neurotoxicity induced by UPS impairment through
regulation of the TBK1-p62 pathway in TDP-43 proteinopa-
thies (Lee, Jeon, et al., 2020).

In the present study, we found that PTK2 inhibition miti-
gates UPS impairment and neurotoxicity in cell and fly
models of tauopathy through the regulation of p62 phos-
phorylation. Moreover, the phosphorylation level of p62 is
increased in the hippocampal region of AD patients with
tauopathies. These results indicate that PTK2 could be a
promising therapeutic target for tauopathies.

Materials and methods

Cell line

The Neuro-2a (N2a) mouse neuroblastoma cell line was
maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, 11995–065) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco, 16000–044) and
50lg/ml penicillin–streptomycin (Gibco, 15140–122).

Reagents

The following reagents were purchased as indicated:
dimethyl sulfoxide (DMSO; Sigma, D8418), mifepristone
(RU-486; Sigma, M8046), MG132 (Calbiochem/Merck-
Millipore, 474791), and a PTK2 inhibitor (PF573228;
APExBIO, B1523).

Antibodies

Antibodies against the following proteins were used for
immunoblotting: p-PTK2 (Y397) (Cell Signaling Technology,
3283), PTK2 (Cell Signaling Technology, 3285), HRP-conju-
gated alpha-tubulin (Cell Signaling Technology, 9099), poly-
ubiquitin (FK1, Enzo Life Science, BML-PW8805), JL-8
(GFP, Clontech, 632380), p62 (Sigma, P0067), p-p62 (S403)
(GeneTex, GTX128171), LC3 (MBL, PM036), Tau
(Invitrogen, 13–6400), p-Tau (S396) (Abcam, ab109390),
and beta-actin (Abcam, ab16039). HRP-conjugated anti-
mouse IgM (Abcam, ab97230), HRP-conjugated anti-rabbit
IgG (Santa Cruz Biotechnology, sc-2004), and HRP-conju-
gated anti-mouse IgG (Santa Cruz Biotechnology, sc-2005)
were used as secondary antibodies.

Transfection

N2a cells were plated in 6-well plates and transfected with
5 mg of EGFP (pRK5-EGFP), EGFP-human Tau WT (pRK5-
EGFP-hTau (WT), Addgene, #46908), or EGFP-human Tau

(P301L) (pRK5-EGFP-hTau (P301L), Addgene, #46908)
cDNA by using Lipofectamine 3000 reagent (Invitrogen,
L3000-015) according to the manufacturer’s instructions.

Western blot analysis

For total protein extraction, either cells or the heads of 20
adult flies were homogenized in Cell Lysis Buffer (Cell
Signaling Technology, 9803) supplemented with protease
and phosphatase inhibitor cocktails. The protein concentra-
tions in the cell lysates were determined by a 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 5min. An equal
amount of protein from each sample was separated on Bolt
4–12% Bis-Tris Gels (Invitrogen, NW04120BOX) or
NuPAGE 3–8% Tris-Acetate Gels (Invitrogen, EA0378BOX)
and was then transferred to polyvinylidene difluoride
(PVDF, Invitrogen, LC2005) membranes. After blocking
with 5% skim milk (BD Difco, 232100) in TBS with 0.025%
Tween 20 (Sigma, P2287), the membranes were probed with
antibodies as indicated, and immunoreactions were 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
imaging system (Viber Lourmat).

Preparation of soluble and insoluble cell extracts

Cells were homogenized in Cell Lysis Buffer (Cell Signaling
Technology, 9803) supplemented with protease and phosphat-
ase inhibitor cocktails (Roche, 11836153001 and 04906837001).
Soluble and insoluble fractions were obtained by centrifugation
at 100,000 x g for 30min at 4 �C. The supernatants containing
the soluble factions were harvested, and the pellets constituting
the insoluble fractions were solubilized with a detergent (2%
SDS). After sonication, the cell lysates were mixed with 4x Bolt
LDS Sample Buffer (Invitrogen, B0007) and 10x Bolt Sample
Reducing Agent Buffer (Invitrogen, B0009) and then boiled at
95 �C for 5min.

Flow cytometric analysis

N2a cells were detached with trypsin-EDTA and washed
twice with cold PBS. The cells were then resuspended in
250ml of binding buffer (10mM HEPES, 140mM NaCl, and
2.5mM CaCl2; pH 7.4). After adding 20 mg/ml propidium
iodide, flow cytometric analysis was performed within 1 h
using a MoFlo Astrios cell sorter (Beckman Coulter).

Fly strains

Drosophila stocks were maintained on standard cornmeal
agar medium at 24 �C unless otherwise noted. The wild-type
elavGS-Gal4 (pan-neuronal GeneSwitch driver), UAS-Atg8a-
GFP (autophagy reporter), UAS-CL1-GFP (UPS reporter),
and UAS-TAU-V337M flies were described previously
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(Couthouis et al., 2011; Lee, Jeon, et al., 2020; Lee et al.,
2021). All other stocks were obtained from the Bloomington
Drosophila Stock Center.

Climbing and lifespan assays

Adult male flies (0 to 1 d old) were separated and transferred
into experimental vials containing fly medium mixed with or
without RU-486 (in ethanol, 40mg/ml) at a density of 25 flies
per vial (n> 100 flies). The number of dead flies was deter-
mined daily, and flies were transferred to fresh medium every
other day. Adult locomotor function was assessed by a previ-
ously described method (Feany & Bender, 2000; Lee, Kwon,
et al., 2020) in 100 flies per genotype per time point in all
experiments. The experiments were repeated twice to ensure
consistent results.

Human subjects

Postmortem tissue samples were obtained from the
Netherlands Brain Bank (NBB), Netherlands Institute for
Neuroscience, Amsterdam. This study was approved by the
committee of KBRI (201610-BR-004–01). Brain tissues from
patients with AD (n¼ 6) and normal control individuals
(n¼ 4) were used (Table 1).

Statistical analyses

Data were analyzed by unpaired Student’s t test (Vassar Stats,
www.vassarstats.net) or one-way ANOVA depending on the
comparison variable with post hoc analysis as indicated
(GraphPad Prism Software). Differences were considered sig-
nificant when p< 0.05, and significance is indicated as follows:
�, p< 0.05; ��, p< 0.005; ���, p< 0.001; n.s., not significant.

Results

Tau-induced UPS impairment and neuronal toxicity are
suppressed by PTK2 inhibition in mammalian
neuronal cells

Previous studies showed that accumulation of pathologic tau
protein causes UPS impairment in a mouse model of

tauopathy and in AD patients (Liu et al., 2021; Mori,
Kondo, & Ihara, 1987; Myeku et al., 2016; Tai et al., 2012).
We assessed the levels of TAU and phosphorylated TAU in
N2a cells transfected with EGFP-tagged Tau or Tau P301L.
Tau P301L is the disease-associated mutation commonly
found in patients with FTDP-17 (Hutton et al., 1998;
Ramsden et al., 2005). Moreover, overexpression of Tau
P301L induces neurofibrillary pathology, neuronal loss, and
behavioral impairments in mice (Santacruz et al., 2005). We
found that the levels of TAU and TAU phosphorylated at
serine 396 (S396; a marker for pathologic Tau) were signifi-
cantly increased in Tau- or Tau P301L-transfected N2a cells
(Figure 1(A,B)).

Previous studies have shown that PTK2 inhibition sup-
presses TDP-43-induced UPS impairment and toxicity in
mammalian cells and Drosophila (Lee, Jeon, et al., 2020; Lee,
Kwon, et al., 2020). Moreover, overexpression of Tau P301L
induces neurofibrillary pathology, neuronal loss, and behav-
ioral impairments (Santacruz et al., 2005). We observed that
overexpression of Tau or Tau P301L increased the level of
total polyubiquitinated protein (Figure 1(C)). In addition,
Tau P301L overexpression markedly increased the level of
polyubiquitinated proteins in the insoluble fractions, whereas
this level was only slightly increased in the soluble fractions
(Figure 1(D)). Strikingly, PTK2 inhibition significantly
reduced the Tau P301L-induced accumulation of insoluble
and soluble polyubiquitinated proteins (Figure 1(D)). We
also found that PTK2 inhibition did not affect the Tau pro-
tein level in tau P301L-transfected N2a neuronal cells
(Figure 1(E)). Accumulation of polyubiquitinated proteins is
a marker for UPS impairment and can induce cytotoxicity
(Lee, Jeon, et al., 2020; Lee, Kwon, et al., 2020; Li, Arnaud,
Rockwell, & Figueiredo-Pereira, 2004; McKinnon
et al., 2020).

We further assessed whether PTK2 regulates tau-induced
neurotoxicity using flow cytometric analysis. We used propi-
dium iodide (PI) as a marker for cell death and apoptosis.
As expected, the number of PI-positive cells was greatly
increased among Tau- and Tau P301L-transfected N2a neur-
onal cells compared to EGFP-transfected cells (Figure
2(A,B)). Inhibition of PTK2 significantly attenuated Tau- or
Tau P301L-induced cell death (Figure 2(A,B)). These find-
ings indicate the possibility that PTK2 inhibition attenuates
Tau-induced UPS impairment and neurotoxicity in a mam-
malian model of tauopathy.

PTK2 inhibition suppresses ser 403 phosphorylation of
p62 in tau-overexpressing cells

Previous studies have reported that UPS impairment induces
ALP activation as a compensatory mechanism (Wang &
Wang, 2015). To determine whether overexpression of Tau
or Tau P301L induces autophagy, we examined the levels of
LC3-I and II. The LC3-I/II ratio is a key indicator of
autophagy activation (Tanida, Ueno, & Kominami, 2008).
Compared to overexpression of EGFP, overexpression of
Tau or Tau P301L significantly increased the levels of LC3-I
and II (Figure 3(B)), supporting the previous finding that

Table 1. Human brain samples.

Case Gender
Age at death

(years)

Braak stages

(Tau pathology) (Amyloid beta)

CNL (n5 4)
CNL1 M 89 2 0
CNL2 F 93 2 0
CNL3 F 82 1 A
CNL4 F 72 1 A
AD (n5 6)
AD1 F 85 6 C
AD2 M 84 6 C
AD3 F 91 6 C
AD4 M 81 6 C
AD5 F 78 6 C
AD6 F 90 6 C

CNL: indicates control; AD: Alzheimer disease; M: male; F: female.
0–6, Braak stages of AD stages depending on the distribution and amount of
neurofibrillary tangles.
A-C, Braak stages of AD stages depending on amyloid plaques.
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Figure 2. PTK2 inhibition mitigates Tau-induced cell death. (A,B) N2a cells were transfected with the GFP, Tau WT-GFP or Tau P301L-GFP expression construct for
24 h and subsequently treated with a PTK2 inhibitor (1 mM) for 24 h. (A) FACS analysis was then performed (10,000 cells per condition). Tau WT-GFP- or Tau P301L-
GFP-induced neuronal toxicity was significantly reduced by treatment with the PTK2 inhibitor. (B) The cell death rate determined by flow cytometric analysis is
shown. The data are presented as the mean ± SD of 3 independent experiments. ���p< 0.001 (one-way ANOVA with Tukey’s multiple comparison test).

Figure 3. PTK2 inhibition suppresses Tau-induced phosphorylation of PTK2 and p62. (A–C) N2a cells were transfected with the EGFP, Tau WT-EGFP or Tau P301L-EGFP
expression construct for 24h, and the cells were then harvested for protein extraction. (A,B) Western blot analysis was performed to determine the p-p62 (S403) and LC3-I/II
levels. The p-p62 (S403) and LC3-I/II levels were significantly increased in cells expressing Tau WT-EGFP or Tau P301L-EGFP, which indicates ALP activation. Quantification of
expression was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of tubulin. The data are presented as the
means±SDs. �p< 0.05 and n.s., not significant (one-way ANOVA with Tukey’s multiple comparison test). (C) Western blot analysis was performed to determine the p-PTK2
(Y397) level. The p-PTK2 (Y397) level was significantly increased by expression of Tau WT-EGFP or Tau P301L-EGFP. Quantification of expression was performed with immuno-
blots from 3 independent experiments, and protein levels were normalized to that of tubulin. The data are presented as the means±SDs. ��p< 0.005 (one-way ANOVA
with Tukey’s multiple comparison test). (D,E) N2a cells were transfected with the EGFP or Tau P301L-EGFP expression construct for 24h and subsequently treated with a
PTK2 inhibitor (1 mM) for 24h. (D) Western blot analysis was performed to determine the p-PTK2 (Y397) level. The Tau P301L-EGFP-induced increase in the p-PTK2 (Y397)
level was significantly reduced by treatment with the PTK2 inhibitor. Quantification of expression was performed with immunoblots from 3 independent experiments, and
protein levels were normalized to that of tubulin. The data are presented as the means±SDs. ���p< 0.001 (one-way ANOVA with Tukey’s multiple comparison test). (E)
Western blot analysis was performed to determine the p-p62 (S403) level. The Tau P301L-EGFP-induced increase in the p-p62 (S403) level was significantly reduced by treat-
ment with the PTK2 inhibitor. Quantification of expression was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of
tubulin. The data are presented as the means±SDs. �p< 0.05, ��p< 0.005 (one-way ANOVA with Tukey’s multiple comparison test).
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overexpression of Tau or Tau P301L induces ALP activation
in N2a cells.

It was previously shown that PTK2 regulates toxicity
induced by UPS impairment via phosphorylation of p62 at
serine 403 (p-p62 (S403)) (Lee, Jeon, et al., 2020). Moreover,
a decrease in p-p62 (S403) facilitates autophagy-mediated
degradation of ubiquitinated proteins (Lee, Jeon, et al.,
2020). Notably, we found that the levels of p-p62 (S403) and
PTK2 phosphorylated at Tyr397 (p-PTK2 (Y397)) were
greatly increased in Tau- and Tau P301L-overexpressing
cells (Figure 3(A,C)). The Y397 is the autophosphorylation
site in PTK2, and autophosphorylation at Y397 activates
PTK2 and subsequently activates its downstream pathway
(Hanks et al., 2003).

To determine whether PTK2 regulates Tau P301L-
induced phosphorylation of p62, we analyzed the level of p-
p62 (S403) in PTK2 inhibitor-treated N2a cells expressing
Tau P301L by western blotting. We observed that PTK2
inhibition significantly reduced Tau P301L-induced phos-
phorylation of p-PTK2 (Y397) (Figure 3(D)). Moreover, the
level of p-p62 (S403) in Tau P301L-overexpressing cells was
significantly decreased by PTK2 inhibition (Figure 3(E)).
These results indicate that PTK2 inhibition markedly miti-
gates Tau P301L-induced neurotoxicity via phosphorylation
of p62 at Ser403.

Therapeutic modulation of PTK2 attenuates tau-induced
neurotoxicity in drosophila

Given the strong cell-based evidence that PTK2 regulates
Tau-induced neurotoxicity, we next examined whether PTK2
inhibition suppresses Tau-induced toxicity in vivo using a
tauopathy model in Drosophila that express the human Tau
V337M mutant in the nervous system (elavGS-GAL4, pan-
neuronal GeneSwitch driver). Tau V337M is a disease-asso-
ciated mutation identified in FTDP-17. Moreover, human
Tau V337M-expressing flies show neuropathological features
similar to those of human tauopathy patients (Hutton, 2000;
Wittmann et al., 2001). The protein level of TAU in the Tau
V337M flies was verified by western blot analysis
(Figure 4(A)).

We first determined whether the UPS is impaired in tau-
opathy model flies. To assess ubiquitin-dependent prote-
asome activity in flies, we used CL1-GFP reporter flies that
express GFP fused to the CL1 degron (a signal peptide for
ubiquitin-mediated proteasomal degradation) (Pucher,
Jayaprakash, Aftyka, Sigman, & Van Swol, 1995). The pro-
tein level of CL1-GFP was dramatically increased in tauop-
athy model flies compared to control flies (Figure 4(B)).
Moreover, the level of polyubiquitinated proteins was signifi-
cantly increased in the heads of tauopathy model flies

Figure 4. Tau overexpression induces UPS impairment in a Drosophila model of tauopathy. (A) Western blot analysis of the Tau protein level in lysates of fly heads.
Genes were expressed in the nervous system in a drug-inducible manner with the elavGS driver. Quantification of expression was performed with immunoblots
from 3 independent experiments. Genotypes: Control is elavGS/þ. Tau V337M is elavGS,UAS-Tau V337M/þ. (B) Western blot analysis of the CL1-GFP (a reporter of
UPS activity) protein level in lysates of fly heads. The level of CL1-GFP was significantly upregulated in Tau V337M flies. Quantification of expression was performed
with immunoblots from 3 independent experiments, and protein levels were normalized to that of tubulin. The data are presented as the means ± SDs. Genotypes:
Control is elavGS,UAS-CL1-GFP/þ. Tau V337M is elavGS,UAS-Tau V337M/þ;elavGS,UAS-CL1-GFP. ��p< 0.005 (Student’s t test). (C) Western blot analysis of insoluble
polyubiquitinated protein levels in lysates of fly heads. The level of polyubiquitinated proteins was significantly increased in Tau V337M flies. Quantification of
expression was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of tubulin. Quantification of expression
was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of tubulin. The data are presented as the
means ± SDs. ���p< 0.001 (Student’s t test). Genotypes: Control is elavGS/þ. Tau V337M is elavGS,UAS-Tau V337M/þ. (D) Western blot analysis of Atg8a-GFP and
free GFP levels in lysates of fly heads. The level of free GFP was significantly increased in Tau V337M flies, which indicates increased ALP activity. Quantification of
expression was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of Atg8a-GFP. The data are presented as
the means ± SDs. Genotypes: Control is elavGS,UAS-Atg8a-GFP/þ. Tau V337M is elavGS,UAS-Tau V337M/þ;elavGS,UAS-Atg8a-GFP. �p< 0.05 (Student’s t test).
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(Figure 4(C)), suggesting that the UPS is impaired in the
nervous system of tauopathy model flies.

To confirm the in vitro results, we assessed ALP activity
using the Atg8a-GFP reporter. According to a previous
study, the ratio of free GFP to Atg8a-GFP correlates with
the level of ALP activation because globular GFP is much
more resistant to acidic lysosomal conditions than is Atg8a-
GFP (Klionsky et al., 2012). By adopting this approach, we
examined the free GFP/Atg8a-GFP ratio in our system
and found that the ratio was significantly higher in Tau
V337M-expressing flies than in control flies (Figure 4(D)).
Notably, a previous study showed that ALP activation is a
mechanism compensating for UPS impairment (Wang &
Wang, 2015). Thus, it seems likely that the UPS impairment
caused by Tau overexpression leads to ALP activation.
Consistent with this hypothesis, we found that PTK2 inhibi-
tor treatment significantly ameliorated the Tau V337M-
induced climbing deficit and the shortened lifespan (Figure
5(A,B)). In addition, the TAU level was not significantly
affected by the PTK2 inhibitor in Tau V337M flies (Figure
5(C)). Taken together, these results suggest that the PTK2
inhibitor attenuates Tau V337M-induced toxicity in a
Drosophila model of tauopathy.

Serine 403 phosphorylation of p62 is significantly
increased in alzheimer’s disease patients with tauopathy

A recent study reported that p-p62 (S403)-positive inclusions
are found in the affected neurons of Alzheimer’s disease and
ALS patients (Kurosawa et al., 2016). Furthermore, Tau
pathology is one of the most common features of AD
(Grundke-Iqbal et al., 1986; Iqbal et al., 1989; Nelson et al.,
2012). To investigate the relationship between p-p62 (S403)
and tauopathies in human patients, we used postmortem
hippocampal tissues from patients with AD and age-matched
control subjects. We assessed the level of p62 phosphoryl-
ation at S403 in the hippocampal regions of patients with
AD (n¼ 6) and control subjects (n¼ 4) using western blot-
ting (Table 1). The levels of p-TAU (S396) (the marker for
Tau pathology) were increased in the brains of AD patients
(Figure 6(A), 611 ± 136% compared to normal controls). In
addition, the levels of p-p62 (S403) were significantly
increased in the brains of AD patients compared with the
brains of control subjects (Figure 6(B), 152 ± 16%). This
result indicates that accumulation of p-p62 (S403) is associ-
ated with the progression of AD with tauopathy. Taken
together, all of the evidence suggests that PTK2 inhibition

Figure 5. PTK2 inhibition attenuates Tau-induced neurotoxicity in a Drosophila model of tauopathy. (A,B) Climbing ability and lifespan of Tau V337M flies treated
with a PTK2 inhibitor (10mM) at the indicated time points. The Tau V337M-induced climbing deficit and shortened lifespan were weakly mitigated by treatment
with the PTK2 inhibitor. The percentages of flies that climbed or survived were quantified. The data are presented as the means ± SEMs (n¼ 4 replicates per condi-
tion, each with n¼ 25 flies per sample). �p< 0.05; ��p< 0.005; n.s., not significant (one-way ANOVA with the Bonferroni correction for multiple comparisons). (C)
Western blot analysis of the TAU protein level in Tau V337M flies treated with the PTK2 inhibitor (10 mM). Inhibition of PTK2 did not affect the TAU protein level.
Quantification of expression was performed with immunoblots from 3 independent experiments, and protein levels were normalized to that of tubulin. The data are
presented as the means ± SDs. n.s., not significant (Student’s t test). Genotypes: Control is elavGS/þ. Tau V337M is elavGS,UAS-Tau V337M/þ.
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may be a promising therapeutic strategy for neurodegenera-
tive diseases featuring tauopathies.

Discussion

Tau is the major component of NFTs, and abnormal accumula-
tion of Tau proteins in AD and FTD patients contributes to
AD/FTD pathology (Bodea, Eckert, Ittner, Piguet, & G€otz,
2016; Cash et al., 2003). Notably, Tau-induced UPS impairment
plays a major role in the pathogenesis of tauopathies (Liu et al.,
2021; Myeku et al., 2016; Tai et al., 2012). In this study, we
demonstrated that the UPS is impaired by Tau overexpression
in cell and Drosophila models of tauopathy. We observed that
expression of the FTDP-17-associated mutant Tau P301L mark-
edly reduced UPS activity in mammalian neuronal cells and
that expression of another FTDP-17-associated mutant, Tau
V337M, impaired UPS function in Drosophila. Our findings
suggest that UPS impairment could be a critical factor for the
progression of tauopathies. Interestingly, UPS impairment is
also associated with other neurodegenerative diseases, such as
TDP-43 proteinopathies. Recent studies have demonstrated that
TDP-43 overexpression impairs the UPS in cellular and
Drosophila models of TDP-43 proteinopathies (Lee, Jeon, et al.,
2020). Moreover, ubiquitin–proteasome activity is reduced in

the motor neurons of patients with sporadic ALS (Bendotti
et al., 2012). Indeed, mutant TDP-43 associated with ALS inter-
acts with the proteasome complex proteins PSMG2 and PSD13.
Yin et al. also showed that the physical interaction between
these proteins can suppress UPS activity (Yin et al., 2021).
These findings suggest that UPS dysfunction may be a major
pathological mechanism in many neurodegenerative diseases.

Moreover, previous studies demonstrated that PTK2 reg-
ulates toxicity induced by UPS impairment. In addition,
PTK2 inhibition mitigates TDP-43-induced accumulation of
ubiquitinated aggregates and neurotoxicity in mammalian
neuronal cells and flies (Lee, Jeon, et al., 2020). These stud-
ies revealed that PTK2 inhibition regulates the phosphoryl-
ation of p62 at Ser403 to facilitate the clearance of TDP-43-
induced ubiquitin aggregates via ALP. These data indicate
that PTK2 inhibition mitigates TDP-43-induced neurotox-
icity. Thus, we analyzed the effect of PTK2 on Tau-induced
UPS impairment and neurotoxicity. We found that Tau
P301L-induced PTK2 (Y397) and p62 (S403) phosphoryl-
ation was diminished by PTK2 inhibition. We also showed
that PTK2 inhibition significantly reduced Tau P301L-
induced UPS impairment and neurotoxicity. These results
suggest that PTK2 may be a promising therapeutic target for
tauopathies as well as TDP-43 proteinopathies.

Figure 6. p-p62 (Ser403) is significantly increased in Alzheimer’s disease patients with tauopathy. (A) Western blot analysis of phosphorylated TAU (S396) protein
levels in brain lysates from control subjects (Braak stage 0–3, n¼ 4) or AD patients (Braak stage 6, n¼ 6). Brain lysates from control subjects and AD patients were
prepared from postmortem human hippocampal tissue. Quantification of expression was performed with immunoblots from 3–5 independent experiments, and pro-
tein levels were normalized to that of actin. The data are presented as the means ± SDs. �p< 0.05 (Student’s t test). (B) Western blot analysis of phosphorylated p62
(S403) protein levels in brain lysates from control subjects (Braak stage 0–3, n¼ 4) and AD patients without TDP-43 proteinopathy (Braak stage 6, n¼ 6). The brains
of AD patients showed increased p-p62 (S403) protein levels compared with those in the brains of control subjects. Quantification of expression was performed
with immunoblots from 3–5 independent experiments, and protein levels were normalized to that of actin. The data are presented as the means ± SDs. �p< 0.05
(Student’s t test).
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ALP is involved in the degradation of polyubiquitinated
proteins, thereby attenuating proteotoxic stress in neurodege-
nerative diseases associated with proteinopathy (Martini-Stoica,
Xu, Ballabio, & Zheng, 2016; Nah, Yuan, & Jung, 2015; Pan,
Kondo, Le, & Jankovic, 2008). In this study, we observed that
Tau overexpression causes ALP activation in mammalian neur-
onal cells and Drosophila. Previous results suggested that p62
transports polyubiquitinated proteins into the autophagosome
and that the p-p62 (S403) level is significantly increased by
UPS impairment (Lee, Jeon, et al., 2020). We also found that
the p-p62 (S403) level is increased in Tau-overexpressing N2a
cells. In addition, we found that the hippocampal level of p-
p62 (S403) is increased in AD patients. Consistent with these
findings, p-p62 (S403)-positive inclusions have been observed
in the brains of AD patients (Kurosawa et al., 2016). These
results suggest that increased p62 phosphorylation may be
implicated in the neuropathological mechanism of tauopathies.
Furthermore, we showed that the Tau P301L-induced increase
in the p-p62 (S403) level was significantly reduced by PTK2
inhibition. Thus, we concluded that PTK2 regulates Tau-medi-
ated UPS impairment and the neuronal toxicity of Tau through
phosphorylation of p62 at Ser403.

Current research suggests that UPS impairment is a
major contributor to the pathogenesis of tauopathies. Our
results also suggest that UPS dysfunction in tauopathies
increases the phosphorylation of p62 at Ser403 and that the
reduction in p-p62(S403) mediated by PTK2 inhibition
attenuates Tau-induced neurotoxicity. Therefore, determin-
ing the molecular mechanisms and key molecules, including
PTK2, responsible for regulating UPS activity may help
identify suitable therapeutic targets for tauopathies.
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