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The formation of misfolded protein aggregates is one of
the pathological hallmarks of neurodegenerative diseases.
We have previously demonstrated the cytoplasmic aggre-
gate formation of adenovirally expressed transactivation
response DNA-binding protein of 43 kDa (TDP-43), the
main constituent of neuronal cytoplasmic aggregates in
cases of amyotrophic lateral sclerosis (ALS) and
frontotemporal lobar degeneration (FTLD), in cultured
neuronal cells under the condition of proteasome inhibi-
tion. The TDP-43 aggregate formation was markedly
suppressed by co-infection of adenoviruses expressing heat
shock transcription factor 1 (HSF1), a master regulator of
heat shock response, and Praja1 RING-finger E3
ubiquitin ligase (PJA1) located downstream of the HSF1
pathway. In the present study, we examined other report-
edly known E3 ubiquitin ligases for TDP-43, i.e. Parkin,
RNF112 and RNF220, but failed to find their suppressive
effects on neuronal cytoplasmic TDP-43 aggregate forma-
tion, although they all bind to TDP-43 as verified by co-
immunoprecipitation. In contrast, PJA1 also binds to
adenovirally expressed wild-type and mutated fused in sar-
coma, superoxide dismutase 1, α-synuclein and ataxin-3,

and huntingtin polyglutamine proteins in neuronal cultures
and suppressed the aggregate formation of these proteins.
These results suggest that PJA1 is a common sensing fac-
tor for aggregate-prone proteins to counteract their aggre-
gation propensity, and could be a potential therapeutic
target for neurodegenerative diseases that include ALS,
FTLD, Parkinson’s disease and polyglutamine diseases.

Key words: fused in sarcoma, Praja1, superoxide dis-
mutase 1, transactivation response DNA-binding protein
of 43 kDa, α-synuclein.

INTRODUCTION

Protein aggregation and spreading are prominent features
of neurodegenerative diseases such as prion disease,
Alzheimer’s disease, frontotemporal lobar degeneration
(FTLD), Huntington’s disease (HD), Parkinson’s disease
(PD), spinocerebellar degeneration (SCD) and
amyotrophic lateral sclerosis (ALS).1–7 Among these, trans-
activation response DNA-binding protein of 43 kDa (TDP-
43) is the main component of cytoplasmic aggregates dem-
onstrated in neurons and glial cells in patients with ALS
and FTLD.8–13 In ALS and FTLD, wild-type (WT) TDP-43
is cleaved, and a resultant 25-kDa C-terminal fragment
(CTF) that lacks nuclear localization signal is localized to
the cytoplasm. Cytoplasmic TDP-43 aggregates are com-
posed of WT and CTF TDP-43, and are phosphorylated
and ubiquitinated.8–11 We have previously shown that ade-
noviruses expressing human WT and CTF TDP-43 induce
the cytoplasmic TDP-43 aggregate formation in cultured
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neuronal cells under proteasome inhibition.14,15 We have
also demonstrated that co-infection of an adenovirus
expressing heat shock transcription factor 1 (HSF1), a mas-
ter regulator of heat shock response, markedly suppressed
the formation of adenoviral TDP-43 aggregates.16 To iden-
tify candidate molecules located downstream of HSF1, we
performed DNA microarray analysis and revealed that
Praja 1 RING-finger E3 ubiquitin ligase (PJA1) inhibits
TDP-43 phosphorylation and aggregate formation.16

Ubiquitin ligase activities for TDP-43 have been previ-
ously identified that include Parkin/PARK2,17 the von
Hippel–Lindau (VHL)/cullin-2 (CUL2) E3 complex,18

RNF112/ZNF17919 and RNF220.20 Accordingly, in the pre-
sent study, we compared suppressive effects of PJA1,
Parkin, RNF112 and RNF220 on adenoviral TDP-43 aggre-
gate formation in our cultured neuronal cell models. On the
other hand, Ghosh et al.21 recently demonstrated that PJA1
also facilitates the degradation of polyglutamine proteins,
i.e. ataxin-3 and huntingtin, and suppresses polyglutamine-
mediated toxicity, which suggests a possibility of common
suppressive activity of PJA1 on the formation of protein
aggregates in neurodegenerative diseases. In the present
study, we examined whether PJA1 suppresses the
adenovirus-induced aggregate formation of representative
proteins in ALS, FTLD, PD, SCD and HD that include
TDP-43, fused in sarcoma (FUS), superoxide dismutase
1 (SOD1), α-synuclein, and ataxin-3 and huntingtin poly-
glutamine proteins in our cultured neuronal cell models.

MATERIALS AND METHODS

Cell culture

All experiments were performed following Japanese
National Guidelines and Regulations, and were approved
by the Biosafety Committee (#164-6) and the Animal Care
and Use Committee (#I17-01-04) of Kyorin University
Faculty of Health Sciences. The adult rat neural stem cell
line 1464R that we have established (Cat. No. #T0746;
Applied Biological Materials, Canada, Cat. No. #RNSCL-
C; Cosmo Bio, Tokyo, Japan) was cultured as previously
described.14–16,22 To differentiate 1464R cells into neuro-
nal and glial cells, dissociated 1464R cells were seeded on
poly-L-lysine (PLL; #P1524; Sigma-Aldrich, St Louis, MO,
USA)-coated 12-well plates or 9-mm ACLAR round cov-
erslips (Allied Fibers & Plastics, Pottsville, PA, USA) at a
density of 4–6 � 105 cells per well and 1–2 � 104 cells per
coverslip, respectively, and maintained in differentiation
medium composed of F12 medium (Cat. No. #11765-054;
Thermo Fisher Scientific, Waltham, CA, USA) containing
5% fetal bovine serum (Moregate, Bulimba, Australia),
0.5% N2 supplement (Cat. No. #17502-048; Thermo
Fisher), 1% B27 supplement (Cat. No. #17504-044;
Thermo Fisher), 1 μM all-trans retinoic acid (ATRA; Cat.

No. # R2625; Sigma-Aldrich), 50 units/mL penicillin and
50 μg/mL streptomycin in 5% CO2 at 37�C.

Adenovirus infection

Preparation of adenovirus vectors expressing 50-DsRed-
tagged full-length human WT (1–414 aa) and CTF (208–414
aa) TDP-43 fused with FLAG tag at the 30-ends
(AxDsRhTDP43WTFL, AxDsRhTDP43CTFFL), 30-EGFP-
tagged human WT HSF1 (AxhHSF1EGFP) and human WT
(variant V1; 1–643 aa) and RING finger domain-lacking
(ΔR) PJA1 (AxhPJA1EGFP, AxhPJA1ΔREGFP) have
been previously described16 (Fig. 1). For the construction of
adenovirus vectors expressing 30-EGFP tagged WT Parkin
(AxhPRKNEGFP), RNF112/ZNF179 (AxhRNF112EGFP)
and RNF220 (AxhRNF220EGFP), and 50-DsRed- and 30-
FLAG-tagged WT and P525L FUS (AxDsRhFUSWTFL,
AxDsRhFUSP525LFL), WT and G93A SOD1 (AxDsRh-
SOD1WTFL, AxDsRhSOD1G93AFL), WT and A53T
α-synuclein (AxDsRhSNCAWTFL, AxDsRhSN-
CAA53TFL), ataxin-3 Q28 and Q84 (AxDsRhATXN3-
Q28FL, AxDsRATXN3Q84FL), and Htt exon 1 Q23 and
Q74 (AxDsRhHttEx1Q23FL, AxDsRhHttEx1Q74FL),
cDNAs obtained from HEK 293 cells by reverse transcrip-
tion polymerase chain reaction (RT-PCR) or from Addgene
plasmids pEGFP-C1-Ataxin3 Q28 (Cat. No. #22122;
Addgene, Watertown, MA, USA), pEGFP-C1-Ataxin3 Q84
(Cat. No. #22123; Addgene), pEGFP-Q23 (Cat. No. #40261;
Addgene) and pEGFP-Q74 (Cat. No. #40262; Addgene) by
PCR using primers as listed in Table 1 were cloned into
pEGFPN1-3 and DsRed-Monomer-C1 (Clontech, Palo Alto,
CA, USA), respectively, and SwaI cloning site of adenovirus
cassette cosmid pAxCAwtit2 (Cat. No. #6170; TaKaRa,
Osaka, Japan) as described14–16,22 (Fig. 1A, B). Point muta-
tions of SOD1 (G93A:g281c) and α-synuclein (A53T:g157a)
were created by QuikChange II Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA, USA). C-
terminal point mutation of FUS (P525L:c1574t) was intro-
duced by conventional PCR (Table 1) using WT FUS as a
template. For the construction of adenoviruses encoding
shRNAs and EGFP, shRNA sequences for rat negative con-
trol14 and rat PJA1 (XM_006257105; GCTGGACGGA-
AACAACAAT) were cloned into pGeneClip hMGFP
(Promega, Madison, WI, USA) in which hMGFP fragment
was replaced by EGFP fragment, and the resulting
U1-shRNA/CMV-EGFP fragment was subcloned into SwaI
site of a cassette cosmid pAxcwit2 (Cat. No. #6170; TaKaRa)
as described14 (Fig. 1C). The cosmids were then transfected
to 293 cells, and recombinant adenoviruses were amplified
and harvested in the form of culture media. Differentiated
1464R cells on PLL-coated 12-well plates or 9-mm coverslips
were infected with the adenoviruses at a multiplicity of infec-
tion (MOI) of 50. Twenty-four hours later, the cells were
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exposed to 0.5 μM MG-132 (Cat. No. #474790; Merck Mil-
lipore, Burlington, MA, USA) and further incubated for 24
h. In some experiments, proteasome inhibitors lactacystin
(Cat. No. #426100; Merck Millipore) and bortezomib (Cat.
No. #021-18 901; FUJI FILM Wako, Osaka, Japan) were
used in place of MG-132.

Cell fractionation, co-immunoprecipitation (Co-
IP) and Western blotting

For cell fractionation, cultured cells in 12-well plates (4–
5 � 105 cells/well) were lysed, sonicated and centrifuged
at 20 000 g for 90 min at 4�C as described.16 The superna-
tants and pellets were collected as RIPA-soluble and
-insoluble fractions, respectively, lysed in 1� SDS-sample
buffer containing 2-mercaptoethanol (2-ME) and treated
for 5 min at 95�C. Other conventional cell lysates for
shRNA experiments were prepared by centrifugation at
12 000 g for 20 min at 4�C. The protein concentration of
each supernatant fraction was determined with Qubit Pro-
tein Assay kit (Thermo Fisher).

For Co-IP, 1464R cells in 12-well plates (6 � 105 cells/
well) were lysed, sonicated and centrifuged at 12 000 g
for 30 min at 4�C as described.16 Ten percent of the
resulting supernatants were analyzed as the input cell
lysate, and the remaining 90% of supernatants were
immunoprecipitated with anti-FLAG M2 affinity gel (Cat.
No. #A2220; Sigma-Aldrich). The inputs and immunopre-
cipitates were lysed in 1� SDS-sample buffer containing
2-ME and treated for 5 min at 95�C.

Fractionated cell lysates (10–20 μg) or immunoprecipitates
were electrophoresed on 4–20% SDS/polyacrylamide gels
under reduced conditions and transferred to polyvinylidene
difluoride (PVDF) membrane (Atto, Tokyo, Japan). The
blotted membrane was pretreated with 3% skim milk and
incubated overnight at 4�C with rabbit polyclonal anti-
phosphorylated TDP-43 (pSer409/S410; Cat. No. #TIP-PTD-
P02; Cosmo Bio), rabbit polyclonal anti-TDP-43 C-terminus
(405–414; Cat. No. #TIP-TD-P09; Cosmo Bio), rabbit poly-
clonal anti-FLAG (Cat. No. #F7425; Sigma-Aldrich, St
Louis, MO, USA), rabbit polyclonal anti-green fluorescent
protein (GFP; Cat. No. #ab6446; Abcam, Cambridge, UK),
rabbit polyclonal anti-PJA1 (Cat. No. #17687-1-AP; Pro-
teinTech Japan, Japan), rabbit monoclonal anti-ubiquitin
K48 (Apu2; Cat. No. #05-1307; Sigma-Aldrich), rabbit poly-
clonal anti-PRKN/PARK2 (Cat. No. #14060-1-AP; Pro-
teinTech), rabbit polyclonal anti-ZNF179 (Cat.
No. #ab246912; Abcam), rabbit polyclonal anti-RNF220
(Cat. No. #HPA027578; Sigma-Aldrich), rabbit polyclonal
anti-FUS (Cat. No. #11570-1-AP; ProteinTech), rabbit poly-
clonal anti-SOD1 (Cat. No. #10269-1-AP; ProteinTech), rab-
bit polyclonal anti-α-synuclein (Cat. No. #10842-1-AP;
ProteinTech), mouse monoclonal anti-phosphorylated
α-synuclein (pSyn#64; Cat. No. #015-25 191; FUJIFILM
Wako Pure Chemicals, Osaka, Japan), mouse monoclonal
anti-ataxin 3 (1H9; Cat. No. #MAB5376; Merck Millipore),
mouse monoclonal anti-polyglutamine (5TF-1C2; Cat.
No. #MAB1574; Merck Millipore) and mouse monoclonal
anti-GAPDH (Cat. No. #ab8245; Abcam) antibodies at dilu-
tions of 1:1000, followed by incubation with biotinylated anti-

Fig. 1 Schematic diagram of recombinant adenovirus vectors
encoding 30-EGFP-tagged gene of interest (GOI), i.e. human wild-
type (WT) HSF1 (AxhHSF1EGFP), WT and RING finger domain-
lacking (ΔR) PJA1 (AxhPJA1EGFP, AxhPJA1ΔREGFP), WT
Parkin (AxhPRKNEGFP), WT RNF112 (AxhRNF112EGFP) and
WT RNF220 (AxhRNF220EGFP) (A), and 50-DsRed (DsR)- and
30-FLAG (FL)-tagged GOI, i.e. human WT and C-terminal frag-
ment (CTF) TDP-43 (AxDsRhTDP43WTFL, AxDsRhTD-
P43CTFFL), WT and P525L FUS (AxDsRhFUSWTFL,
AxDsRhFUSP525LFL), WT and G93A SOD1 (AxDsRh-
SOD1WTFL, AxDsRhSOD1G93AFL), WT and A53T α-synuclein
(AxDsRhSNCAWTFL, AxDsRhSNCAA53TFL), ataxin-3 Q28
and Q84 (AxDsRhATXN3Q28FL, AxDsRATXN3Q84FL), and
huntingtin exon 1 Q23 and Q74 (AxDsRhHttEx1Q23FL, AxDs-
RhHttEx1Q74FL) (B), and shRNAs for rat negative control
(NC) and rat PJA1 coupled with EGFP (AxshNC/EGFP,
AxshPJA1/EGFP) (C). These vectors contain the adenovirus type-5
genome lacking the E1A, E1B (ΔaE1A&ΔE1B) and E3 (ΔE3)
regions to prevent the virus replication, the cytomegalovirus early
enhancer/chicken β-actin (CAG), U1 or cytomegalovirus (CMV)
promoter on the 50 end, and the rabbit β-globin polyA sequence
(pA) on the 30 end.
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rabbit or anti-mouse IgG (Vector Laboratories, Burlingame,
CA, USA; 1:1000) for 1 h and streptavidin-alkaline phospha-
tase (Cat. No. #11089161001; Sigma-Aldrich; 1:1000) for 1 h.
Reactions were visualized by color development using
nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-
3-indolylphosphate p-toluidine salt (BCIP; Cat.
No. #11681451001; Sigma-Aldrich). In some experiments,
immunoblotted bands were quantified by ImageJ software
(NIH, USA).

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS), postfixed with 100%
methanol, and immunostained with mouse monoclonal
TuJ1 (Cat. No. #MAB1195; R&D systems, Minneapolis,
MN, USA; 1:200), followed by incubations with Alexa
Fluor 350-conjugated goat anti-mouse antibody (Thermo
Fisher; 1:400) and Hoechst 33342 (Thermo Fisher; 2 μg/mL)
as described previously.16 The cells were examined under
an Olympus BX53 microscope equipped with a DP70 CCD
camera.

Immunohistochemistry on human tissue sections

All experiments were approved by and performed
under the guidelines of the Kyorin University Ethics
Committee and Niigata University Ethics Committee.
Informed consent was obtained from all individuals or
their guardians before the autopsy analysis. Postmortem
brain and spinal cord specimens from patients with a
definite diagnosis of SOD1-ALS, PD, HD and
Machado–Joseph disease (MJD; spinocerebellar ataxia
type 3) and non-diseased control cases were fixed with

10% buffered formalin and embedded in paraffin.
Deparaffinized and rehydrated sections were micro-
waved in citrate buffer, pH 6.0 for PJA1 immuno-
staining, or treated with formic acid for polyglutamine
immunostaining as described below.

For light microscopic immunohistochemistry, serial
4-μm-thick deparaffinized sections were treated in 3%
hydrogen peroxide, blocked with 5% skim milk/PBS, and
incubated overnight with rabbit anti-PJA1 (Cat.
No. #HPA000595; Atlas Antibodies, Bromma, Sweden;
1:100) or mouse monoclonal anti-polyglutamine (5TF-1C2;
Cat. No. #MAB1574; Merck Millipore; 1:16 000) anti-
body, followed by incubation with Histofine polymer-
immunocomplex for 1 h (Nichirei, Tokyo, Japan). The sec-
tions were incubated with 3,30-diaminobenzidine tetra-
hydrochloride, counterstained with hematoxylin, and
examined under the Olympus BX53 microscope equipped
with a DP71 CCD camera.

For double immunofluorescence, deparaffinized sections
were blocked with 10% normal goat serum and incubated
overnight with a mixture of rabbit anti-PJA1 (Cat.
No. #HPA000595; Atlas Antibodies; 1:100) and mouse mono-
clonal anti-polyglutamine (5TF-1C2; Cat. No. #MAB1574;
Merck Millipore; 1:8000), followed by incubation with a mix-
ture of Alexa 488-conjugated goat anti-rabbit and Alexa
568-conjugated goat anti-mouse antibodies (Molecular Pro-
bes, Eugene, OR, USA) at dilutions of 1:400 for 1 h. The sec-
tions were treated with Autofluorescence Eliminator Reagent
(Cat. No. #2160; Merck Millipore) as described,16 mounted
with VECTASHIELD® mounting medium with
40,6-diamidino-2-phenylindole (DAPI) nuclear stain (Vector),
and examined under a Carl Zeiss LSM700 confocal laser-
scanning microscope.

Table 1 PCR primers used in this study (F: forward, R: reverse)

Gene (h:human) Primer

hPRKN F: CGAAGCTTGCCACCATGATAGTGTTTGTCAGGTTC
(NM_004562) R: TGAATTCCACGTCGAACCAGTGGTCCCCCA
hRNF112 F: ATAAGCTTGCCACCATGCCAAGGCCCGCCTTGTCA
(NM_007148) R: TGAATTCCTCTTCCTGGAGAAGGGGCTCTCGGTCC
hRNF220 F: ATAAGCTTGCCACCATGGACTTACACCGGGCAGCC
(NM_018150) R: ATGGATCCACAAGTAGATCCTCCGCAGGTCTCCGG
hFUS/FLAG F: CGGTACCATGGCCTCAAACGATTATACCCAACAAGCAACC
(NM_018150) R: TAGGATCCTACTTGTCATCGTCGTCCTTGTAGTCATACGGCCTCTCCCT
hFUSP525L/FLAG F: CGGTACCATGGCCTCAAACGATTATACCCAACAAGCAACC
(NM_004960) R: TAGGATCCTACTTGTCATCGTCGTCCTTGTAGTCATACAGCCTCTCCCT
hSOD1/FLAG F: ATAAGCTTATATGGCGACGAAGGCCGTGTGCGTGCTGAAG
(NM_000454) R: TGGTACCTTACTTGTCATCGTCGTCCTTGTAGTCTTGGGCGATCCCAAT
hSNCA/FLAG F: GCAAGCTTCGATGGATGTATTCATGAAAGGACTTTCAAAGGCCAAGGAG
(NM_000345) R: TGGTACCTTACTTGTCATCGTCGTCCTTGTAGTCGGCTTCAGGTTCGTA
hATXN3/FLAG F: GCAAGCTTCGATGGAGTCCATCTTCCACGAGAAAC
(NM_001024631) R: TGGTACCTTACTTGTCATCGTCGTCCTTGTAGTCTGTGAAGGTAGCGAA
hHttEx1/FLAG F: ATAAGCTTCGATGAAGGCCTTCGAGTCCCTCAAGT
(NM_001388492) R: TGGTACCTTACTTGTCATCGTCGTCCTTGTAGTCGACTGCAGAATTCGG
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Fig. 2 Suppressive effects of E3 ubiquitin ligases on neuronal TDP-43 aggregate formation. (A) Schematic presentation of the experi-
ments for adenoviral TDP-43 aggregate formation. The differentiated 1464R cells were infected with adenoviruses expressing DsRed-

(Figure legend continues on next page.)
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Statistics

The data in each group were expressed as the mean� SD.
An unpaired Student’s t-test was used for comparisons
between two groups. Data in three–eight groups were
compared by one-way analysis of variance and post hoc
Bonferroni correction. A P-value less than 0.05 was con-
sidered statistically significant.

RESULTS

Suppressive effects of E3 ubiquitin ligases on
neuronal TDP-43 aggregate formation

We have previously demonstrated the formation of cyto-
plasmic TDP-43 aggregates in rat 1464R neural stem cell-
derived neurons induced by recombinant adenoviruses
expressing human WT and CTF TDP-43 under
proteasomal inhibition.14,15 These TDP-43 aggregates
showed strong immunoreactivity for phosphorylated TDP-
43, p62 and ubiquitin, and were detected in RIPA-
insoluble fractions by Western blot analysis, recapitulating
key biochemical features of pathological TDP-43 aggre-
gates found in human ALS and FTLD.14,15 The TDP-43
aggregate formation was significantly suppressed by infec-
tion of adenoviruses expressing HSF1 and PJA1 located
downstream of the HSF1 pathway.16 In the present study,
we then investigated suppressive effects of other report-
edly known E3 ubiquitin ligases for TDP-43, i.e. Parkin/
PARK2,17 RNF112/ZNF17919 and RNF220,20 on TDP-43
aggregate formation. The differentiated 1464R cells were
infected with adenoviruses expressing DsRed- and FLAG-
tagged human WT and CTF TDP-43 in the presence of a
proteasome inhibitor MG-132 (Fig. 2A). Western blot
analysis demonstrated that when the cells were co-infected
with adenoviruses expressing PJA1, Parkin, RNF112 and
RNF220 (Fig. 2A), only PJA1 adenovirus infection
reduced the amount of RIPA-insoluble, phosphorylated
TDP-43 fraction (Fig. 2B, C), although all these ubiquitin
ligases were co-immunoprecipitated with adenoviral WT
and CTF TDP-43 that were ubiquitinated (Fig. 2D). Fluo-
rescence microscopy revealed DsRed-positive dense

cytoplasmic aggregates in TuJ1-immunoreactive neurons
induced by WT and CTF TDP-43 adenoviruses in the
presence of MG-132, which was markedly suppressed by
co-infection of adenoviruses expressing HSF1 and PJA1,
but not Parkin, RNF112 or RNF220 (Fig. 2E). These
results indicate that PJA1, but not Parkin, RNF112 or
ZNF220, is one of the major E3 ubiquitin ligases for TDP-
43 to reduce its aggregation propensity in the present neu-
ronal cell experiments.

PJA1 suppresses the aggregate formation of
neurodegenerative disease-associated proteins

Our previous report16 describing suppressive effects of
PJA1 on TDP-43 aggregate formation was followed by the
recent report of Ghosh et al.21 demonstrating that PJA1
also facilitates degradation of ataxin-3 and huntingtin
polyglutamine proteins and reduces polyglutamine-
mediated toxicity, which suggests a possibility of common
suppressive activity of PJA1 on the formation of protein
aggregates in neurodegenerative diseases. We, therefore,
examined the suppressive effects of the PJA1 adenovirus
on the insoluble aggregate formation of adenovirus-
induced FUS, SOD1, α-synuclein, ataxin-3 and huntingtin
in the differentiated 1464R neurons. The 1464R cells were
differentiated as above, and co-infected with adenoviruses
expressing DsRed- and FLAG-tagged human WT or
P525L FUS, WT or G93A SOD1, WT or A53T α-syn-
uclein, ataxin-3 Q28 or Q84, or huntingtin exon 1 Q23 or
Q74, and EGFP-tagged WT PJA1 or PJA1ΔR in the pres-
ence of MG-132 (Fig. 3A). Western blot analysis of
RIPA-soluble and -insoluble fractions demonstrated that,
as a whole, RIPA-insoluble fractions of both of these WT
and mutated proteins are significantly decreased by co-
infection of PJA1, but not PJA1ΔR, adenovirus (Fig. 3B–
E1,2). Despite lacking the RING-finger domain, PJA1ΔR
adenovirus also suppressed the aggregate formation of
G93A SOD1 (Fig. 3C1,2) and the phosphorylation of
WT and A53T α-synuclein (Fig. 3D1,2). Co-IP revealed
that both PJA1 and PJA1ΔR bind to all these WT and
mutated proteins that were ubiquitinated regardless of

(Figure legend continued from previous page.)
and FLAG-tagged human wild-type (WT; AxDsRhTDP43WTFL) and C-terminal fragment (CTF; AxDsRhTDP43CTFFL) TDP-43 and
EGFP-tagged human genes of interest (GOIs; AxhGOIEGFPs, i.e. AxhHSF1EGFP, AxhPJA1EGFP, AxhPJA1ΔREGFP,
AxhPRKNEGFP, AxhRNF112EGFP or AxhRNF220EGFP), followed by incubation with 0.5 μM MG-132. (B) Western blot analysis of
suppressive effects of adenoviral HSF1 and E3 ubiquitin ligases on phosphorylation and aggregate formation of adenoviral TDP-43.
(C) Densitometric analysis of the Western blot data of RIPA-insoluble phosphorylated and total CTF TDP-43 (arrowheads in B; n = 3)
calibrated by GAPDH signals. Data are expressed as relative density compared with AxEGFP-treated control samples in the presence
of MG-132. Results are presented as mean� SD. Statistical comparison was performed by a two-tailed unpaired t-test (*P < 0.05).
(D) The co-immunoprecipitation (Co-IP) assay showing that PJA1 (1), Parkin (2), RNF112 (3) and RNF220 (4) all bind to WT and
CTF TDP-43 that are ubiquitinated. (E) Fluorescence microscopy of TuJ1-immunoreactive neurons infected with adenoviruses
expressing DsRed-tagged human WT and CTF TDP-43 (AxhDsRTDP43WT+CTFFL) and EGFP-tagged human HSF1, PJA1, PJA1ΔR,
Parkin (PRKN), RNF112 and RNF220 in the presence of MG-132. The nucleus was counterstained with Hoechst 33342.
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Fig. 3 Suppression of the aggregate formation of neurodegenerative disease-associated proteins by PJA1. (A) Schematic presentation
of the experiments for adenovirus-transduced protein aggregate formation. The 1464R-derived neuronal cells were infected with

(Figure legend continues on next page.)
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Fig. 3 (Figure legend continues on nest page)
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adenoviral PJA1 induction (Fig. 3B3–F3), probably
because of the presence of endogenous PJA1 and/or
other ubiquitin ligases that ubiquitinate these proteins
in the Co-IP samples. Fluorescence microscopy showed
decreased DsRed-positive cytoplasmic aggregates in
TuJ1-immunoreactive neurons by co-infection of PJA1
adenovirus (Fig. 3B4–F4). Because there is a possibility
that MG-132 has specific effects on protein aggregation
that are not related to proteasome inhibition, we also
investigated the effects of other proteasome inhibitors,
i.e. lactacystin and bortezomib. They similarly induced the
formation of RIPA-insoluble proteins, which was suppressed
by adenoviral PJA1 transduction (Fig. 4), confirming the
common suppressive effect of PJA1 on protein aggregate
formation under the condition of proteasome inhibition as
has been shown in the case of TDP-43 in our previous
study.16

HSF1 suppresses the aggregate formation of
neurodegenerative disease-associated proteins

It has been well established that HSF1 suppresses the
aggregate formation of several neurodegenerative

disease-associated proteins23–25 that include TDP-
43,16,26,27 SOD1,28–30 α-synuclein,31–33 ataxin-334,35 and
huntingtin.36 Previously, we have demonstrated
upregulation of endogenous PJA1 expression by adenovi-
ral HSF1, and we identified PJA1 as a downstream effec-
tor molecule upregulated by HSF1 that counteracts TDP-
43 aggregate formation.16 In the present study, we recon-
firmed that adenovirally transduced HSF1 also suppresses
the aggregate formation of WT and mutated TDP-43,
FUS, SOD1, α-synuclein, ataxin-3 and huntingtin in our
experimental protocols (Fig. 5A, B). We next examined
whether PJA1 knock-down would counteract the suppres-
sive effects of HSF1 on protein aggregate formation, pro-
vided that these effects are solely due to HSF1-induced
PJA1. As shown in our previous study, PJA1 is known to
be self-ubiquitinated and rapidly degraded by the
proteasome, and the proteasome inhibitor MG-132 pro-
moted the detection of endogenous PJA1, predominantly
its shortest form (variant X4).16 The present study
showed that rat PJA1 shRNA successfully downregulated
endogenous PJA1 induced by HSF1 in the presence of
MG-132 (Fig. 5C, D). However, PJA1 shRNA did not
negate the suppressive effects of HSF1 (Fig. 5E, F),

Fig. 3 (Figure legend continues on nest page)
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suggesting that PJA1 does not act as a full substitute
for HSF1.

Immunohistochemistry of PJA1 in human brains

We examined immunohistochemical expression of PJA1
in postmortem brain and spinal cord specimens from
patients with SOD1-ALS, PD, HD and MJD, and non-
diseased control cases. In non-diseased control cases,
the majority of neuronal cells including cortical, nigral,
hippocampal, cerebellar and spinal cord neurons were
constitutively immunoreactive for PJA1 (Fig.6A–D). In
SOD1-ALS spinal cord, however, cytoplasmic hyaline

inclusions in PJA1-immunoreactive anterior horn motor
neurons were not immunostained for PJA1 (Fig. 6E).
Similarly, brainstem-type and cortical Lewy bodies in
PD cases were immunonegative for PJA1, while Mari-
nesco bodies were lightly immunostained for PJA1
(Fig. 6F–H). Intranuclear polyglutamine inclusions in
HD cases were not immunostained for PJA1 (Fig. 6I, J),
whereas some of the intranuclear polyglutamine inclusions
observed in MJD were immunostained for PJA1 (Fig. 6K,
L). Double immunofluorescence staining of MJD neurons
demonstrated some of the intranuclear polyglutamine inclu-
sions were immunoreactive for PJA1 (Fig. 6M–O). Besides
these pathological inclusions, immunostaining patterns for

(Figure legend continued from previous page.)
adenoviruses expressing DsRed- and FLAG-tagged genes of interest (GOI), i.e. human wild-type (WT) and P525L FUS (B), WT and
G93A SOD1 (C), WT and A53T α-synuclein (D), ataxin-3 Q28 and Q84 (E), and huntingtin exon 1 Q23 and Q74 (F), and EGFP-tagged
PJA1 or PJA1ΔR, followed by incubation with 0.5 μM MG-132. (B1–4) Suppression of FUS aggregate formation by PJA1. (B1) Western
blot analysis of 1464R-derived neuronal cells infected with adenoviruses expressing DsRed- and FLAG-tagged human WT and P525L
FUS (AxDsRhFUSWTFL, AxDsRhFUSP525LFL) and EGFP-tagged PJA1 (AxhPJA1EGFP) or PJA1ΔR (AxhPJA1ΔREGFP) in the
presence f MG-132. (B2) Densitometric analysis of FLAG Western blot data of RIPA-insoluble WT and P525L FUS versus PJA1 and
PJA1ΔR (PJA1D) (arrowheads in B1; n = 3) calibrated by GAPDH signals. Data are expressed as relative density compared with
AxEGFP-treated control samples in the presence of MG132. Results are presented as mean� SD (*P < 0.05). (B3) The co-
immunoprecipitation (Co-IP) assay showing that PJA1 and PJA1ΔR bind to WT and P525L FUS that are ubiquitinated (arrowheads).
(B4) Fluorescence microscopy of TuJ1-immunoreactive neurons infected with adenoviruses expressing DsRed-tagged human P525L
FUS and EGFP-tagged human PJA1 in the presence of MG-132. The nucleus was counterstained with Hoechst 33342. (C1–4) Suppres-
sion of SOD1 aggregate formation by PJA1. (C1) Western blot analysis of 1464R-derived neuronal cells infected with adenoviruses
expressing DsRed- and FLAG-tagged human WT and G93A SOD1 (AxDsRhSOD1WTFL, AxDsRhSOD1G93AFL) and EGFP-tagged
PJA1 (AxhPJA1EGFP) or PJA1ΔR (AxhPJA1ΔREGFP) in the presence of MG-132. (C2) Densitometric analysis of the FLAG West-
ern blot data of RIPA-insoluble WT and G93A SOD1 versus PJA1 and PJA1ΔR (PJA1D) (arrowheads in C1; n = 3) calibrated by
GAPDH signals. Data are expressed as relative density compared with AxEGFP-treated control samples in the presence of MG132.
Results are presented as mean� SD (*P < 0.05). (C3) The Co-IP assay showing that PJA1 and PJA1ΔR bind to WT and G93A SOD1
that are ubiquitinated (arrowheads). (C4) Fluorescence microscopy of TuJ1-immunoreactive neurons infected with adenoviruses
expressing DsRed-tagged human G93A SOD1 and EGFP-tagged human PJA1 in the presence of MG-132. The nucleus was counter-
stained with Hoechst 33342. (D1–4) Suppression of α-synuclein aggregate formation by PJA1. (D1) Western blot analysis of 1464R-
derived neuronal cells infected with adenoviruses expressing DsRed- and FLAG-tagged human WT and A53T α-synuclein
(AxDsRhSNCAWTFL, AxDsRhSNCAA53TFL) and EGFP-tagged PJA1 (AxhPJA1EGFP) or PJA1ΔR (AxhPJA1ΔREGFP) in the
presence of MG-132. (D2) Densitometric analysis of the FLAG and phosphorylated α-synuclein Western blot data of RIPA-insoluble
WT and A53T α-synuclein versus PJA1 and PJA1ΔR (PJA1D) (arrowheads in D1; n = 3) calibrated by GAPDH signals. Data are
expressed as relative density compared with AxEGFP-treated control samples in the presence of MG132. Results are presented as
mean� SD (*P < 0.05). (D3) The Co-IP assay showing that PJA1 and PJA1ΔR bind to WT and A53T α-synuclein that are ubiquitinated
(arrowheads). (D4) Fluorescence microscopy of TuJ1-immunoreactive neurons infected with adenoviruses expressing DsRed-tagged
human A53T α-synuclein and EGFP-tagged human PJA1 in the presence of MG-132. The nucleus was counterstained with Hoechst
33342. (E1–4) Suppression of ataxin-3 aggregate formation by PJA1. (E1) Western blot analysis of 1464R-derived neuronal cells
infected with adenoviruses expressing DsRed- and FLAG-tagged human ataxin-3 Q28 and Q84 (AxDsRhATXN3Q28FL,
AxDsRATXN3Q84FL) and EGFP-tagged PJA1 (AxhPJA1EGFP) or PJA1ΔR (AxhPJA1ΔREGFP) in the presence of MG-132.
(E2) Densitometric analysis of the FLAG Western blot data of RIPA-insoluble ataxin-3 Q28 and Q84 versus PJA1 and PJA1ΔR
(PJA1D) (arrowheads in E1; n = 3) calibrated by GAPDH signals. Data are expressed as relative density compared with AxEGFP-
treated control samples in the presence of MG132. Results are presented as mean� SD (*P < 0.05). (E3) The Co-IP assay showing that
PJA1 and PJA1ΔR bind to ataxin-3 Q28 and Q84 that are ubiquitinated (arrowheads). (E4) Fluorescence microscopy of 1464R-derived
TuJ1-immunoreactive neurons infected with adenoviruses expressing DsRed-tagged human ataxin-3 Q84 and EGFP-tagged human
PJA1 in the presence of MG-132. The nucleus was counterstained with Hoechst 33342. (F1–4) Suppression of ataxin-3 aggregate forma-
tion by PJA1. (F1) Western blot analysis of 1464R-derived neuronal cells infected with adenoviruses expressing DsRed- and FLAG-
tagged huntingtin exon 1/Q23 and Q74 (AxDsRhHttEx1Q23FL, AxDsRhHttEx1Q74FL) and EGFP-tagged PJA1 (AxhPJA1EGFP) or
PJA1ΔR (AxhPJA1ΔREGFP) in the absence or presence of MG-132. (F2) Densitometric analysis of the FLAG Western blot data of
RIPA-insoluble huntingtin exon 1 Q23 and Q74 versus PJA1 and PJA1ΔR (PJA1D) (arrowheads in F1; n = 3) calibrated by GAPDH
signals. Data are expressed as relative density compared with AxEGFP-treated control samples in the presence of MG132. Results are
presented as mean� SD (*P < 0.05). (E3) The Co-IP assay showing that PJA1 and PJA1ΔR bind to huntingtin exon 1/Q23 and Q74 that
are ubiquitinated (arrowheads). (E4) Fluorescence microscopy of 1464R-derived TuJ1-immunoreactive neurons infected with adenovi-
ruses expressing DsRed-tagged human huntingtin exon 1 Q74 and EGFP-tagged human PJA1 in the presence of MG-132. The nucleus
was counterstained with Hoechst 33342.
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PJA1 in neurons did not differ between diseased and non-
diseased control cases.

DISCUSSION

We have previously shown that adenovirally transduced
cytoplasmic TDP-43 aggregate formation in 1464R-
derived neuronal cells under proteasome inhibition was
markedly suppressed by co-infection of adenoviruses
expressing PJA1.16 PJA1, a RING-H2 finger E3 ubiquitin
ligase abundantly expressed in the brain, ubiquitinates
MAGED1/NRAGE/Dlxin1 leading to its subsequent deg-
radation by the proteasome,37–39 controls TGF-β/SMAD

signaling40–43 and promotes tumorigenesis of glioblas-
toma.44,45 The PJA1 gene is suggested to be one of the
deficient genes responsible for neurodevelopmental disor-
ders associated with craniofacial malformation and/or epi-
lepsy.46,47 We have found that PJA1 binds to TDP-43 and
suppresses the cytoplasmic TDP-43 aggregate formation,
suggesting that PJA1 ubiquitinates and degrades TDP-43
through the ubiquitin-proteasome pathway.16 There have
been several reports describing ubiquitinating enzymatic
activities against TDP-43 that include Parkin,17

VHL/CUL2 E3 complex,18 RNF112/ZNF17919 and
RNF220.20 In these, Parkin ubiquitinates TDP-43 but pro-
motes TDP-43 aggregate formation.17 VHL/CUL2 E3
complex ubiquitinates misfolded TDP-43 and promotes
TDP-43 clearance.18 RNF112 E3 ubiquitinates TDP-43
and attenuates insoluble TDP-43 aggregates.19 More
recently, RNF220 E3 ubiquitin ligase was reported to
interact with TDP43 in vitro and in vivo, and promote its
ubiquitination and proteasomal degradation.20 In the pre-
sent study, we examined Parkin/PARK2, RNF112/
ZNF179 and RNF220, but failed to find their suppressive
effects on adenoviral TDP-43 aggregate formation in our
cultured neuronal cell models using 1464R cells, although,
like PJA1, they all bind to ubiquitinated TDP-43 as veri-
fied by Co-IP. In our preliminary study, we did not
observe the suppressive effects of RNF112 adenovirus on
cytoplasmic TDP-43 aggregate formation in mouse facial
motor neurons in vivo (Watabe et al., unpublished data).
Although detailed investigations are further required con-
cerning differences in neural cell types and/or coupled E2
conjugating enzymes that may affect the specificity and
efficiency of ubiquitination and proteasomal degradation,
these results suggest that PJA1, but not Parkin, RNF112
or RNF220, is one of the major E3 ubiquitin ligases for
TDP-43 to reduce its aggregation propensity in neuronal
cells. In addition, PJA1, as well as HSF1, also suppressed
the phosphorylation of RIPA-insoluble TDP-43 as demon-
strated by Western blot. Pathomechanisms of TDP-43
phosphorylation are still unclear.48 Although TDP-43
phosphorylation is consistently associated with its aggrega-
tion, a recent report described that TDP-43 phosphoryla-
tion may be a protective cellular response to counteract
TDP-43 aggregation.49

On the other hand, a recent report by Ghosh et al.21

revealed that PJA1 facilitates degradation of ataxin-3 and
huntingtin polyglutamine proteins and suppresses
polyglutamine-mediated toxicity, which suggests a possibil-
ity of common suppressive activity of PJA1 on the forma-
tion of protein aggregates in neurodegenerative diseases.
Therefore, in the present study, we examined the suppres-
sive effects of adenovirally transduced PJA1 on the
adenovirus-induced aggregate formation of FUS, SOD1
and α-synuclein, as well as ataxin-3 and huntingtin

Fig. 4 Suppression of the aggregate formation of neurodegener-
ative disease-associated proteins by PJA1 in the presence of
proteasome inhibitor lactacystin or bortezomib. FLAG Western
blot analysis of 1464R-derived neurons infected with adenovi-
ruses expressing DsRed- and FLAG-tagged human wild-type
(WT) and P525L FUS, WT and G93A SOD1, WT and A53T
α-synuclein, and ataxin-3 Q28 and G84 (arrowheads), and EGFP-
tagged PJA1 in the presence of 1 μM lactacystin (A) or 0.5 μM
bortezomib (B).

© 2022 The Authors. Neuropathology published by John Wiley & Sons Australia, Ltd on behalf of Japanese Society of
Neuropathology.

498 K Watabe et al.



Fig. 5 Suppression of the aggregate formation of neurodegenerative disease-associated proteins by HSF1. (A) Western blot analysis of
1464R-derived neuronal cells infected with adenoviruses expressing DsRed- and FLAG-tagged human wild-type (WT) and C-terminal
fragment (CTF) TDP-43, WT and P525L FUS, WT and G93A SOD1, WT and S53T α-synuclein, ataxin-3 Q28 and G84, and huntingtin

(Figure legend continues on next page.)
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polyglutamine proteins by Western blotting, and found
that the RIPA-insoluble aggregate formation of all these
neurodegeneration-associated proteins was consistently
suppressed by PJA1 in our cultured neuronal cell models.
Additionally, both WT PJA1 and PJA1 lacking RINF fin-
ger domain (PJA1ΔR) suppressed phosphorylation of
insoluble α-synuclein (Fig. 3D1,2), suggesting that PJA1
binding itself to α-synuclein partially interferes phosphory-
lation of α-synuclein, although the pathological signifi-
cance of its phosphorylation remains unclear. Similarly,
PJA1ΔR adenovirus suppressed the aggregate formation
of G93A SOD1 (Fig. 2C1,2), which may indicate that
PJA1 binding itself also interferes with G93A SOD1
aggregation. Conversely, a previous report describing
transcriptome analysis of G93A SOD1-expressing NSC34
motor neuron-like cells has shown elevated transcriptional
expression of PJA1.50

As for another ubiquitinating enzymatic activity that
counteracts protein aggregation, it has been known that
carboxy-terminus of Hsc70-interacting protein (CHIP),
also called STUB1, has the dual function of co-chaperone
and E3 ubiquitin ligase,51 and promotes degradation of
multiple neurodegenerative disease-associated proteins
that include α-synuclein,52 mutant (G93A) SOD1,53 and
expanded huntingtin and ataxin-3.54,55 Although E3
ubiquitin ligase for FUS has not been identified,56 such
functional redundancy of E3 ubiquitin ligases, i.e. PJA1
and CHIP, in this case, may facilitate efficient, continued
and/or cell type-specific degradation of these substrates.57

The functional difference between CHIP and PJA1 awaits
further investigations.

It has been widely documented that HSF1 activity is
impaired in the affected brain and spinal cords in patients
with neurodegenerative diseases such as PD, ALS and
HD, which leads to accumulation and aggregation of
α-synuclein, TDP-43, SOD1 and polyglutamine proteins,
respectively.24 In the present study, we revealed that
HSF1 suppresses the aggregate formation of TDP-43,
FUS, SOD1, α-synuclein, ataxin-3 and huntingtin in our
experimental protocols. However, we are unable to

demonstrate that the suppressive effects of HSF1 on the
protein aggregate formation are solely due to endogenous
PJA1 upregulation, because adenoviral transduction of
shRNA for rat PJA1 knock-down did not inhibit the sup-
pressive activity of HSF1 in the present study. Our previ-
ous study also showed that PJA1ΔR did not act in a
dominant-negative manner to inhibit WT PJA1 or HSF1
function.16 These results suggest that PJA1 is not solely
responsible for suppressing the formation of disease-
related protein aggregates as an effector molecule down-
stream of HSF1. Other downstream effector molecules
such as a variety of heat shock proteins induced by HSF1
may cooperate to counteract the protein aggregate forma-
tion.24 Conversely, co-aggregation of disease-linked pro-
teins such as tau, α-synuclein, TDP-43 and huntingtin has
been well recognized in diseased human brains, suggesting
that common mechanisms of disease-associated protein
aggregation may exist such as impairment of protein deg-
radation machinery that includes ubiquitin-proteasome
and autophagy systems.58–60

The present immunohistochemical data showed that
normal human brain and spinal cord neurons were immu-
noreactive for PJA1, whereas intracytoplasmic hyaline
inclusions in SOD1-ALS motor neurons, brainstem-type
and cortical Lewy bodies in PD neurons, and intranuclear
inclusions in HD neurons were not immunostained for
PJA1. Although some intranuclear inclusions in MJD
were immunoreactive for PJA1, overall protein aggregates
in diseased neurons were not immunostained for PJA1.
These results suggest that PJA1 is constitutively expressed
in the majority of neurons where pathological cytoplasmic
or nuclear protein aggregates are formed, and the forma-
tion of mature inclusions is partially due to the conse-
quence of the lack of protein degradation machinery that
includes ubiquitin-proteasome pathway involving PJA1,
although whether PJA1 prevents the development of pro-
tein oligomers or more mature cytoplasmic aggregates
remains unknown. On the other hand, because all these
disease-linked proteins are ubiquitously expressed in most
somatic cells, PJA1 binding to these proteins may not be

(Figure legend continued from previous page.)
exon 1 Q23 and Q74 (arrowheads), and EGFP-tagged HSF1 in the presence of 0.5 μM MG-132. (B) Densitometric analysis of FLAG
Western blot data of RIPA-insoluble fractions versus PJA1 (arrowheads in A; n = 3) calibrated by GAPDH signals. Data are expressed
as relative density compared with AxEGFP-treated control samples. Results are presented as mean� SD. All bars; P < 0.05.
(C) Western blot analysis of 1464R-derived neuronal cells infected with adenoviruses expressing EGFP-tagged HSF1 and rat negative
control (NC) or PJA1 shRNA/EGFP (AxshNC/EGFP, AxshPJA1/EGFP) in the presence of 0.5 μM MG-132. (D) Densitometric analysis
of PJA1 Western blot data (arrowheads in C; n = 3) calibrated by GAPDH signals. Data are expressed as relative density compared
with AxEGFP-treated control samples in the presence of MG132. Results are presented as mean� SD (*P < 0.05). (E) Western blot
analysis of 1464R-derived neuronal cells infected with adenoviruses expressing DsRed- and FLAG-tagged human WT and CTF TDP-
43, EGFP-tagged HSF1 and rat NC or PJA1 shRNA/EGFP in the presence of 0.5 μM MG-132. (F) Densitometric analysis of FLAG
Western blot data of RIPA-insoluble WT and CTF TDP-43 (arrowheads in E; n = 3) calibrated by GAPDH signals. Data are expressed
as relative density compared with AxEGFP-treated control samples in the presence of MG132. Results are presented as mean� SD
(N/S; not significant).
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Fig. 6 Immunohistochemistry of PJA1 in human brains. (A–D) PJA1-immunoreactive cerebellar Purkinje cells (A), temporal cortical
neurons (B), dopaminergic neurons in substantia nigra pars compacta (C), and hippocampal CA2 neurons (D) in a non-diseased
74-year-old male control case. (E) PJA1-immunoreactive anterior horn motor neurons containing PJA1-negative hyaline inclusions
(arrows) in the cervical spinal cord in a SOD1-amyotrophic lateral sclerosis (ALS) case. (F, G) PJA1-immunoreactive, neuromelanin-
bearing dopaminergic neurons containing PJA1-negative Lewy bodies (arrows) and PJA1-positive Marinesco bodies (arrowheads) in
pars compacta of substantia nigra of a Parkinson’s disease (PD) case. (H) A PJA1-immunoreactive neuron containing PJA1-negative
cortical Lewy body in the amygdala of a PD case (arrow). (I, J) PJA1-immunoreactive neurons containing PJA1-negative (I), poly-
glutamine (1C2)-positive nuclear inclusions (J; arrows) in the amygdala of a Huntington’s disease case. (K, L) A PJA1-immunoreactive
pontine neuron containing PJA1- (K) and 1C2- (L) positive nuclear inclusions (arrows) in the pons of Machado–Joseph disease (MJD)
case. (M–O) Double immunofluorescence of a pontine neuron containing PJA1- (M) and 1C2- (N) positive nuclear inclusions (arrows)
in an MJD case. Scale bars: 50 μm (A–D); 20 μm (E-O).
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specific to certain neuronal species characteristic of indi-
vidual neurodegenerative diseases. It remains difficult to
explain the cell type specificity responsible for the accumu-
lation and aggregate formation of these disease-linked
proteins.

There is growing acceptance of the view that the
spreading of pathological protein aggregates composed of
amyloid β, tau, α-synuclein, huntingtin and TDP-43 is the
principal feature in the progression of AD, PD, HD, ALS
and FTLD, respectively.1–7 The progression of symptoms
in patients affected by these diseases deeply correlates
with the spreading pathology of the representative protein
aggregates in the brain and spinal cord. Therefore, sup-
pressive effects of E3 ubiquitin ligases, such as PJA1, on
protein aggregate formation may halt or slow disease pro-
gression, although in vitro adenoviral expression of PJA1
did not support cell survival after adenoviral TDP-43
expression and proteasome inhibition as shown in our pre-
vious study.16 Recently, strategies to target E3 ligases and
discover activators of E3 ligases with ubiquitin variants
have been reported and are expected to be used as thera-
peutic candidates for neurodegenerative diseases.61–63

In summary, the present study demonstrated that PJA1
suppresses the aggregate formation of neurodegenerative
disease-associated proteins that include TDP-43, FUS,
SOD1, α-synuclein, ataxin-3 and huntingtin. These results
suggest that PJA1 is a potential therapeutic target for neu-
rodegenerative diseases that include ALS, FTLD, PD,
MJD and HD.
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