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ABSTRACT

Cytoplasmic  accumulation  of  TDP-43  is  a  pathological
hallmark  of  amyotrophic  lateral  sclerosis  (ALS)  and  other
neurodegenerative  diseases.  While  current  studies  have
primarily  focused  on  gene  regulation  mediated  by  full-
length nuclear TDP-43, the potential effects of cytoplasmic
TDP-43  fragments  remain  less  explored.  Our  previous
findings  demonstrated  that  primate-specific  cleavage  of
TDP-43  contributes  to  its  cytoplasmic  localization,
prompting further investigation into its pathological effects.
In the cynomolgus monkey brain, we observed that mutant
or  truncated  TDP-43  was  transported  onto  the  ribosome
organelle.  Ribosome-associated  transcriptomic  analysis
revealed dysregulation of apoptosis- and lysosome-related
genes,  indicating  that  cytoplasmic  TDP-43  induces
neurotoxicity  by  binding  to  ribosomes  and  disrupting
mRNA  expression.  These  findings  provide  mechanistic
insights  into  the  gain-of-function  effects  of  pathological
TDP-43.
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INTRODUCTION

The  nuclear  TAR  DNA/RNA  binding  protein  43  (TDP-43)
regulates  DNA  transcription,  RNA  splicing,  stability,  and
translation,  playing  a  crucial  role  in  various  physiological
functions (Chen-Plotkin et al., 2010; Cohen et al., 2011; Guo &
Shorter,  2017;  Lee  et al.,  2012;  Polymenidou  et al.,  2011).
Originally  identified  in  postmortem  samples  from  individuals
with  amyotrophic  lateral  sclerosis  (ALS)  and  frontotemporal
lobar  degeneration  (FTLD)  (Neumann  et al.,  2006),  TDP-43
pathology has since been observed in the brains of individuals

with  other  neurodegenerative  diseases,  including  Alzheimer's
disease  (AD),  Lewy  body  dementia  (LBD),  and  Huntington's
disease  (HD)  (Kwong  et al.,  2007;  Neumann  et al.,  2007;
Winton  et al.,  2008).  Over  50  TDP-43  mutations  linked  to
ALS/FTLD have been identified, reinforcing its pathogenic role
(Buratti,  2015;  Watanabe  et al.,  2020).  Structurally,  TDP-43
contains  two  conserved  RNA  recognition  motifs  (RRM1  and
RRM2) that mediate its binding to nucleic acids, facilitating its
function  in  gene  transcription  and  RNA  processing  (Buratti
et al.,  2005;  Freibaum  et al.,  2010;  Prakash  et al.,  2021).  A
defining  characteristic  of  TDP-43  pathology  is  the
accumulation of cytoplasmic aggregates coupled with nuclear
depletion,  suggesting  that  both  gain-  and  loss-of-function
mechanisms  contribute  to  disease  pathogenesis  (Broeck
et al., 2014; Kabashi et al., 2010; Lee et al., 2012; Xu & Yang,
2014). Current studies have primarily focused on manipulating
TDP-43 function in the nucleus, either by suppressing normal
protein  levels  or  overexpressing  TDP-43  in  the  nucleus  to
influence  gene  processing.  However,  relatively  limited
attention  has  been  directed  toward  the  pathological
consequences of cytoplasmic TDP-43 accumulation, including
its  impact  on  gene regulation  and subcellular  mislocalization.
This  research  gap  is  partially  attributable  to  limitations  in
mouse  models,  which,  despite  their  utility  in  recapitulating
certain  pathologies  and  mechanisms,  fail  to  replicate  the  full
spectrum  of  TDP-43  proteinopathy  observed  in  human
neurodegeneration.  Cytoplasmic  TDP-43  inclusions  are  a
hallmark feature in ALS brains (Lagier-Tourenne & Cleveland,
2009;  Neumann  et al.,  2006),  yet  most  transgenic  rodent
models  predominantly  display  nuclear  localization  of  mutant
TDP-43  (Gendron  et al.,  2013;  Huang  et al.,  2012;  Ni  et al.,
2023; Shan et al., 2010; Watanabe et al., 2020; Wegorzewska
et al.,  2009;  Yan  et al.,  2014),  with  minimal  cytoplasmic
mislocalization  (Janssens  et al.,  2013;  Mitchell  et al.,  2015;
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Wegorzewska  et al.,  2009;  Wils  et al.,  2010).  Furthermore,
increasing  evidence  indicates  that  TDP-43  C-terminal
fragment  (CTF)  expression  fails  to  effectively  replicate  the
progressive neuronal  dysfunction and degeneration observed
in  patients,  with  rodent  models  expressing  TDP-43  CTFs
generally  lacking  extensive  neurodegeneration  or  cell  death
(Caccamo  et al.,  2012;  Dayton  et al.,  2013;  Spiller  et al.,
2018).  Consistently,  studies  in  Drosophila  have  repeatedly
demonstrated  that  full-length  TDP-43  or  disease-associated
mutants elicit greater toxicity in retinal and neuronal cells than
CTFs (Gregory et al., 2012; Li et al., 2010; Voigt et al., 2010).
In  contrast,  large-animal  models,  such  as  monkeys  (Jackson
et al.,  2015;  Uchida  et al.,  2012;  Yin  et al.,  2019)  and  pigs
(Wang  et al.,  2015),  provide  a  more  physiologically  relevant
platform for studying TDP-43 pathology. In the brains of non-
human primates and pigs expressing mutant TDP-43(M337V),
cytoplasmic  mislocalization  and  aggregate  formation  closely
resemble  the  pathological  features  seen  in  human  patient
brains  (Cohen  et al.,  2011;  Hasegawa  et al.,  2017;  Josephs
et al., 2014; McAleese et al., 2017).
To  elucidate  the  neuropathological  consequences  of

cytoplasmic  TDP-43  dysfunction,  especially  its  truncated
forms,  the  use  of  large-animal  models  that  more  closely
recapitulate human pathology is essential  (Li  & Lai,  2024).  In
this  study,  endogenous  TDP-43  was  predominantly  localized
in  the  nucleus;  however,  in  monkey  brains  expressing  TDP-
43(M337V),  the  absence  of  nuclear  localization  signals
facilitated the translocation of cleaved TDP-43 fragments onto
ribosomes.  This  process  was  mediated  through  interactions
with  ribosomal  large  subunit  assembly  proteins,  leading  to
pronounced  neurotoxic  effects  in  the  cytoplasm.  Ribosome-
associated  transcriptomic  profiling  further  revealed
dysregulation  of  apoptosis-  and  lysosome-related  genes.
These findings demonstrate that truncated TDP-43 associates
with ribosomes in the cytoplasm, disrupting the expression of
multiple  mRNAs  involved  in  apoptosis  and  lysosomal
degradation,  ultimately  driving  neuronal  cell  death  in  the
primate brain. 

MATERIALS AND METHODS
 

Animals and ethics statement
Cynomolgus  monkeys  were  bred  at  Guangdong  Landao
Biotechnology Co., Ltd., an institution accredited by the China
Association  for  Assessment  and  Accreditation  of  Laboratory
Animal  Care.  All  animal-related  protocols  were  approved  in
advance  by  the  Animal  Care  and  Use  Committee  of
Guangdong  Landao  Biotechnology  Co.,  Ltd.  (approval  No.
LDACU20201216-02)  and  Jinan  University  (approval  No.
20210715-18). The company employs dedicated breeders and
veterinarians  who  closely  monitor  water,  temperature,  and
humidity  in  the  cages,  as  well  as  the  health  of  the  monkeys.
This  study  was  conducted  in  strict  accordance  with  the
“Guidelines for the Care and Use of Laboratory Animals in the
Institute  of  Laboratory  Animal  Science  (8th  edition,  2011;
National  Academies  Press)”,  and  adhered  to  the  ARRIVE
guidelines  for  reporting  animal  research  (Kilkenny  et al.,
2010), ensuring both personnel safety and animal welfare. 

Plasmids, viruses, and antibodies
The  cDNAs  encoding  full-length  human  TDP-43(M337V)
(mutant  TDP-43),  truncated  C-terminal  TDP-43-(77-414)
(TDP-35(M337V)),  or  TDP-43-(174-414)  (TDP-25(M337V))

were subcloned into adeno-associated virus (AAV) or plasmid
enhanced  green  fluorescent  protein  (pEGFP)  vector
(Addgene,  46954  and  10883,  USA).  The  control  AAV-EGFP
consisted  of  the  same  CMV  promoter.  Primary  antibodies
included  the  following:  rabbit  anti-TDP-43  (1:1  000,
Proteintech,  12892-1-AP,  USA),  rabbit  anti-NEUN  (1:1  000,
Abcam, ab177487, UK), chicken anti-MAP2 (1:5 000, Abcam,
5392,  UK),  mouse  anti-vinculin  (1:1  000,  Sigma,  MAB3574,
USA), mouse anti-GAPDH (1:10 000, Proteintech, 60004-1-Ig,
USA),  rabbit  anti-HTRA2  (1:1  000,  Proteintech,  15775-1-AP,
USA),  rabbit  anti-BAK1 (1:1  000,  CST,  12105S,  USA),  rabbit
anti-BOK (1:1 000, Abcam, ab186745, UK), rabbit anti-CARD6
(1:500, Proteintech, 18029-1-AP, USA), rabbit anti-CTSD (1:1
000,  BBI,  D264565,  China),  rabbit  anti-CTSZ  (1:500,  BBI,
D220362,  China),  rabbit  anti-CTSC  (1:500,  BBI,  D261516,
China),  rabbit  anti-RPL26  (1:500,  Proteintech,  17619-1-AP,
USA), and rabbit anti-RPL35 (1:500, Proteintech, 14826-1-AP,
USA).  All  secondary  antibodies  were  purchased  from  Boster
Bio (USA) or Thermo Fisher Scientific (USA). 

Cell culture and transfection
Green  monkey  kidney  fibroblast-like  COS7  cell  lines  were
purchased from the American Type Culture Collection (ATCC)
and  cultured  in  Dulbecco's  Modified  Eagle  Medium/Nutrient
Mixture  F-12  (DMEM/F12,  11320033,  Invitrogen,  USA),
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin,
100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B. The
cells  were  maintained  at  37°C  in  5%  CO2  incubators.  The
growth  medium  was  refreshed  every  24  h.  For  transfection,
cells  were  plated  at  70%–80%  confluence  and  transfected
with plasmid DNA using Lipofectamine 3000 (Invitrogen, USA)
for 24–72 h. 

Surgical procedures
Each monkey was anesthetized by an intraperitoneal injection
of 0.3–0.5 mg of atropine, followed by 10–12 mg of ketamine
and 15–20 mg of pentobarbital sodium per kg body weight (Li
et al., 2021; Underwood & Anthony, 2020). The monkeys were
securely  positioned  on  a  stereotaxic  apparatus  (RWD  Life
Science,  China).  The precise  location  of  the  motor  cortex  for
stereotaxic  injection  was  determined  by  magnetic  resonance
imaging (MRI) prior to the procedure. A total of 10 μL of AAV
was  injected,  with  AAV-TDP-43,  -TDP-35,  -TDP-25,  and  -
EGFP  titers  measured  at  1013  GC/mL,  as  quantified  by  the
number  of  packaged  vector  genomes  using  quantitative
polymerase  chain  reaction  (qPCR).  Needle  insertion  depth
was calculated  based on  pre-surgical  MRI  data.  Eight  weeks
post-injection,  motor  cortex  tissues  from  the  injected  regions
were  isolated  for  immunohistochemical  and  western  blot
analyses. 

Western blotting and immunofluorescent staining
For  western  blotting,  cultured  cells  and  brain  tissues  were
homogenized  in  soluble  fraction  buffer  (10  mmol/L  Tris,  pH
7.4,  100  mmol/L  NaCl,  1  mmol/L  EDTA,  1  mmol/L  EGTA,
0.1%  SDS,  and  1%  Triton  X-100)  with  protease  inhibitors
(Sigma,  P8340,  USA).  The  lysates  were  diluted  in  1×  SDS
sample buffer and sonicated for 15 s after incubation at 100°C
for  10  min.  Total  lysates  (10–20  μg)  were  loaded  in  Tris-
glycine  gel  and  blotted  to  a  nitrocellulose  membrane.  The
membrane was developed using a Prime Chemiluminescence
kit  (GE  Healthcare  Amersham).  For  immunofluorescent
staining,  the  monkey  tissues  were  perfused  with  0.9% NaCl,
followed  by  4%  paraformaldehyde  (PFA).  Brains  were
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removed  and  fixed  in  4%  PFA  overnight  at  4°C.  The  brains
were transferred to 30% sucrose for 48 h, then cut into 15-μm
sections using a cryostat  at −20°C. Sections were blocked in
4%  donkey  serum  with  0.2%  Triton  X-100  and  3%  bovine
serum  albumin  (BSA,  Roche  Applied  Science,  BSAV-RO,
USA)  in  1×  phosphate-buffered  saline  (PBS)  for  1  h.  The
sections  were  then  incubated  with  primary  antibodies  in  the
same buffer at 4°C overnight. After washing with 1× PBS, the
sections  were  incubated  with  fluorescent  secondary
antibodies.  Fluorescent  images  were  acquired  with  a  Zeiss
microscope (Carl Zeiss Imaging, Axiovert 200 MOT, Germany)
using  either  a  40×  or  20×  lens  with  a  digital  camera
(Hamamatsu,  Orca-100,  Japan)  and  Openlab  software
(Improvision, UK). 

Subcellular fractionation of brain tissues
Freshly  harvested  monkey  brain  tissues  were  homogenized
using 25 strokes in a Dounce homogenizer with ice-cold buffer
(0.32 mol/L sucrose,  15 mmol/L Tris-HCl,  60 mmol/L KCl,  15
mmol/L NaCl, 5 mmol/L EDTA, 1 mmol/L EGTA, 0.02% NaN3,
2 mmol/L ATP, pH 8.0) containing protease inhibitor and 100
μmol/L  PMSF.  Approximately  10%  of  the  resulting  lysates
were  stored  as  the  total  lysate  sample.  Nuclei  and  cellular
debris  were  pelleted  at  800  ×g  for  5  min  at  4°C.  The
supernatant was transferred to a new tube and centrifuged at
20 000 ×g for 30 min at 4°C, yielding a mitochondrion-enriched
pellet. The supernatant was then centrifuged at 100 000 ×g for
30  min  at  4°C  to  separate  the  ribosome-enriched  pellet  and
soluble  free-cytoplasmic  fraction.  Crude  nuclear  pellets  were
washed  four  times  with  ice-cold  homogenization  buffer  to
remove  cytoplasmic  contaminants.  For  nuclear  purification,
the pellets were resuspended in 374 μL of  buffer (15 mmol/L
HEPES,  1.5  mmol/L  MgCl2,  0.2  mmol/L  EDTA,  0.5  mmol/L
DTT, 26% glycerol, pH 7.9) and mixed with 26 μL of 4.6 mol/L
NaCl  to  generate  a  final  concentration  of  300  mmol/L  NaCl.
The  suspension  was  homogenized  with  20  strokes  in  a
homogenizer  on  ice,  then  sonicated  for  10  s.  The
homogenized  samples  were  kept  on  ice  for  20  min  and
centrifuged at 24 000 ×g  for 20 min at 4°C, then analyzed by
western blotting. 

Immunoprecipitation and mass spectrometry
For  immunoprecipitation,  500  μg  of  brain  tissue  was  lysed  in
ice-cold  1%  NP-40  buffer  (50  mmol/L  Tris,  50  mmol/L  NaCl,
0.1% Triton X-100, 1% NP-40 with 1× protease inhibitors and
100 μmol/L PMSF, pH 7.4).  The lysate was precleared using
protein  A  agarose  beads  (Sigma,  P1406,  USA),  followed  by
immunoprecipitation  with  an  anti-TDP-43  antibody  at  4°C
overnight. Protein A agarose beads were added to capture the
target proteins, with incubation for 2 h at 4°C. The beads were
washed  three  times  in  ice-cold  lysis  buffer,  and
immunoprecipitated  proteins,  along  with  input  controls,  were
subjected  to  western  blotting.  For  mass  spectrometry,  the
immunoprecipitated  proteins  were  separated  by  sodium
dodecyl-sulfate  polyacrylamide  gel  electrophoresis  (SDS-
PAGE),  and  the  gel  bands  were  excised  and  sent  to  the
Beijing  Genomics  Institute  (BGI,  China)  for  protein  mass
spectrometry analysis. 

RNA  sequencing  (RNA-seq)  and  ribosome  profiling
(RIBO-seq)
Bulk  or  ribosome-enriched  fractions  from  the  monkey  cortex
were  isolated  for  transcriptome  sequencing.  RNA  was
extracted  using  TRIzol  reagent  following  the  manufacturer’s

protocols.  cDNA  library  construction  and  sequencing  were
performed  by  Novogene  (China).  Libraries  were  sequenced
using  the  Illumina  platform,  generating  150  bp  paired-end
reads. Clean reads were obtained using TrimGalore (v.0.6.10)
after  discarding  reads  containing  adapter  sequences,  poly-N
regions,  or  low-quality  raw  data.  High-quality  reads  were
aligned  to  the  reference  genome  from  NCBI  (https://ftp.ncbi.
nlm.nih.gov/genomes/all/GCF/000/364/345/GCF_000364345.
1_Macaca_fascicularis_5.0/).  More  than  30  million  read
counts  were  converted  from  the  aligned  sequences  using
HTSeq. Differentially expressed genes (DEGs) were identified
based on a fold change>1.3 and an adjusted P<0.05. 

RT-qPCR
Reverse  transcription  was  performed  with  1  µg  of  RNA
isolated  using  the  Superscript  III  First-Strand  Synthesis
System (Invitrogen, USA). cDNA (1 µL) was combined with 10
µL of SYBR Select Master Mix (Applied Biosystems, USA) and
1  µL  of  each  primer  in  a  20  µL  reaction.  The  reaction  was
performed  in  a  real-time  thermal  cycler  (Eppendorf,  Realplex
Mastercycler,  Germany).  Relative  expression  levels  were
calculated  using  2^-ΔΔCT,  with  AAV-EGFP  injection  set  to  1.
The  primer  sequences  were  as  follows: BAK1  gene  forward:
GGGGAACTGTGAATACTTGAA  and  reverse:  CCTATG
GGCTCCATCTGC;  BOK  gene  forward:  CAGCGTCTACC
GCAACGT  and  reverse:  CCGCATACAGGGACACCA;
CARD6  gene  forward:  TGGAGTGTAATGGCACGAT  and
reverse:  AGGCTGAGGCAGGAGAAT; HTRA2  gene  forward:
TCCTTTGCCATCCCTTCT  and  reverse:  GGACTCA
GGGTCAGCATCA;  BAD  gene  forward:  TCCTGGTCG
GCCATCTTG  and  reverse:  GCCTTCTGCGGCTTCACA;
LAMTOR5  gene  forward:  GTTCTGGGTCAGGGTGGT  and
reverse:  GGAGGGATTCTTCATTGTG.  CTSB  gene  forward:
TGGAGACGGCTGTAATGG  and  reverse:  GTGCTCACA
GGGAGGGAT;  CTSC  gene  forward:  GGCTTCCCATACC
TCACT  and  reverse:  CCATAGACAACCTCCCACAT;  CTSD
gene  forward:  CTGGCTCCACCACAAATACA  and  reverse:
CGGTTGATGACGCTGACTT; CTSH gene forward: CTGGAG
GAAGATAAATGCC  and  reverse:  ATGGAAGGTGGGT
AGGGA;  CTSK  gene  forward:  TTCTGCTGCTACCTGTGA
and reverse: GATTTCATCCACCTTGCT; CTSS gene forward:
TTCATAACCTGGAGCATT  and  reverse:  TCTGATTA
GCGTTTGACTT;  CTSZ  gene  forward:  CTATGCCAG
CATCACCCG  and  reverse:  CCAGCGTTAGCACAGTCG.
GAPDH  served  as  an  internal  control  (forward:  ATCTGGC
ACCACACCTTCTACA  and  reverse:  TACATGGCTGGGG
TGTTGAAGGT). 

Flow cytometry
Fresh  brain  tissue  was  collected  and  processed  to  isolate
single cells. Samples were first transferred to a tissue culture
dish containing 10 mL of 1× PBS. The tissue was minced into
2–4  mm  pieces  using  scissors  and  subjected  to  enzymatic
digestion using 0.25% trypsin diluted in 1× PBS for 20 min at
room temperature.  The  resulting  cell  suspension  was  filtered
through  a  40  μm nylon  mesh  strainer  to  remove  clumps  and
debris. Cells were then centrifuged at 300–500 ×g for 4–5 min
at  2–8°C,  with  the  supernatant  discarded.  Single-cell
suspensions  were  fixed  and  permeabilized  using  the
Cytofix/Cytoperm  Solution  Kit  (BD  Biosciences,  USA)  and
stained  for  30  min  with  fluorescein  isothiocyanate  (FITC)-A
and  allophycocyanin  (APC)-A  (BD  Biosciences,  USA).  APC-
Annexin V and FITC-Annexin V were used as probes to detect
apoptotic  cells,  binding  to  negatively  charged  phospholipid
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surfaces with a higher affinity for phosphatidylserine (PS) than
other phospholipids. Stained cells were analyzed using a flow
cytometer  (BD  Biosciences,  USA)  and  data  were  processed
with FlowJo software. 

Electron microscopy
Freshly  isolated  monkey  brain  tissue  blocks  were  fixed  with
3%  glutaraldehyde  and  1%  osmium  tetroxide  for  24–48  h.
Following multiple rinses with 1× PBS solution, the specimens
underwent  dehydration  using  a  sequence  of  acetone
concentrations (30%, 50%, 70%, 80%, 90%, 95%, and 100%).
The samples were embedded in Eponate 12 (Ted Pella, USA)
and ultrathin sections (60 nm) were cut using a Leica Ultracut
S ultramicrotome. The sections were placed on copper mesh
and  stained  with  uranium  acetate  at  room  temperature  for
10–15  min,  then  with  lead  citrate  for  1–2  min.  A  Hitachi  H-
7500  electron  microscope  (Tokyo,  Japan)  was  used  for
ultrathin section examination. 

Statistical analysis
Statistical analyses were performed using two-tailed unpaired
Student's  t-tests  for  pairwise  comparisons.  One-way  analysis
of  variance  (ANOVA)  was  applied  to  assess  differences
among multiple groups, followed by Tukey’s post hoc test. To
account  for  individual  variation  among  monkeys,  data  were
obtained  from  three  to  four  independent  experiments  per
group,  using  tissue  samples  collected  from  the  same
anatomical  regions  following  viral  injection.  Results  are
expressed  as  mean±standard  error  of  the  mean  (SEM).
Statistical calculations were performed using GraphPad Prism,
with P<0.05 considered statistically significant. 

RESULTS
 

Truncated  TDP-43  induces  neurotoxicity  in  the  monkey
brain
We previously reported that AAV-mediated overexpression of
human TDP-43(M337V) in the motor cortex of monkeys leads
to cytoplasmic accumulation of exogenous TDP-43 (Yin et al.,
2019, 2022). However, the mechanisms by which cytoplasmic
TDP-43  contributes  to  neuropathology  remain  unclear.  To
address  this,  western  blotting  using  a  C-terminal-TDP-43
antibody  was  performed  on  monkey  cortex  tissue,  revealing
abundant  truncated  TDP-43  fragments  (35  and  25  kDa)  in
mutant  TDP-43(M337V)-overexpressing  monkeys  compared
to AAV-EGFP-injected controls (Figure 1A, B). Additionally, an
obvious reduction in the mature neuronal markers NEUN and
MAP2  was  observed,  reflecting  neuronal  toxicity  associated
with mutant TDP-43 expression (Figure 1B, C).
To  further  investigate  whether  cytoplasmic  truncated  TDP-

43  mediates  neuropathology,  we  generated  truncated  C-
terminal TDP-25 or TDP-35 vectors under the same promoter
as full-length TDP-43. These constructs were then transfected
into  cultured  monkey  COS7 cells  (Figure  1D;  Supplementary
Figure S1). Results showed that truncated TDP-43 fragments
were  distributed  in  the  cytoplasm,  with  the  smaller  TDP-25
fragment  exhibiting  a  greater  propensity  to  form  inclusions
compared to TDP-35. To assess the in vivo effects, AAV-TDP-
35  or  AAV-TDP-25  was  stereotaxically  injected  into  the  right
motor  cortex  of  adult  monkeys  (8–12  years  old)  (Figure  1E).
Two  months  post-injection,  western  blot  analysis  revealed  a
significant reduction in the neuronal markers NEUN and MAP2
in  the  injected  cortical  regions,  confirming  neuronal  loss
induced by truncated TDP-43 (35 and 25 kDa) (Figure 1E, F).

Immunohistochemical  analysis  further  confirmed  extensive
neuronal  loss  in  areas  proximal  to  the  injection  site,  where
exogenous  TDP-35  and  TDP-25  expression  was  most
prominent  (Figure  2A),  compared  to  the  AAV-EGFP-injected
controls (Figure 2B, C; Supplementary Figure S2). 

Truncated  TDP-43  associates  with  ribosomes  in  the
monkey brain
To explore the subcellular distribution of TDP-43 fragments in
the  cytoplasm,  endogenous  or  full-length  TDP-43  was  first
analyzed in fractions isolated from the injected cortex of wild-
type  (WT)  monkeys.  Analysis  indicated  that  TDP-43  was
predominantly localized in the nucleus, with minimal presence
in  ribosomal,  mitochondrial,  or  free-cytoplasmic  fractions
(Figure 3A, B). However, in the cortex of monkeys expressing
mutant  (Figure 3C,  D)  or  truncated TDP-43 (Figure 3E,  F),  a
pronounced enrichment of fragmented TDP-43 was observed
in ribosome-associated fractions, with some recruitment of full-
length  TDP-43  in  the  mitochondrial  and  free-cytoplasmic
fractions. These findings were consistent with observations in
TDP-43-transfected monkey COS7 cells, where truncated, but
not  full-length,  TDP-43  exhibited  a  strong  cytoplasmic
presence,  possibly  due  to  in  vivo  versus  in  vitro  differences
(Supplementary  Figure  S3).  Immunofluorescence  staining
further  verified  the  presence  of  TDP-43  fragments  on
ribosomes,  as  indicated  by  colocalization  with  ribosomal
protein  S6  (RPS6)  in  monkey  brain  tissue  (Supplementary
Figure S4).
To  explore  the  molecular  mechanism  underlying  TDP-43

localization to ribosomes, immunoprecipitation of TDP-43 from
AAV-TDP-43(M337V)-injected  monkey  brains  was  performed
(Figure  4A),  followed  by  mass  spectrometry  to  identify
interacting  proteins.  Hierarchical  clustering  analysis  of
identified  proteins,  based  on  protein  abundance  and  KOG
functional  classification,  revealed  significant  enrichment  of
ribosomal  large  subunit  proteins  compared  to  IgG  controls
(Figure  4B).  Specifically,  ribosomal  protein  L26  (RPL26,  22-
kDa)  and  ribosomal  protein  L35  (RPL35,  15-kDa)  were
identified  as  direct  TDP-43(M337V)  interacting  proteins
(Figure  4C,  D;  Supplementary  Table  S1).  Notably,  these
interactions  were  absent  in  endogenous  WT  TDP-43
(Supplementary  Figure  S5  and  Table  S1).  Western  blot
analysis  of  immunoprecipitated  proteins  from  AAV-TDP-
43(M337V)-injected  monkey  cortices  further  confirmed  that
exogenous TDP-43 interacted directly with RPL26 and RPL35
(Figure  4E).  Although these  findings  provide  strong  evidence
of  TDP-43-ribosome  interactions,  direct  immunoprecipitation
of RPL26 and RPL35 from monkey brain tissue using specific
antibodies  capable  of  effectively  precipitating  monkey  RPL26
and RPL35 would further validate these results. 

Truncated  TDP-43  disrupts  multiple  mRNAs  in  the
monkey brain
The fate  of  mRNA is  influenced by multiple  factors,  including
stability,  degradation,  and  translation  efficiency.  Ribosome-
associated  profiling  offers  a  quantitative  approach  to  assess
global  translation  by  capturing  ribosome-protected  RNA
fragments, offering deeper insight into translational regulation
(Ingolia  et al.,  2009).  Consistent  with  the  mislocalization  of
TDP-43 to ribosomal fractions, RIBO-seq analysis revealed a
greater  number  of  DEGs  in  the  gray  matter  of  the  monkey
cortex  following  AAV-mediated  expression  of  mutant  TDP-
43(M337V).  Specifically,  842  genes  were  up-regulated  and
1  008 genes were down-regulated compared to  only  223 up-
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regulated  and  335  down-regulated  DEGs  identified  through
bulk  RNA-seq  (Figure  5A).  Additionally,  RIBO-seq  profiling
showed  significant  changes  in  the  percentage  of  reads
mapped  to  different  genomic  regions  in  the  AAV-TDP-
43(M337V)  injected  monkey  cortex  compared  to  the  AAV-
EGFP controls (Figure 5B).
KEGG  pathway  analysis  (http://kobas.cbi.pku.edu.cn

/genelist/)  further  highlighted  significant  enrichment  in
pathways  associated  with  “apoptosis  progression”  and
“lysosome  decay”  in  the  AAV-TDP-43(M337V)-injected
monkeys  compared  to  the  AAV-EGFP  controls  (Figure  5C).
Notably,  several  apoptosis-  and  lysosome-related  genes
exhibited significant translational alterations in RIBO-seq data,
which were not reflected in the bulk RNA-seq (Figure 5D). For

example, pro-apoptotic genes such as BAK1 and HTRA2 were
markedly  up-regulated  in  the  AAV-TDP-43(M337V)-injected
monkey  cortex,  while  apoptosis-suppressing  genes  such  as
CARD6,  CTSC,  CTSD,  and  CTSZ,  which  encode  key
cathepsin  proteases  involved  in  lysosomal  function,  were
markedly  downregulated  in  RIBO-seq  profiling.  To  validate
these  findings,  RT-qPCR  was  performed,  confirming  that
DEGs  associated  with  apoptosis  progression  and  lysosome
degradation  were  consistent  with  the  RIBO-seq  data  RT-
qPCR(Figure 5E), while no significant changes were detected
at the bulk RNA level (Supplementary Figure S6). 

Truncated  TDP-43  induces  apoptosis  and  lysosomal
dysfunction
To determine whether downstream apoptosis- and lysosome-

 

Figure 1  Expression of mutant and truncated TDP-43 in the monkey brain

A: Schematic representation of full-length TDP-43(M337V) and EGFP control constructs in AAV vectors under the CMV promoter. B: Western blot
analysis  of  TDP-43(M337V)-overexpressing  cortical  tissue  from  8–12-year-old  adult  monkeys,  2  months  post-injection.  TDP-35  and  TDP-25
fragments  (arrowheads)  were  detected.  Additionally,  neuronal  markers  NEUN  and  MAP2  were  significantly  down-regulated  in  TDP-43(M337V)-
expressing  monkey  tissues  compared  to  AAV-EGFP  controls.  C:  Quantification  of  NEUN  and  MAP2  levels,  normalized  to  vinculin,  based  on
western blot analysis. Data represent independent experiments using cortical tissues from AAV-EGFP or AAV-TDP-43(M337V) monkeys (n=3 per
group). *: P<0.05; ***: P<0.001. D: Schematic representation of truncated TDP-43(M337V) fragments (35 and 25 kDa), expressed using pEGFP or
AAV  vectors  under  the  same  promoter,  for  transfection  and  in  vivo  injection  experiments.  E:  Western  blot  analysis  of  truncated  mutant  TDP-
35(M337V) or TDP-25(M337V) (arrowheads, labeled as TDP-35 or TDP-25) in cortical  tissue from 8–12-year-old adults,  2 months post-injection,
compared to AAV-EGFP controls. NEUN and MAP2 expression was also detected in truncated TDP-35- or TDP-25-expressing monkeys compared
to AAV-EGFP controls. F: Quantification of NEUN and MAP2 levels, normalized to vinculin, showing marked reduction following TDP-35 or TDP-25
expression. Data represent independent western blot analyses of AAV-TDP-35- or AAV-TDP-25-injected monkeys (n=3 per group). **: P<0.01.
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related genes contribute to the neurotoxicity of truncated TDP-
43,  we  examined  key  apoptosis-promoting  proteins  (BAK1,
BOK,  and  HTRA2),  apoptosis-suppressing  proteins  (CARD6,
CTSC,  CTSD,  and  CTSZ),  and  cathepsin  protease  family
members (CTSC, CTSD, and CTSZ) in AAV-TDP-43(M337V)-
injected  monkey  cortices  by  western  blotting  (Figure  6A,  B).
Next,  single-cell  suspensions  were  isolated  from  monkey

brains and analyzed using flow cytometry. The percentage of
FITC-A-positive  cells,  representing  total  apoptotic  cells,  was
significantly  higher  in  TDP-25(M337V)  and  TDP-35(M337V)-
expressing  monkey  brains  compared  to  AAV-EGFP  controls
(Figure  6C,  D).  To  further  assess  lysosomal  alterations,  we
performed  electron  microscopy  (EM).  In  the  AAV-EGFP-
injected control  cortex,  dense lysosomes were predominantly

 

Figure 2  Truncated TDP-43 induces neurotoxicity in the monkey brain

A: Immunofluorescence double-staining of TDP-43 and NEUN, revealing a marked reduction in NEUN expression in the monkey cortex following
TDP-35 and TDP-25 expression, compared to uninjected brain regions. Dotted line with arrowheads indicates injection pathway. Right panels show
higher-magnification images of immunofluorescent staining in the white-dotted box from the left panel (low magnification). Cytoplasmic distribution
of truncated TDP-35 and TDP-25 was observed. Scale bar: 40 μm. B: Immunofluorescence staining of NEUN, showing AAV-EGFP expression had
no  detectable  effect  on  NEUN  levels  in  the  monkey  cortex  compared  with  the  uninfected  brain  regions.  Dotted  line  with  arrowheads  indicates
injection pathway.  Right  panels  show higher-magnification images of  immunofluorescent  staining in  the white-dotted box from the left  panel  (low
magnification).  Scale  bar:  40  μm.  C:  Quantification  of  NEUN-positive  cells  in  exogenous  TDP-25-,  TDP-35-,  and  EGFP-expressing  cells.  Data
represent  three  independent  experiments  using  infected  tissues  from AAV-TDP-25-,  AAV-TDP-35-,  or  AAV-EGFP-expressing  monkeys  (n=3 per
group). **: P<0.01; ***: P<0.001.
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Figure 3  Mutant and truncated TDP-43 localizes to ribosomes in the monkey brain

A:  Subcellular  distribution  of  endogenous  TDP-43  in  wild-type  (WT)  monkey  brains  (8–12  years  old),  examined  by  sucrose  density  gradient
centrifugation. Brain tissues were fractioned for subcellular localization using H3, VDAC, RPS6, and tubulin antibodies as nuclear,  mitochondrial,
ribosomal,  and  free-cytoplasmic  markers,  respectively.  B:  Quantitative  analysis  of  western  blot  analysis,  showing  high  nuclear  localization  of
endogenous  TDP-43  in  WT  monkey  brains,  with  significantly  lower  abundance  in  ribosomal,  mitochondrial,  and  free-cytoplasmic  fractions.  Data
represent mean±SEM from three independent experiments, ***: P<0.001. C: Subcellular localization of mutant TDP-43 (TDP-43(M337V)) in monkey
brains  (8–12  years  old)  was  analyzed  by  sucrose  density  centrifugation.  Fractioned  brain  tissues  were  examined  using  H3,  VDAC,  RPS6,  and
tubulin antibodies as nuclear, mitochondrial, ribosomal, and free-cytoplasmic markers, respectively. Western blotting showed that cytoplasmic TDP-
43 fragments (TDP-35 and TDP-25) predominantly localized to ribosomes, where they exhibited aggregation and recruitment of full-length TDP-43.
D:  Quantification  of  subcellular  distribution  of  TDP-25  and  TDP-35  fragments  in  AAV-TDP-43(M337V)-expressing  monkey  brains.  Ribosome-
associated  TDP-43  fragments  were  significantly  enriched  compared  to  mitochondrial  and  free-cytoplasmic  fractions.  Data  represent  mean±SEM
from three independent experiments, *: P<0.05; **: P<0.01. E: Subcellular localization of AAV-TDP-25 or AAV-TDP-35 expression in monkey brains
(8–12 years old) was assessed using sucrose density centrifugation. Fractioned brain tissues were examined using H3, VDAC, RPS6, and tubulin
antibodies.  Western  blotting  confirmed  that  truncated  TDP-35  and  TDP-25  were  mainly  localized  to  ribosomal  fractions.  F:  Quantification  of
subcellular  distribution  of  truncated  TDP-25  and  TDP-35,  as  well  as  recruited  full-length  TDP-43,  in  the  monkey  brain.  Cytoplasmic  fractions
exhibited  the  highest  accumulation  of  TDP-25  and  TDP-35  in  the  ribosome  compared  to  mitochondrial  and  free-cytoplasmic  fractions.  Data
represent mean±SEM from three independent experiments, *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 4  Pathological TDP-43 interacts with ribosomal large subunit assembly proteins

A: Western blot analysis of immunoprecipitated TDP-43 and truncated fragments (arrows) from AAV-TDP-43(M337V)-injected monkey cortex, used
for proteomic sequencing. B: Mass spectrometry analysis and hierarchical  clustering of TDP-43-interacting compared to IgG immunoprecipitation
controls.  “Protein  count”  represents  enriched  biological  clusters,  with  proteins  categorized  by  function,  including  those  involved  in  “Translation,
ribosomal structure and biogenesis”. C: List of interacting proteins identified in proteomic analysis. Green cycles indicate proteins identified in the
immunoprecipitated TDP-43 complex, blue cycles represent proteins in the IgG group. RPL26 and RPL35 were specifically enriched in the TDP-43
complex, but not in the IgG control. D: Mass spectrometry analysis of immunoprecipitated TDP-43, highlighting enriched signals in the precipitated
TDP-43  complex  from  monkey  cortical  tissue.  Amino  acid  sequences  of  TDP-43  (TARDBP),  RPL26  and  RPL35  were  detected,  indicating  their
presence  in  the  precipitated  complex.  E:  Western  blot  analysis  of  AAV-TDP-43(M337V)-injected  monkey  cortex  showed  that  exogenous  mutant
TDP-43 associates with ribosomal large subunit assembly components RPL26 (22 kDa) and RPL35 (15 kDa) (arrows). IgG precipitation served as a
control.
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Figure 5  Pathological TDP-43 alters multiple mRNAs in the monkey brain

A: Volcano plot analysis of RIBO-seq analysis, revealing a greater number of differentially expressed genes (DEGs) in the cortical gray matter of
monkeys  expressing  AAV-TDP-43(M337V)  compared  to  AAV-EGFP  controls.  Specifically,  842  genes  were  up-regulated  (red)  and  1  008  genes
were down-regulated (green), whereas only 223 up-regulated and 335 down-regulated DEGs were present in the same tissues based on bulk RNA-
seq.  B:  RIBO-seq  profiling  showing  changes  in  the  distribution  of  mapped  reads  across  genomic  regions,  including  coding  (16.90%)  and  intron
fragments  (40.19%)  in  the  gray  matter  of  AAV-TDP-43(M337V)  monkeys  compared  to  coding  (35.55%)  and  intron  fragments  (26.68%)  in  AAV-
EGFP controls.  C:  KEGG pathway analysis  showing significant  enrichment  in  pathways associated with  apoptosis  and lysosomal  function in  the
RIBO-seq dataset from AAV-TDP-43(M337V)-expressing monkey cortex compared to AAV-EGFP controls. D: Heatmap analysis of key apoptosis-
and  lysosome-related  genes  in  the  RIBO-seq  dataset  from  AAV-TDP-43(M337V)-expressing  monkey  cortex,  showing  changes  in  apoptosis-
promoting  genes  BAK1,  BOK,  HTRA2,  BAD,  apoptosis-suppressing  genes  CARD6,  CHUK,  and  LAMTOR5,  and  cathepsin  proteases  family
members CTSC, CTSD, CTSK, CTSH, CTSZ, CTSS, and CTSD. Notably, these DEGs were not significantly altered in the bulk RNA-seq data from
the same tissue. E: RT-qPCR verification of ribosome-associated gene dysregulation in AAV-TDP-43(M337V)-injected monkey cortex. Apoptosis-
promoting  genes BAK1, BOK, HTRA2,  and BAD  were  up-regulated,  while  apoptosis-suppressing  genes CARD6, CHUK,  and  LAMTOR5  were
down-regulated in AAV-TDP-43(M337V)-injected monkey cortex compared to AAV-EGFP controls. Apoptosis progression and lysosomal-decay co-
associated  genes CTSC, CTSD, CTSK, CTSH, CTSZ, CTSS,  and CTSD  were  also  down-regulated  following  TDP-43(M337V)  expression.  RT-
qPCR  data  were  analyzed  using  the  2-ΔΔCt  method,  and  relative  transcript  levels  of  each  gene  were  normalized  to  GAPDH.  Data  represent
mean±SEM from three independent experiments, *: P<0.05; **: P<0.01; ***: P<0.001.
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localized in the perikaryon of neurons containing paired helical
filaments.  In  contrast,  neurons  expressing  mutant  truncated
TDP-43  exhibited  displaced,  yet  morphologically  normal-
appearing nuclei, scattered bundles of paired helical filaments,

numerous  dense  autophagic  vacuoles,  lipofuscin  granules,
and small  dense lysosomes, indicating lysosomal dysfunction
and progressive neurodegeneration (Figure 6E, F).
In  summary,  in  primate  neurons,  exogenous  mutant  or

 

Figure 6  Truncated TDP-43 induces apoptosis and lysosomal decay in the monkey brain

A: Western blot analysis of apoptosis- and lysosome-related proteins in TDP-43(M337V)-expressing monkey cortex. Apoptosis-promoting proteins
BAK1,  BOK,  and  HTRA2  increased,  while  apoptosis-suppressing  proteins  CARD6,  CTSC,  CTSD,  and  CTSZ  decreased,  with  the  breakdown  of
cathepsin family members CTSC, CTSD, and CTSZ indicating lysosomal degradation compared to EGFP controls. B: Quantification of apoptosis-
and lysosome-related protein levels, including BAK1, BOK, HTRA2, CARD6, CTSC, CTSD, and CTSZ, normalized to vinculin, in TDP-43(M337V)-
expressing monkey brain.  Data represent mean±SEM from three independent experiments,  *: P<0.05;  **: P<0.01;  ***: P<0.001. C: Flow cytometry
analysis  of  apoptosis  in  truncated  TDP-35(M337V)-  or  TDP-25(M337V)-expressing  monkey  cortex  compared  to  EGFP  controls.  Single-cell
suspensions were stained and analyzed, showing a higher percentage of FITC-A-positive apoptotic cells compared to controls. D: Quantification of
FITC-A-positive  cells  in  exogenous  TDP-25-,  TDP-35-,  or  EGFP-expressing  tissues.  TDP-25-  and  TDP-35-expressing  monkeys  exhibited
significantly higher apoptotic cell numbers compared to EGFP controls. Data represent three independent experiments from AAV-TDP-25(M337V)-,
AAV-TDP-35(M337V)-,  or  AAV-EGFP-expressing  monkeys  (n=3  per  group).  *: P<0.05;  **: P<0.01.  E:  Representative  electron  microscopy  (EM)
images  of  truncated  AAV-TDP-25(M337V)-  or  AAV-TDP-35(M337V)-injected  monkey  cortex,  showing  lysosomal  impairment  compared  to  AAV-
EGFP  controls.  Arrowheads  indicate  intact  lysosomes  in  EGFP-expressing  tissue,  while  truncated  TDP-43  expression  led  to  lysosomal  decay,
swelling, and fusion of double-membrane structures containing undigested residues. Scale bars: 2 µm. F: Quantification of decayed lysosomes per
µm2 in TDP-25-, TDP-35-, or EGFP-expressing monkey cortex. TDP-25 and TDP-35 expression significantly increased lysosomal decay compared
to  EGFP  controls.  Data  were  obtained  from  10  random  images  across  three  independent  experiments  from  AAV-TDP-25(M337V),  AAV-TDP-
35(M337V), or AAV-EGFP injected monkeys (n=3 per group). ***: P<0.001.
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truncated TDP-43 becomes mislocalized to ribosomes, where
it  interacts  with  ribosomal  large  subunit  assembly  proteins
RPL26  and  RPL35,  ultimately  triggering  neuronal  cell  death.
Ribosome  profiling  also  revealed  that  pathological  TDP-43
dysregulates  certain  genes  associated  with  apoptosis
progression  and  lysosomal  degradation,  contributing  to  its
neurotoxic gain-of-function. 

DISCUSSION

Cytoplasmic TDP-43 aggregates are present in the brains and
spinal  cords  of  97%  of  ALS  cases  and  45%  of  FTLD  cases
(Arai  et al.,  2006; Chen-Plotkin  et al.,  2010;  Janssens  &  Van
Broeckhoven,  2013;  Neumann  et al.,  2006;  Prpar  Mihevc
et al.,  2017), with additional involvement in other neurological
disorders,  including  57%  of  AD  cases  and  some  LBD  cases
(Colom-Cadena et al.,  2017; Hasegawa et al.,  2017; Josephs
et al.,  2014; McAleese  et al.,  2017; Ticozzi  et al.,  2011).  The
mislocalization  of  TDP-43  in  the  cytoplasm  can  result  in  a
corresponding  loss  of  its  nuclear  function,  disrupting  RNA
metabolism and protein homeostasis in affected neurons (Arai
et al.,  2006;  Geser  et al.,  2010;  Neumann  et al.,  2006).
Interestingly, TDP-43 mutations are found in fewer than 5% of
ALS patients (Cohen et al., 2011; Kabashi et al., 2008; Lagier-
Tourenne & Cleveland, 2009; Renton et al., 2014), suggesting
that  cytoplasmic  accumulation  of  TDP-43  occurs
independently of genetic mutations and is likely influenced by
species-specific  regulatory  mechanisms.  For  example,
transgenic rodent models overexpressing WT or mutant TDP-
43  predominantly  exhibit  nuclear  localization  of  the  protein
(Gendron  et al.,  2013; Huang  et al.,  2012; Shan  et al.,  2010;
Swarup  et al.,  2011;  Watanabe  et al.,  2020;  Wegorzewska
et al.,  2009).  In  contrast,  mutant  TDP-43  expression  in  the
brains  and  spinal  cords  of  monkeys  results  in  cytoplasmic
distribution,  mirroring  the  pathological  features  observed  in
human  ALS  and  FTLD  (Jackson  et al.,  2015;  Uchida  et al.,
2012;  Yin  et al.,  2019).  Similarly,  TDP-43-expressing
transgenic  pigs  exhibit  cytoplasmic  accumulation  of
exogenous  TDP-43  (Wang  et al.,  2015).  A  key  factor  driving
primate-specific  TDP-43  cytoplasmic  accumulation  is  the
action of caspase-4, which is selectively expressed in primate
brains  and  cleaves  TDP-43,  removing  its  N-terminal  nuclear
import signals, thereby facilitating cytoplasmic accumulation of
C-terminal  fragments (Li  et al.,  2015; Yin et al.,  2019).  These
truncated TDP-43 fragments closely resemble those observed
in  patient  brains  (Cohen  et al.,  2011; Hasegawa  et al.,  2017;
Josephs  et al.,  2014;  McAleese  et al.,  2017).  Given  these
findings,  the  non-human  primate  models  provide  a
physiologically relevant platform to investigate the pathological
consequences  of  cytoplasmic  TDP-43  dysfunction  and  its
contribution  to  neurodegeneration.  Furthermore,  the  use  of
large-animal  models  with  greater  phylogenetic  proximity  to
humans is essential for systematically evaluating interspecies
conservation of the pathogenesis of TDP-43.
As  an  RNA-binding  protein,  TDP-43  primarily  exists  in  the

nucleus,  where it  regulates gene transcription and alternative
splicing  of  transcribed  pre-mRNA  (Gendron  et al.,  2013;
Philips  &  Rothstein,  2015;  Ratti  &  Buratti,  2016).  Its  nucleic
acid-binding  activity  is  mediated  by  two  conserved  RNA
recognition  motifs  (RRM1  and  RRM2)  (Buratti  et al.,  2005;
Prakash  et al.,  2021).  Additionally,  a  C-terminal  glycine-rich
domain (aa 277-414)—which is retained in TDP-25 and TDP-
35—facilitates interactions with a broad range of  proteins (D’
Ambrogio  et al.,  2009; Freibaum et al.,  2010; Kitamura  et al.,

2024;  Lagier-Tourenne  &  Cleveland,  2009;  Pesiridis  et al.,
2009). This domain is also likely involved in ribosome binding,
thereby  altering  gene  translation.  Supporting  this  hypothesis,
TDP-43  overexpression,  including  ALS-linked  mutants,  has
been detected in  axons,  where it  disrupts mRNA transport  of
key neuronal transcripts such as NF-L, PSD-95, CaMKIIα, and
MAP1B  (Alami  et al.,  2014;  Coyne  et al.,  2014;  Fallini  et al.,
2012;  Ishiguro  et al.,  2016).  These  transported  functional
mRNAs  undergo  local  translation  on  ribosomes,  allowing
neurons  to  rapidly  respond  to  stimuli  or  injury  by  modulating
axon  elongation  and  synapse  formation  (Kelleher  III  et al.,
2004). For instance, TDP-43 collaborates with fragile X mental
retardation protein (FMRP) to regulate Rac1 mRNA translation
in  neuronal  dendrites  (Chu  et al.,  2019;  Majumder  et al.,
2016). Despite accumulating evidence implicating mislocalized
TDP-43 in neuropathology, most studies have focused on full-
length  or  non-fragmented  TDP-43  in  cultured  cells  or  small-
animal  models,  leaving  the  pathogenic  role  of  cytoplasmic
truncated  TDP-43  poorly  understood.  Notably,  CTF-25
transgenic  mice  generated  using  the  CaMKIIa  promoter
(forebrain-specific  expression)  or  NEFH  and  PrP  promoters
(targeting the brain and spinal cord) exhibit no overt motor or
cognitive  deficits  (Spiller  et al.,  2018;  Tsuiji  et al.,  2017;
Walker  et al.,  2015).  Similarly,  transgenic  mice  subjected  to
Thy1.2-driven  neuronal  expression  do  not  display  any
significant  motor  dysfunction  or  neurodegeneration  at  2  or  6
months  of  age,  although  some  memory  impairments  emerge
under  specific  conditions  such  as  aging  and  stress  hormone
modulation (Caccamo et al., 2012, 2013, 2015). In Drosophila
models,  transgenic  expression  of  full-length  TDP-43  or  ALS-
linked  mutations  results  in  a  shortened  lifespan  (Voigt  et al.,
2010) and exacerbates age-dependent motor decline (Li et al.,
2010),  effects  that  are  notably  more  severe  than  those
induced  by  TDP-43  CTFs.  The  absence  of  hallmark  TDP-43
proteinopathy  features  following  TDP-43  CTF  expression  in
small animals suggests that rather than being a central driver
of  disease,  CTFs  may  be  by-product  or  consequence  of
mechanisms  that  do  not  directly  cause  neurodegeneration
across multiple model organisms.
This  study  explored  the  effects  of  cytoplasmic  TDP-43  in

neuronal  dysfunction,  revealing  its  ability  to  dysregulate
apoptosis- and lysosome-associated RNAs under pathological
conditions. Our findings suggest that nuclear and cytoplasmic
TDP-43  differentially  regulate  mRNAs  processing  and
translation,  underscoring  distinct  functional  consequences  of
its  mislocalization.  Using  a  non-human  primate  model,  we
found that endogenous WT TDP-43 was primarily localized in
the nucleus under physiological conditions. However, TDP-35
and TDP-25 fragments, lacking the nuclear localization signal,
accumulated  in  the  cytoplasm,  where  they  associated  with
ribosomes and  formed aggregates.  Notably,  previous  studies
have  reported  that  C-terminal  fragments  (30–35  kDa)  can
sequester  endogenous  nuclear  TDP-43,  leading  to  its
depletion  in  ALS  and  FTLD  patient  brains  (Che  et al.,  2011,
2012,  2015; Nishimoto  et al.,  2010; Nonaka  et al.,  2009).  To
investigate  the  functional  consequences  of  this  ribosome-
associated  TDP-43  pathology,  we  conducted  ribosome
profiling,  which  identified  widespread  dysregulation  of
apoptosis  and  lysosome-related  genes.  These  findings  align
with previous reports demonstrating that mislocalized TDP-43
disrupts  translational  machinery  in  cultured  cells  and  small-
animal models. For instance, in rodent motor neuron-like cells
and  primary  cultured  neurons,  human  mutant  TDP-43
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overexpression has been shown to enhance the translation of
specific  mRNAs  (Neelagandan  et al.,  2019).  Additionally,
cytoplasmic  TDP-43  disrupts  global  protein  synthesis  (Russo
et al.,  2017),  and  alters  ribosome-associated  mRNA
expression,  as  seen  with  glypican  Dally-like  protein/GPC6
(Lehmkuhl  et al.,  2021).  TDP-43(M337V)  knock-in  mice,
despite  exhibiting  splicing  deregulation,  do  not  show
neurodegeneration,  as  nuclear  TDP-43(M337V)  remains
predominant  in  the absence of  cytoplasmic TDP-43 cleavage
(Watanabe et al., 2020).
A  key  insight  from  our  non-human  primate  model  is  that

cytoplasmic  TDP-43  associates  with  ribosomes  and
modulates  the  translation  of  multiple  mRNAs,  implicating
ribosome-bound  TDP-43  as  a  critical  driver  of  neurotoxicity.
However,  the  pathogenic  effects  of  cytoplasmic  TDP-43  may
be  context-dependent,  influenced  by  specific  fragment  types
and  species-specific  differences.  Furthermore,  whether  the
dysregulation  of  apoptosis-  and  lysosome-related  genes
arises  primarily  from  ribosomal  translation  defects  or
secondarily from broader cellular dysfunction remains an open
question, warranting further investigation. 
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