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Abstract

The nuclear loss and cytoplasmic accumulation of TDP-43 (TAR DNA/RNA binding protein 43) are pathological hallmarks
of amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Previously, we reported that the
primate-specific cleavage of TDP-43 accounts for its cytoplasmic mislocalization in patients’ brains. This prompted us to
investigate further whether and how the loss of nuclear TDP-43 mediates neuropathology in primate brain. In this study, we
report that TDP-43 knockdown at the similar effectiveness, induces more damage to neuronal cells in the monkey brain than
rodent mouse. Importantly, the loss of TDP-43 suppresses the E3 ubiquitin ligase PJA1 expression in the monkey brain at
transcriptional level, but yields an opposite upregulation of PJA1 in the mouse brain. This distinct effect is due to the species-
dependent binding of nuclear TDP-43 to the unique promoter sequences of the PJA1 genes. Further analyses reveal that the
reduction of PJA1 accelerates neurotoxicity, whereas overexpressing PJA1 diminishes neuronal cell death by the TDP-43
knockdown in vivo. Our findings not only uncover a novel primate-specific neurotoxic contribution to the loss of function
theory of TDP-43 proteinopathy, but also underscore a potential therapeutic approach of PJA1 to the loss of nuclear TDP-43.

Keywords TDP-43 - Non-human primate - Rodent mouse - PJA1 - Neurotoxicity

Background

The nuclear protein TAR DNA/RNA binding protein 43
(TDP-43) regulates DNA transcription, RNA splicing, sta-
bility, and translation to mediate physiological functions
[1-5]. TDP-43 pathology was first identified in postmortem
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spinal cord and cortex samples from patients with amyo-
trophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration (FTLD) [6], and later found in the brains of
patients with other neurodegenerative diseases, including
Alzheimer’s disease (AD), Lewy body dementia (LBD), and
Huntington’s disease (HD) [7-9]. More than 50 mutations
of TDP-43 associated with ALS/FTLD have been identified,
further supporting its causal role [10, 11]. TDP-43 contains
two conserved RNA recognition motifs, RRM1 and RRM2,
which enables its nucleic acid-binding activity [12, 13] to
regulate different functions of gene transcription or RNA
processing [4, 12, 14, 15]. TDP-43 binds single-stranded
RNA in the low nanomolar range with high specificity for
UGe-rich conserved sequences [16, 17], and is recruited to
splice sites to inhibit exon recognition [12, 18] or mRNA
instability [17, 19]. TDP-43 also interacts with (UG)n repeat
elements, including VEGF (vascular endothelial growth fac-
tor), GRN (granulin precursor), NEFL (neurofilament light
chain), and ADD2 (adducin 2), to mediate the degradation of
mRNA, including its own mRNA, and suppress gene expres-
sion [16, 20-24].
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Typical TDP-43 pathology is characterized by abnormal
formation of cytosolic TDP-43 aggregates concurrent with
loss of nuclear TDP-43. This has led to hypotheses that both
gain- and loss-of-function of TDP-43 mutations can lead
to pathogenic outcomes [2, 25-27]. In some studies, trans-
genic expression of wild-type or disease-associated TDP-43
mutants in mice recapitulated certain features of related dis-
eases, supporting the gain-of-function theory. However, con-
ditional TDP-43 knockout in excitatory neurons also caused
neurodegeneration, arguing for a loss-of-function hypothesis
[28]. Therefore, to better understand and treat these associ-
ated neurodegenerative diseases, research is urgently needed
to resolve whether the gain or loss of TDP-43 function is
the salient mechanism underlying neurodegeneration [2].
Although mouse models provided valuable information for
important pathological events and mechanistic insights, spe-
cies differences prevent small animals from recapitulating
some important pathologic changes seen in patient brains.
For example, most transgenic rodent models of ALS show
the predominant nuclear localization of mutant TDP-43 [11,
29-33] or some minimal level of cytoplasmic TDP-43 [32,
34, 35],in contrast to ALS patient brains that display obvi-
ous cytoplasmic TDP-43 inclusions [6, 15], however, in a
monkey brain expressing mutant TDP-43 [36], TDP-43 is
localized in the cytoplasm to form aggregates consisting of
highly ubiquitinated, phosphorylated, and cleaved TDP-43
forms, which are similar to those seen in patient brains [5,
37-39]. Additionally, human-specific TDP-43-missplicing
was not found in mice [40-42].

To thoroughly investigate the impact of nuclear TDP-
43 dysfunction in neuropathology, it is essential to utilize
animal models that closely resemble humans. Given their
proximity to humans and the presence of cytoplasmic locali-
zation of mutant TDP-43 in neuronal cytoplasm, we opted
to employ cynomolgus monkeys for studying the role of
TDP-43. In this study, we found that TDP-43 knockdown
caused more neuronal damage and suppressed the expression
of PJA1, an E3 ubiquitin ligase, in the monkey brain than
rodent mice. These differential effects are due to the unique
promoter sequences of the mouse and monkey PJA1 gene to
which TDP-43 binds. Furthermore, we validated the critical
function of PJA1 in TDP-43 deficiency-mediated toxicity
through its rescuing effect via overexpression. This suggests
that PJA1 can be a therapeutic target for neuropathology
mediated by the nuclear loss of TDP-43.

Methods
Animals

The wild-type C5S7BL/6 mice at 8—12 months of age (n=10
each group, 5 males and 5 females per group) and the WT
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cynomolgus monkeys aged 8—12 years (n=6 each group, 3
males and 3 females per group) were used in the study.

Plasmids, viruses and antibodies

The shRNA designed for TDP-43 and PJA1 of different
species was subcloned into the pLKO.1-GFP-puro vector
(IGEbio Corp., Guangzhou) to generate lentivirus (LV)-
sh-TDP-43 and LV-sh-PJA1 vectors. The control LV-GFP
vector consisted of the same vector as LV-TDP-43 and con-
tained the same ubiquitous expression promoter. The human
PJA1 cDNA was subcloned into the pAAV9-EF1a vector
(OBiO Corp., Shanghai) to generate the adeno-associated
viruses (AAV)-human-PJA1 vector. The control AAV-GFP
vector consists of the same vector as AAV-human-PJA1
and contains the same promoter. The titer of the LV vec-
tor genome is 1 x 10° vg/ml for LV-sh-TDP-43 and 1x 10°
vg/ml for LV-GFP. The titer of the AAV vector genome is
1x 10° vg/ml for AAV-human-PJA1 and 1 x 10'? vg/ml for
AAV-GFP.The primary antibodies used for immunoblot,
immunofluorescence, and immunoprecipitation assays were
as follows: rabbit anti-TDP-43 (Proteintech, 10,782-2-AP),
rabbit anti-NeuN (Abcam, ab177487), mouse anti-Vinculin
(Sigma, MAB3574), rabbit anti-PJA1 (Thermo, 72,845),
chicken anti-MAP2 (Abcam, ab5392), rabbit anti-ChAT
(Sigma, AB5042), rabbit anti-BOK (Abcam, ab186745),
rabbit anti-BAK1 (CST, 12105S), rabbit anti-TUJ1 (Abcam,
ab18207), rabbit anti-cleaved caspase-3 (CST, 9664S), rab-
bit anti-total caspase-3 (CST, 9662S), rabbit anti-DNM3
(BBI, D120571), rabbit anti-STAT1 (BBI, D120084), rabbit
anti-SGK1 (BBI, D260927), and rabbit anti-PDGFRA (BBI,
D151808). All secondary antibodies were purchased from
Boster Bio and Thermo.

Stereotaxic injection

For injection of the mouse brain, C57BL/6 mice aged
8—12 months (n=10 per group, 5 males and 5 females per
group) were anesthetized by intraperitoneal injection of 2.5%
Avertin. Their heads were placed in a Kopf stereotaxic frame
(RWD Life Science) equipped with a digital manipulator, a
UMP3-1 Ultra pump, and a 10 pl Hamilton microsyringe.
A 33 G needle was inserted through a 1 mm drill hole in the
scalp. Injections were performed at the following stereotaxic
coordinates: 1.5 mm posterior to bregma, 1.0 mm lateral to
the midline, 1.5 mm ventral to the dura, with bregma set at
zero. The microinjections were carried out at a rate of 0.2 pl/
min. The microsyringe was left in place for an additional
10 min before and after each injection. The LV-sh-TDP-43
or LV-sh-PJA1 viruses (1.5 pl) were stereotaxically injected
into the right motor cortex of mice, and the control virus was
injected into the left motor cortex.
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Similarly, we injected LV-sh-TDP-43 or AAV-human-
PJA1 into the right motor cortex of WT monkeys aged
8-12 years (n=06 per group). AAV or LV-GFP was injected
into the left motor cortex of the same monkey as a control.
Each monkey was anesthetized by intraperitoneal injection
of 0.3-0.5 mg atropine, followed by 10-12 mg ketamine
and 15-20 mg pelltobarbitalumnatricum per kg body weight.
Monkeys were secured in a stereotaxic apparatus (RWD Life
Science). The precise location of the motor cortex for stere-
otaxic injection was determined by MRI before the injec-
tion. A 10 pl volume of the virus was injected into different
locations in the right brain, and the needle insertion depth
was calculated based on the MRI taken before surgery. After
8 weeks of injection, their brain tissues were isolated for
immunohistochemical and Western blotting analysis.

Cell culture and transfection

The mouse neural crest-derived Neuro-2A cell line, human
neuroblastoma SH-SYSY cell line, and green monkey kidney
fibroblast-like COS7 cell line were purchased from ATCC
and cultured in DMEM/F12 medium containing 10% FBS,
100 U/ml penicillin, 100 pg/ml streptomycin (Thermo Fisher
Scientific), and 0.25 pg/ml amphotericin B (Thermo Fisher
Scientific). The cells were maintained at 37 °C in 5% CO2
incubators. The medium was changed every 2 days. For tran-
sient transfection, cells were plated at 70-80% confluence
and transfected with plasmid DNA using Lipofectamine
3000 (Invitrogen) for 24-72 h. Subsequently, cells were
harvested for electrophoretic mobility shift assay (EMSA),
luciferase reporter assay, and Western blotting.

Western blotting and Q-PCR

The cultured cells or brain tissues were homogenized in a
soluble fraction buffer (10 mM Tris, pH 7.4, 100 mM NaCl,
1 mM EDTA, 1 mM EGTA, 0.1% SDS, and 1% Triton
X-100) with protease inhibitors (Sigma, P8340). The lysates
were diluted in 1 X SDS sample buffer and sonicated for
15 s after incubation at 100 °C for 10 min. The total lysates
(10-20 pg) were loaded onto a Tris—glycine gel and blotted
onto a nitrocellulose membrane. The Western blotting was
developed using the ECL (electrochemiluminescence) Prime
Chemiluminescence kit (GE Healthcare Amersham).

For gPCR, reverse transcription reactions were performed
with 1.5 pug of RNA isolated using the Superscript III First-
Strand Synthesis System (Invitrogen). One microliter of
cDNA was combined with 10 ul SYBR Select Master Mix
(Applied Biosystems) and 1 pl of each primer in a 20 ul
reaction. The reaction was performed in a real-time ther-
mal cycler (Eppendorf, Realplex Mastercycler). The primer

sequences for PIA1 cDNA in monkey and mouse are as
follows: forward: TACACGGGCACGCGCAAACA and
reverse: GGGACCAGACTGCAAAGGAGG. f-actin served
as an internal control, with the following primer sequences:
forward: ATCTGGCACCACACCTTCTACA and reverse:
TACATGGCTGGGGTGTTGAAGGT. Relative expression
levels were calculated using the 2-8ACT method, with AAV-
GFP or LV-GFP injection set as 1.
The primer sequences for the eight toxic substrates of
PJAT1 are as follows:
ARHGAP27: Forward: GGACGTGTACGTGCTGGT
GGA.
ARHGAP27: Reverse: ACGTGCCACCAGTGCTCGGT.
MYCBP: Forward: AGGTCGCTGTCTTTGTAGT.
MYCBP: Reverse: GCACATCATCATCCTCGC.
PDGFRA: Forward: ACCCCATGTCTGAAGAAGA.
PDGFRA: Reverse: GATGTAAATGTGCCTGCCTT.
PML: Forward: TTGTGGTGATCAGCAGCT.
PML: Reverse: CATTGTCAATCTTGAGGTC.
DNM3: Forward: AGATGGGGAACCGGGAGAT.
DNM3: Reverse: AGAAAGTCCCTGCCCACGAA.
SGK1: Forward: GGGCAGTTTTGGAAAGGTTC.
SGK1: Reverse: AAGTGAAGGCCCACCAGGAAA.
SPHK1: Forward: GCACCCATGGGCCGCTGT.
SPHK1: Reverse: GCCAGGAAGAGGCGCAGC.
STAT1: Forward: AAAAGCAAGACTGGGAGCA.
STAT1: Reverse: AGATTACGCTTGCTTTTCC.

Immunofluorescence and immunohistochemistry

Mice or monkeys were anesthetized with 5% chloral hydrate
and perfused with 0.9% NaCl followed by 4% paraformal-
dehyde (PFA). The brains were then removed and fixed in
4% PFA overnight at 4 °C. After fixation, the brains were
transferred to 30% sucrose for 48 h and then cut into 20 or
30 pm sections using a cryostat at — 20 °C.

The sections were blocked in 4% donkey serum with 0.2%
Triton X-100 and 3% BSA (bovine serum albumin, Roche
Applied Science, BSAV-RO) in 1X PBS for 1 h. For immu-
nofluorescent staining, 20 pm sections were incubated with
primary antibodies in the same buffer at 4 °C overnight.
After washing with 1X PBS, the sections were incubated
with fluorescent secondary antibodies. Fluorescent images
were acquired using a Zeiss microscope (Carl Zeiss Imag-
ing, Axiovert 200 MOT) with either a 40X or 20X lens and
a digital camera (Hamamatsu, Orca-100) with openlab soft-
ware (Improvision).

For immunohistochemistry with DAB staining, after pre-
blocking, 30 pm sections were incubated with antibodies for
at least 24 h at 4 °C. A biotin/avidin immuno-assay kit (Vec-
tor Laboratories, PK-4001) and DAB kit (Thermo Scientific)
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were used for visualizing the staining. Images were acquired
using a Zeiss microscope (Carl Zeiss Imaging, Imager A.2)
with a 20X, 40X, or 63X lens and a digital camera (Carl
Zeiss Imaging, AxioCam HRc) with AxioVision software.

Dual-luciferase reporter assay

For luciferase experiments, the mouse, monkey, or human
PJA1 was subcloned into the pGL3-Basic vector using the
double digestion enzymes Mlu (BioLabs, R3198S) and
Kpnl (BioLabs, R3142S).

For the mouse PJA1, the primers were as follows:

Mus-intron-1515 Forward: GTTCCTTCTCTCCCCTCC
ACCTACC.

Mus-intron-2967 Forward: AACCTGTGCTGCCTG
TAATGAACGA.

Mus-pr/in-4257 Forward: TGCAAGCTCCAGCAACCT
AGAAAGT.

Common Reverse: ATGCTTCTGTCAGTTTCAGGC
CATCC.

Mus-prom-1 k Forward: TGCAAGCTCCAGCAACCT
AGAAAGT.

Mus-prom-2 k Forward: GCATAGGTTAAATATGTT
GACACTAGG.

Common Reverse: ATGCTTCTGTCAGTTTCAGGC
CATCC.

For the monkey PJA1, the primers were as follows:

Mky-intron-1091 Forward: ATCTCTCTGCCACGT
GTGTCAGACA.

Mky-intron-2251 Forward: CCAGCTGACTTCACA
ATCACTTCCG.

Mky-pr/in-3314 Forward: TTTCCCTCATTCCCTCCC
TCCCTTC.

Common Reverse: ATTGAAAACCCTCCTAAGTCA
GAGTG.

Mky-prom-1 k Forward: TTTCCCTCATTCCCTCCC
TCCCTTC.

Mky-prom-2 k Forward: CTTGCCTTATTTCCTTTC
TTCTTC.

Common Reverse: ATTGAAAACCCTCCTAAGTCA
GAGTG.

For the human PJA1, the primers were as follows:

Hum-prom-1 k Forward: CTTCCCTCATTCCCTCTC
TCCCTTT.

Hum-prom-2 k Forward: GCAACATGCTTTTTTCAC
TTAATATA.

Common Reverse: ATTGGAAACCCTCCTAAGTCA
GAGTG.

Cells were plated in triplicate for each experiment and
transfected with 500 ng of each firefly luciferase PJA1
construct (pGL3-T5-mouse/monkey/human-PJA1). The
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luciferase activity was measured using the Dual-Lucif-
erase Reporter Assay System (Promega, E1910). The fire-
fly luciferase activity of PJA1 constructs was normalized
against the renilla luciferase output of the same pGL3-T5
vector.

Electrophoretic mobility shift assay (EMSA)

PJA1 DNA fragments were acquired using PCR. The PJA1
probe was designed with the following sequences: (Biotin)
5'-CACACACACGCACACACACACACACACACACAC
ACACAGAAACCTCCTTTGCAGTCTGG-3' (forward)
and (Biotin) 5'-CCAGACTGCAAAGGAGGTTTCTGT
GTGTGTGTGTGTGTGTGTGTGTGTGCGTGTGTGTG-
3" (reverse). The PJA1 probe was incubated with 2 pg of
nuclear protein in a 10 pl reaction solution containing
10 mM Tris—HCI (pH 8.0), 10 mM MgCl,, | mM EDTA,
1 mM dithiothreitol, 10% glycerol, and 60 mM KCl at 26 °C
for 30 min. The mixture was then electrophoresed through a
6% native polyacrylamide gel (PAGE) in 0.5X Tris—borate-
EDTA buffer (TBE). The binding activity of TDP-43 to the
biotin-labeled PJA1 probe was determined using a chemilu-
minescent EMSA kit (Beyotime, Shanghai), following the
manufacturer’s protocol.

Chromatin immunoprecipitation assay (CHIP)

Chromatin immunoprecipitation (ChIP) was performed
using the ChIP Assay kit (Millipore, 17-295) following the
manufacturer’s instructions. Neuro-2A cells were collected
after 48 h of incubation at 37 °C in DMEM/F12 medium
containing 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. The cells were fixed with 1% formaldehyde for
10 min. Mouse brain tissue was ground and incubated with
1% formaldehyde for 15 min at 37 °C. The cross-linking
reaction was quenched by adding glycine to a final con-
centration of 0.125 M for 15 min at room temperature.The
cross-linked cells were harvested, washed with 1X PBS, and
resuspended in 1 mL of SDS lysis buffer. The extract was
sonicated on ice, and the soluble fraction, which predomi-
nantly contained DNA in the size range of 100 to 800 bp,
was obtained by centrifugation. For each immunoprecipita-
tion (IP), 60 ul of Protein G agarose was added to the pre-
cleared chromatin and incubated for 1 h at 4 °C with rotation
to remove proteins or DNA that might bind non-specifically
to the Protein G agarose. Then, 100 pl of each IP sample was
saved as input, and the remaining 900 pl was incubated with
5 ul of anti-TDP-43 antibody for 12 h at 4 °C with shaking.
After that, the samples were incubated for an additional hour
with the addition of 60 pl of Protein G Sepharose slurry.
Immune complexes were collected by centrifugation and
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Fig.1 TDP-43 knockdown induced more neurotoxicity in the mon-
key brain compared to mice. A Schematic representation of lenti-
viruses (LV) expressing TDP-43 shRNA (LV-TDP-43-shRNA) or
scramble shRNA under the U6 promoter and GFP protein under the
EF-1a promoter. The viruses were injected into the motor cortex of
adult monkeys and mice (n=6 animals per group; 8—12 years old
for monkeys, 8-12 months old for mice). B Western blotting analy-
sis indicated that the injection of LV-TDP-43-shRNA (KD) for two
months suppressed approximately 50% of endogenous TDP-43 in
both monkeys and mice, compared with non-targeted shRNA con-
trol (Ctrl). In the representative 4 animals, the reduced levels of neu-
ronal proteins (NeuN and MAP2) were more pronounced in monkeys

than mice. C Quantitative analysis of the ratios of TDP-43, NeuN
and MAP2 to vinculin on western blots in panel (B). The data are
mean+SEM (n=6 animals per group). *P <0.05; ***P <0.001; ns
not significant. D Immunohistochemical staining with antibodies to
C-terminal TDP-43 and NeuN showing that TDP-43 was knocked
down by TDP-43 shRNA (KD) in the cortex of monkey (upper panel)
and mouse (lower panel), but greater reduction of NeuN staining
occurred in the monkey brain. Low magnification micrographs were
shown in the left panel. Scale bar: 200 mm. E Quantitative analysis
of the number of TDP-43 and NeuN positive cells in panel (D). Ten
random fields (20x) in each slice from 3 animals in each group were
used to generate data (mean + SEM). *P <0.05; ***P <0.001
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«Fig. 2 Differential expression of PJA1 in the TDP-43 knocking down
monkey and mouse. A Volcanic map for differentially expressed tran-
scripts from the transcriptome analysis of the TDP-43 knockdown
brain cortex in monkeys and mice. Colored points indicate statisti-
cally significant DEGs [false discovery rate (FDR)<0.05]. Blue dots
are downregulated genes [log2(fold change)<— 0.8], and red dots
are upregulated genes [log2(fold change) > 0.8]. N=3 biological rep-
licates per genotype. There are 8671 differentially expressed genes
that are commonly present in the brain cortex of both monkey and
mouse; but 1023 and 394 were selectively found in the monkey and
mouse, respectively. B Heatmap showing the combinative differen-
tially expressing genes, with the mean-value (av.=average) quantiza-
tion from 3 biological replicating animals, in the brain of monkey, but
not mouse, after TDP-43 knockdown. C Gene networks of different
functions via GO categorization between control and TDP-43 knock-
down in the monkey and mouse brains. The red font highlight indi-
cates “ubiquitin-like protein transferase activity”-associated cluster. D
The important genes with “ubiquitin mediated proteolysis” by KEGG
pathway enrichment, were also clustered after knocking down TDP-
43 in the monkey and mouse brains. E The differentially expressing
genes important for “ubiquitin-like protein transferase activity” and
“ubiquitin mediated proteolysis” were also heat-mapped. Note that
PJA1 was down-regulated in the monkey brain but up-regulated in the
mouse brain after knocking down TDP-43. F Q-PCR analysis of the
expression level of PJA1 mRNA, normalized to GAPDH, in TDP-43
knockdown tissues in mice and monkeys. The data are mean+SEM
(n=6 animals per group). ¥*P<0.05; **P<0.01. G Western blot-
ting analysis of TDP-43 knockdown tissues (the same samples in
Fig. 1B) in monkeys and mice, showed that the suppressing TDP-43
reduced PJAI in the monkey brain, but increased PJA1 expression
in the mouse brain. H Quantitative analysis of the intensity ratio of
PJAL1 levels to vinculin on western blotting in panel (G). The data are
mean + SEM (n=6 animals per group). *P <0.05; **P <0.01

washed. The immunocomplexes were then collected and
resuspended in 200 pl of elution buffer. Cross-linking was
reversed by incubating for 4 h at 65 °C. Input and ChIP
DNA samples were purified, resuspended in 20 ul TE, and
analyzed by PCR using Thermo Scientific Maxima Hot Start
Taq DNA Polymerase. The primer sequences for mouse
PJA1 DNA were as follows: Forward: TACACGGGCACG
CGCAAACA and Reverse: GGGACCAGACTGCAAAGG
AGG. The primer sequences for monkey PJA1 cDNA were
as follows: Forward: TACACGGGCACGCGCAAACA and
Reverse: GGGACCAGACTGCAAAGGAGG.

Proteasome activity assay

All the samples were adjusted to a concentration of 0.5 mg/
ml total protein by dilution with homogenization buffer
and tested in triplicate. The chymotrypsin-like activity of
20S-beta-5 was determined using the substrate Suc-LLVY-
aminomethyl coumarin (AMC) (40 pM; Bilmol), and the
postglutamyl activity of 20S-beta-1 was determined using
the substrate Z-LLE-AMC (400 pM; Bilmol).Equal amounts
(10 pg) of the extracts were incubated with the correspond-
ing substrates in 100 pl of proteasome activity assay buffer

(0.05 M Tris—HCI, pH 8.0, 0.5 mM EDTA, 1 mM ATP,
and 1 mM DTT) for 30—60 min at 37 °C. The reactions
were stopped by adding 0.8 ml of cold water and placing the
reaction mixtures on ice for at least 10 min. The free AMC
fluorescence was quantified using a CytoFluor multi-well
plate reader (FLUOstar; BMG Labtech) with excitation and
emission wavelengths set at 380 nm and 460 nm, respec-
tively. The fluorescence readings were then normalized by
the protein concentrations to obtain the activity values in
nmol/min/mg protein.

Statistical analysis

When comparing two groups, statistical significance was
determined using the two-tailed Student’s t-test. One-way
ANOVA was used to determine statistical significance when
multiple groups were analyzed. Two-way ANOVA was used
to analyze data for mice or monkeys that were repeatedly
subjected to behavioral tests. Data are mean + SEM. Graph-
Pad Prism software was used for calculations. A P-value less
than 0.05 was considered statistically significant.

Results

TDP-43 knockdown induces more neurotoxicity
in the monkey brain than mouse

In a previous study, we demonstrated that overexpression of
TDP-43(M337V) in the motor cortex of monkeys resulted
in the distribution of cytoplasmic and cleaved TDP-43 in
the primate brain, leading to neurotoxic gain-of-function
[36]. One important question is whether the loss of TDP-43
can mediate neuropathology. Since species differences may
prevent small animals from fully recapitulating important
pathologic changes seen in patient brains, we first confirmed
that endogenous TDP-43 is mainly located in the nucleus
of both wild-type (WT) monkey and mouse cortex regions
(Fig. S1). We then compared the effects of knocking down
TDP-43 in the motor cortex of monkeys and mice, achiev-
ing similar effectiveness by injecting lentiviruses expressing
TDP-43 shRNA (TDP-KD) or control GFP (Ctrl) (Fig. 1A
and S2). Western blotting analysis using antibodies to NeuN
and MAP?2 revealed that the suppression of endogenous
TDP-43 led to severe neuronal cell death in monkeys but
milder neurotoxicity in mice (Fig. 1B and C). Immunobhis-
tochemical staining also indicated more neuronal loss in the
injection area of the monkey cortex compared to the mouse
brain (Fig. 1D and E).

Transcriptome analysis showed that 8671 significantly
differentially expressed genes (DEGs) were commonly
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«Fig. 3 Species-dependent regulation of PJA1 by TDP-43 knockdown
at the transcriptional level. A The putative DNA binding conserved
sequences of (TG/GT)n motifs (32 units) were localized before the
translation initiation codon “ATG” in the mouse PJAl genes, but
were not found in the human and monkey PJA1, with the sequences
under the cartoon graphs. B Different promoter regions of the PJA1
gene were inserted into the pGL3-basic luciferase report vector for
expression in cultured cells. The core promoter reporter of PJA1 was
determined for transcription activity in transfected Neuro-2a, COS7
or HEK293 cells, and the results were obtained from three independ-
ent experiments. Note that the human and monkey PJA1 promoter
region (— 2000/+ 1) had the highest reporter activity. However, the
mouse PJA1 promoter region (— 2000/+1) had very low reporter
activity, but the mouse (+ 1/42967) region containing the 5'UTR and
intronl with the (TG/GT)n motifs showed the higher promote activ-
ity whereas the counterpart of the monkey or human promoter did
not yield activity. C TDP-43 siRNA inhibited the transcription activ-
ity of the mouse PJA1 core promoter (+1/+2967) and the monkey
promoter (— 2000/+ 1) activity, which was detected by the luciferase
assays in three independent experiments. One-way ANOVA with
Tukey’s test. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
Data are mean+SEM. D The putative cis-elements in the PJA1
promoter of monkey and mouse were determined by https:/jaspar.
genereg.net/ program analyses. Note that only the limited five TFs
including FOXO3, HOXAS, SOX10, HOXBS and MYOG were
commonly presented in the monkey and mouse sequences. E The
chromatin immunoprecipitation (ChIP) assay was performed using
mouse Neuro-2a cell lysates and wild-type (WT) mouse brain tis-
sues. The endogenous TDP-43 was immunoprecipitated by the TDP-
43 antibody and the associated DNAs were then detected by PCR.
The results showed the binding of endogenous TDP-43 to (TG/GT)
n motifs in the mouse PJA1 DNAs, which did not occur in mon-
key COS7 cells or brain tissues. IgG served as a negative control. F
Q-PCR detection of PJA1 DNAs associated with TDP-43 that was
immunoprecipitated by anti-TDP-43 in ChIP assay. The specific PJA1
DNA bound endogenous TDP-43 in mouse Neuro-2a cells and brain
tissues. G The electrophoretic mobility shift assay (EMSA) was per-
formed for the interaction of TDP-43 with (TG/GT)n motifs. The
results showed that the probes targeting the (TG/GT)32 on the mouse
PJA1 genes were shifted (arrows) by the TDP-43 antibody

present in both monkey and mouse cortex after TDP-43
knockdown, whereas 1023 and 394 DEGs were selectively
changed in the monkey and mice, respectively (Fig. 2A and
S3). The combinative and mean-value quantized heatmap
displayed that some DEGs changed in the monkey were
not significantly altered in the mouse cortex by TDP-43
knockdown (Fig. 2B). Gene networks of different func-
tions via GO categorization indicated that the ‘ubiquitin-
like protein transferase activity’-associated cluster was
more extensive in the TDP-43 knockdown monkey brain
(Figs. 2C and S4). The KEGG pathway analysis also showed
enrichment of “ubiquitin-mediated proteolysis” related to
the misfolded protein degradation process in the TDP-43
knockdown monkey (Figs. 2D and S5). Some genes that
are important for the “UPS (ubiquitin—proteasome system)”
functions showed opposite changes in the TDP-43 knock-
down monkey and mouse brains, including the E3 ubiquitin
ligase PJA 1, which was significantly reduced in the TDP-43
knockdown monkey brain but increased in the mouse brain

(Fig. 2E). By examining the expression of PJA1 mRNA and
protein via Q-PCR (Fig. 2F) and western blotting (Fig. 2G
and H, noting the same animals in Fig. 1B), we confirmed
that the differential expression of PJA1 initially occurred
at the transcriptional level. To address potential off-target
effects, we designed two additional shRNAs targeting TDP-
43 and confirmed that knocking down TDP-43 reduced PJA1
expression at the cellular level in monkey COS7 cells but
upregulated PJA1 in the mouse Neuro2a cell line (Fig. S6).

TDP-43 binds to the mouse, but not monkey, PJA1
promote to suppress its transcription

TDP-43 has been shown to interact with the UG repeats of
the untranslated region to suppress the expression of target
genes [4, 16, 20, 22, 24, 43—46]. In this study, we investi-
gated whether TDP-43 binds differently to the promoters
of the monkey and mouse PJA1 genes, leading to species-
dependent transcriptional effects. We found that the TDP-43
binding region in the monkey and human PJA1 promoters
is very similar. However, the mouse PJA1 gene promoter
is followed by the intron 1 region, which contains a typi-
cal (TG)32 repeat before the translation initiation codon
“ATG,” while this repeat region is not present in the monkey
or human PJA1 introns (Fig. 3A). To determine the impor-
tance of these sequence differences for PJA1 transcription,
we isolated different DNA regions of the PJA1 gene for
luciferase assays in transfected mouse (Neuro-2a), monkey
(COS7), and human (HEK293) cell lines. We found that
different promoter regions produced varying reporter activi-
ties in the mouse and primate cell lines (Fig. 3B). Interest-
ingly, the mouse PJA1 DNA region containing the TG repeat
(mouse-intron 2967) promoted reporter activity, whereas the
human intron 1 region without this repeat failed to activate
the reporter (Fig. 3B). Following suppression of endoge-
nous TDP-43 by siRNA (Fig. S7), the core promoter region
(— 2000/ + 1) activity was decreased in the monkey and
human cells, while the mouse core promoter (+ 1/+2967)
activity was dramatically induced (Fig. 3C). Analysis of
potential transcription factors (TFs) (https://jaspar.genereg.
net/) that can bind to the PJA1 promoter revealed notable
differences in TFs binding to the mouse-(+ 1/+2967) and
monkey-(— 2000/ + 1) promoters. Only five TFs, includ-
ing FOX03, HOXAS, SOX10, HOXBS, and MYOG, were
commonly present in both monkey and mouse sequences
(Fig. 3D).

TDP-43 is predominantly localized in the nucleus and
likely binds to (UG/TG)n repeats with more than 6 units
[47-49]. To confirm this, we obtained motif-containing (TG/
GT)n repeats in the mouse and monkey brains and verified
them through sequencing (Fig. S8). CHIP assay with the
TDP-43 antibody precipitated endogenous TDP-43 in mouse
and monkey cortex tissues. The DNAs associated with the
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known neuronal toxicity were induced by TDP-43 knockdown in
both the monkey and mouse cortex (lower panel). C Q-PCR analy-
sis of the expression level of the known toxic genes of PJA1 in TDP-

@ Springer

Ratio to Vinculin

Ratio to Vinculin

Monkey
k% dkk *k *kk *k
10 i
8 -
6 - _ - -
4 =
TDP-43 DNM3 STAT1 SGK1 PDGFRA
Mouse
*k ns * * ns
10
871 o
°] * &
o
AL 10 1] il
0
TDP-43 DNM3 STAT1 SGK1 PDGFRA

[ Ctrl: Scramble-shRNA ] KD: TDP-43-shRNA

43 knockdown tissues in mice and monkeys, which was normalized
to GAPDH. The data are mean+SEM (n=6 animals per group).
*P<0.05; **P<0.01; ***P<0.001. ns not significant. D Western
blotting analysis of TDP-43 knockdown tissues in monkeys and mice
showed that the accumulation of the neuronal toxic substrates of
PJA1, including DNM3, STAT1, SGK1 and PDGFRA were detected
in monkey brain, but not in TDP-43 knockdown mouse brain. E
Quantitative analysis of the intensity ratio of TDP-43, DNM3,
STAT1, SGK1 and PDGFRA to vinculin on western blotting in panel
(D). The data are mean+SEM (n=6 animals per group). *P <0.05;
**P <0.01; ***P<0.001. ns Not significant


http://ubibrowser.bio-it.cn/

Loss of TDP-43 mediates severe neurotoxicity by suppressing PJA1 gene transcription in the...

Page110f17 16

precipitated nuclear TDP-43 in mouse Neuro-2a cells or
WT mouse cortex were identified by PCR (Fig. 3E and F),
revealing that the intron 1 segments of the PJA1 genes bound
to endogenous TDP-43 and contained the (TG/GT)n repeats
specifically in the mouse but not the monkey COS7 cell line
or monkey cortex (Fig. 3E and F). Using the IGV genome
browser to analyze the TDP-43-associated DNAs, we con-
firmed that the DNA segment located in front of the transla-
tion initiation codon “ATG” in the PJA1 gene was captured
in mouse but not monkey brain tissues (Fig. S9). EMSA was
also performed to examine the interaction of TDP-43 with
(TG/GT)n motifs, which showed that the probes containing
the (TG/GT)32 repeat on the mouse PJA1 gene were shifted
by the TDP-43 antibody (Fig. 3G).

PJA1 protects neuronal cells against toxic substrates
in monkey and mouse brain

PJA1 is a brain-expressed E3 ubiquitin ligase with an essen-
tial RING-H2 finger. It plays a role in ubiquitinating its tar-
geted proteins, such as MAGED1/NRAGE/DIxinl, leading
to their subsequent degradation by the proteasome [50-52].
PJA1 is known as a common suppressor of protein aggre-
gation associated with neurodegenerative diseases [53], It
has suppressive effects on TDP-43 aggregate formation [54]
and facilitates the degradation of ataxin-3 and huntingtin
polyglutamine proteins, reducing polyglutamine-mediated
toxicity [55]. Searching for PJA1 substrates using the data-
base (http://ubibrowser.bio-it.cn/) (Fig. 4A) revealed several
neuronal toxic proteins, including SPHK1 [56], STAT1 [57],
SGK1 [58], DNM3 [59], PDGFRA [60], ARHGAP27 [61],
PML [62], MYCBP2 [63] and others, which were induced at
the transcript level by TDP-43 knockdown in both monkey
and mouse cortex (Fig. 4B and C). However, Western blot
analysis showed that the deficiency of TDP-43 led to the
noticeable accumulation of these toxic substrates at the pro-
tein level in the monkey brain but not in mice (Fig. 4D and
E). These results suggest that TDP-43 deficiency selectively
affects PJA1-mediated degradation of targeted proteins in
the monkey brain. Furthermore, the chymotrypsin-like and
post-glutamyl activities were not significantly impaired by
TDP-43 knockdown in both animals (Fig. S10). Considering
the accumulation of toxic substrates in the monkey brain due
to TDP-43 inhibition, we examined changes in apoptosis-
related proteins, including cleaved caspase-3, BAK, and
BOKI1 (Fig. S11). The results showed increased levels of
apoptotic proteins in the monkey brain when TDP-43 was
knocked down. Consistently, there were the loss of motor
neurons and activation of astrocytes in monkeys (Fig. S12).
All these results suggest that apoptosis may be involved in
neurodegeneration caused by the loss of TDP-43. Thus, in
the primate brain, the suppression of PJA1 may contribute

to severe neurotoxicity resulting from TDP-43 knockdown,
whereas in the rodent brain, the elevated levels of PJA1 may
directly remove the generated toxic substrates.

To confirm this, we generated a lentiviral vector express-
ing PJA1 shRNA and GFP under the EFla promoter, along
with its scramble control, and injected the viruses, along
with LV-TDP-43 shRNA virus, into the motor cortex of mice
(Fig. 5A). Western blot analysis revealed that suppressing
PJA1 in the mouse cortex at 8—12 months of age signifi-
cantly reduced the expression of neuronal proteins compared
to the injection of the scramble control (Fig. 5B and C).
Immunofluorescence double-staining also indicated that the
inhibition of PJA1 induced pronounced neuronal cell death
in the injected area, as evidenced by the loss of NeuN and
MAP? staining (Figs. 5D and E, and S13). These findings
prompted us to investigate whether overexpression of PJA1
could enhance the clearance of toxic substrates in vivo and
whether its downregulation could promote neurodegenera-
tion. To test this, we generated an AAV9 vector expressing
human PJA1 or GFP control under the same EF1a promoter
(Fig. 5F). We then stereotaxically co-injected LV-TDP-43
shRNA and AAV-PJA1 or its AAV-GFP control into the
motor cortex of monkeys aged 8—12 years. Western blot
analysis showed that the overexpression of PJA1 in the
monkey brain dramatically reduced TDP-43 knockdown-
mediated neuronal cell loss, as evidenced by increased NeuN
and MAP2 labeling (Fig. 5G and H). Double-staining also
revealed that the restored PJA1 in the monkey cortex was
associated with the clearance of toxic substrates in neuronal
cells, indicating its protective effects (Figs. 5I and J, and
S14). Immunohistochemical staining further confirmed that
the restoration of PJA1 in the monkey cortex could rescue
neuronal cell death caused by TDP-43 knockdown (Fig.
S15).

Considering the pronounced nuclear loss of TDP-43 in
primates, our studies suggest that the reduction of PJA1
mediated by TDP-43 deficiency could contribute to severe
neurotoxicity in the monkey brain. However, due to the dif-
ferent binding of TDP-43 to the promoter of the mouse PJA1
gene, milder neurotoxicity was observed upon the loss of
TDP-43 in the rodent brain. Therefore, PJA1-related neuro-
toxicity may be primate-specific and could serve as a poten-
tial therapeutic target for treating TDP-43-related neuropa-
thology (see Fig. 6).

Discussion

TDP-43 proteinopathy is characterized by the accumulation
of cytoplasmic TDP-43 and aggregates in the brains and
spinal cords of nearly all patients (~97%) with ALS and
in~45% of FTLD cases [1, 6, 64—66]. Furthermore, TDP-43
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«Fig.5 Influence of PJA1 Alteration on Neurotoxicity in TDP-43
Knockdown Animal Brains. A Schematic representation of lenti-
viruses expressing PJA1 shRNA (LV-PJA1-shRNA) or scramble
shRNA under the U6 promoter and GFP protein under the EF-la
promoter. These were stereotaxically co-injected with LV-TDP-
43-shRNA into the motor cortex of mouse brains (n=6 animals per
group; 8—12 months old mice). B Western blot analysis revealed that
PJA1-shRNA suppressed the expression of endogenous PJAl and
neuronal proteins (NeuN and MAP2) in representative mouse brains,
two months after injection, compared to the scramble shRNA con-
trol. C Quantitative analysis of the intensity ratios of PJAI, NeuN,
and MAP2 to vinculin on western blotting in panel (B). Data are
presented as mean+SEM (n=6 animals per group). **P<0.01;
*##%¥P<(0.001. D Immunofluorescence double-staining of PJAI,
MAP2, and NeuN showed a pronounced reduction in MAP2 and
NeuN levels by TDP-43 and PJA1 knockdown in the mouse cortex,
compared to TDP-43 knockdown alone (n=6 animals per group;
8-12 months old mice). Scale bar: 200 pm. E Quantitative analysis
of the density of positive cells per image (40X). A total of 10 random
fields in each section were examined, and the data (mean+SEM)
were obtained from three independent experiments (n=6 for each
group, 8-12 months old mice). ***P<0.001. F Schematic repre-
sentation of the adeno-associated virus expressing human PJA1
(pAAV-human PJA1) or GFP control (pAAV-GFP control) under the
EFla promoter, co-injected with LV-TDP-43-shRNA into the motor
cortex of monkey brains (n=35 animals per group; 8-12 years old
monkeys). G Western blot analysis indicated that overexpression of
PJA1 increased MAP2 and NeuN levels in representative TDP-43
knockdown monkey brains, two months after injection, compared
to GFP control (pAAV-GFP control). H Quantitative analysis of
the ratios of PJA1, NeuN, and MAP2 to vinculin on western blot-
ting in panel (G). Data are presented as mean+SEM (n=5 animals
per group). ¥*P<0.05; **P<0.01. I Immunofluorescence double-
staining of PJA1, MAP2, and NeuN showed that the reduction of
MAP2 and NeuN was rescued by PJA1 overexpression in the mon-
key cortex (n=35 animals per group; 8—12 years old monkeys). Scale
bar: 200 pm. J Quantitative analysis of the density of positive cells
per image (40X). A total of 10 random fields in each section were
examined, and the data (mean + SEM) were obtained from three inde-
pendent experiments (n=>5 for each group, 8—12 years old monkeys).
*#%P <0.001

proteinopathies have been observed in 57% of Alzheimer’s
disease cases and in some dementia patients with Lewy
bodies [37-39, 67, 68]. However, only a small percentage
(<5%) of ALS patients carry mutations in the TDP-43 gene
[5, 15, 69, 70]. Thus, factors other than TDP-43 mutations
are primarily responsible for the cytoplasmic accumula-
tion of TDP-43, and TDP-43 mutations may exacerbate this
abnormal redistribution. The mislocalization of TDP-43 in
the cytoplasm, leading to its loss from the nucleus, has been
implicated in ALS, FTLD, [6, 64, 71] and other neurological
disorders [5, 37-39, 67]. This combination of cytoplasmic
inclusions, which can result in gain-of-function, and nuclear
depletion of TDP-43, which can lead to loss-of-function,
is thought to contribute significantly to TDP-43-associated

neuropathology [72]. The cytoplasmic accumulation of
TDP-43 appears to be independent of its mutations but
is regulated by species-related factors. Transgenic rodent
models overexpressing either normal or mutant TDP-43 pre-
dominantly show nuclear accumulation of TDP-43 [29-32,
73], while the expression of TDP-43 in the brains and spinal
cords of monkeys through AAV vector injection leads to
cytoplasmic distribution [36, 74]. Additionally, a transgenic
TDP-43 pig model expresses mutant TDP-43 in the cyto-
plasm [75]. In previous studies using non-human primates,
we discovered that caspase-4, which is selectively expressed
in primate brains, cleaves TDP-43, removing N-terminal
fragments carrying the nuclear import signal and resulting
in the cytoplasmic accumulation of C-terminal fragments in
primate brains [36]. Therefore, the loss of nuclear TDP-43
due to cytoplasmic distribution may be better replicated by
knocking down TDP-43 in the primate brain, allowing for
the identification of primate-specific effects of nuclear TDP-
43 deficiency when compared to rodent models.

It is evident that TDP-43 is crucial for neuronal survival
and development, as demonstrated by conditional knockout
TDP-43 mouse models that exhibit neuronal loss [28, 76,
77]. The critical role of nuclear TDP-43 in gene transcription
and RNA processing is well-documented [4, 14, 78]. Manip-
ulation of TDP-43 levels in the nucleus, either through over-
expression or depletion, significantly impacts gene expres-
sion and leads to corresponding phenotypes in mice [29,
79]. However, TDP-43 proteinopathy is characterized by the
loss of nuclear TDP-43 and the accumulation of TDP-43 in
the cytoplasm. When considering the neuropathology and
phenotypes observed in humans with endogenous mutant
TDP-43 expression, it is crucial to account for the loss of
nuclear TDP-43. Therefore, investigating the neuropathol-
ogy resulting from TDP-43 knockdown, rather than com-
plete deletion, is essential. By comparing the phenotypes
of monkey and mouse models, we discovered that TDP-43
knockdown induced more neurotoxicity in the monkey brain
than in the mouse brain, highlighting the importance of
using non-human primates to study TDP-43 proteinopathy.

Our findings suggest that PJA1 contributes to the pri-
mate-specific toxicity caused by the nuclear loss of TDP-
43. Strong evidence supporting this idea is that the loss of
TDP-43 selectively suppressed PJA1 expression in monkey
cells but increased PJA1 expression in mouse cells. These
differential effects are attributed to the distinct sequences
of the PJA1 promoters in monkey and mouse cells, which
result in different binding of nuclear TDP-43 and opposite
effects on the regulation of PJA1 transcript expression in
monkey and mouse. The differential binding of TDP-43 to

@ Springer



16 Page 14 of 17

L. Zhu et al.

Primate neurons

TDP-43 Loss [ SO

substrate
TDP-43 - »
(K
¢ No binding &P

364680 Pt No

1 clean

PIAT
regulate

Fig.6 A proposed model for the nuclear loss of TDP-43-induced
neurotoxicity. TDP-43 knockdown leads to heightened neurotoxic-
ity in the monkey brain and decreases the expression of PJA1. This
reduction in PJA1 expression can subsequently enhance the accu-
mulation of toxic substrates. Conversely, in the rodent brain, the loss

the PJA1 gene in different species aligns with recent findings
showing that TDP-43 binds to the human-specific UG-rich
motif in the STMN?2 intron, which is absent in the mouse
STMN?2 gene [80]. Additional evidence supporting the role
of PJAT in TDP-43 deficiency-mediated neuropathology
includes the exacerbation of neurodegeneration upon PJA1
knockdown and the rescue effect achieved by overexpress-
ing PJA1 in monkey brains with reduced TDP-43 levels.
These findings are consistent with the critical role of PJA1
in eliminating misfolded or toxic proteins to prevent neu-
rodegeneration [53-55] and suggest that PJA1 could be a
potential therapeutic target for treating TDP-43 deficiency-
associated neuropathology.
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