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Abstract

Mislocalization and abnormal deposition of TDP-43 into the cytoplasm (TDP-43 proteinopathy) is a hallmark in neurons of
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). However, the pathogenic mechanism
of the diseases linked to TDP-43 is largely unknown. We hypothesized that the failure of mRNA transport to neuronal axons
by TDP-43 may contribute to neurodegeneration in ALS and FTLD, and sought to examine the function of TDP-43 by iden-
tifying its target mRNA for axonal transport. We found that mRNAs related to translational function including ribosomal
proteins (RPs) were decreased by shRNA-based TDP-43 knock-down in neurites of cortical neurons. TDP-43 binds to and
transports the RP mRNAs through their 5’ untranslated region, which contains a common 5’ terminal oligopyrimidine tract
motif and a downstream GC-rich region. We showed by employing in vitro and in vivo models that the RP mRNAs were
translated and incorporated into native ribosomes locally in axons to maintain functionality of axonal ribosomes, which
is required for local protein synthesis in response to stimulation and stress to axons. We also found that RP mRNAs were
reduced in the pyramidal tract of sporadic ALS cases harboring TDP-43 pathology. Our results elucidated a novel function
of TDP-43 to control transport of RP mRNAs and local translation by ribosomes to maintain morphological integrity of
neuronal axons, and proved the influence of this function of TDP-43 on neurodegeneration in ALS and FTLD associated
with TDP-43 proteinopathy.
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration (FTLD) are neurodegenerative diseases
that mainly affect motor neurons of the brain and spinal
cord, and cortical neurons of the cerebrum to cause muscle
weakness and dementia, respectively. A variety of causa-
tive genes have been identified in ALS and FTLD thus far,
and most of the genes are involved in the pathogenesis of
both diseases [29]. However, the molecular mechanism
underlying these diseases is unclear and robust treatment
strategy for them has not yet been developed.

However, one of the most important pathological hall-
marks of the diseases is the disappearance of TAR DNA-
binding protein (TDP)-43 from the nucleus and abnormal
deposition into the cytoplasm of affected neurons (TDP-43
proteinopathy) [3, 34], which is observed in cases with
many of the causative gene mutations [29]. Mutations of
the TDP-43 gene TARDBP itself have been identified in
some ALS and FTLD cases, which exhibit TDP-43 pro-
teinopathy [23, 41, 54]. Furthermore, these pathological
abnormalities of TDP-43 are also observed in sporadic
cases of ALS and FTLD [29]. These suggest that the aber-
rant localization of TDP-43 may be a common pathogenic
factor among ALS and FTLD of different etiologies to
execute neurodegeneration.

TDP-43 is an RNA-binding protein that mainly exists in
the nucleus, and is known to control gene transcription or
alternative splicing of transcribed pre-mRNA [37]. TDP-
43 is also supposed to regulate generation of some micro-
RNAs [25]. Moreover, TDP-43 has been reported to shut-
tle between the nucleus and the cytoplasm, which implies
that this protein is involved in the regulation of transport
and translation of mature mRNA in the cytoplasm [37].
Thus far it is not confirmed whether a toxic gain or loss of
function of TDP-43 is critical for the pathogenesis. Previ-
ous reports showed that both the overexpression of wild-
type or disease-related mutant TDP-43 [18, 42, 50, 51, 53],
and TDP-43 deficiency in neurons [19, 52] can cause neu-
rodegeneration phenotype in animal models. Furthermore,
TDP-43 deficiency has been reported to cause the same
changes in the expression profile of a subset of mRNAs
in motor neurons, as in those of ALS cases possessing
TDP-43 proteinopathy [28]. The similar pathological phe-
notypes obtained from mislocalization and dysregulated
expression levels of TDP-43 suggest that, although there
is a possible neurotoxic effect of deposited TDP-43 itself,
the functional abnormality of TDP-43 may be a definitive
factor of neurodegeneration in ALS and FTLD.

Neurons are characterized by having long neurites
consisting of axons and dendrites to communicate
with each other via synapses in the neuronal network,
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which make them essential for transporting a variety
of materials such as proteins and mitochondria to the
neurites helping to maintain their structure and function.
Recently, mRNAs were also reported to be direct cargo
for transport within neurites in conjunction with some
RNA-binding proteins to form neuronal RNA granules
[30]. On the occasion of developmental axonal projec-
tion, regeneration, or synaptic remodeling, transported
mRNAs undergo translation to proteins locally in the
translational apparatus ribosomes that exist in neurites,
by which neurons can respond to a stimulus or injury
immediately to elongate axons or form synapses, and
adapt themselves promptly to the surrounding environ-
ment [26]. Dysfunction of an RNA-binding protein sup-
plying critical mRNAs to neurites can result in pertur-
bation of neuronal homeostasis and result in neuronal
dysfunction. For instance, the pathogenesis of spinal
muscular atrophy, a motor neuron disease affecting
juveniles, is linked to the disturbance of axonal mRNA
transport by the RNA-binding protein SMN (survival
motor neuron protein) in motor neurons [14].

A fraction of TDP-43 is known to be located in axons,
suggesting that this protein may be involved in the axonal
transport of mRNA by forming neuronal RNA granules
similarly to SMN [2, 13]. Indeed, previous reports have
shown that TDP-43 binds to some mRNAs and migrates
within axons, and that some mRNASs in axons decrease due
to reduced expression of TDP-43 in neurons [2, 10, 21].
However, its major target mRNAs transported to axons
have not been determined thus far. To identify function-
ally relevant TDP-43 target mRNAs systematically, we
hypothesized that, in ALS and FTLD, functional depletion
of TDP-43 triggered by its integration into protein aggre-
gates in the cytoplasm causes inhibition of the transport
of critical mRNASs to axons, and results in structural and
functional failure of neurons. We searched target mRNAs
for axonal transport by TDP-43 comprehensively by using
microarray analysis, and identified mRNAs encoding ribo-
somal proteins as the target. Subsequently, we confirmed
that transported ribosomal protein mRNAs by TDP-43
contribute to the maintenance of ribosomal function in
axons via their local translation and assembly. We also
demonstrated that loss of TDP-43-dependent functional
integrity of ribosomal proteins causes neuronal dysfunc-
tion and ultimately neurodegeneration. While our current
analysis was focused on TDP-43 function and not on the
toxic property of deposited TDP-43, it showed that TDP-
43 plays an essential role in the regulation of translational
machinery in axons, and suggests that abnormal transla-
tional function in axons may lead to neurodegeneration in
ALS and FTLD.
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Materials and methods
Animal experiments

All animals were maintained in accordance with the insti-
tutional guidelines of the National Center of Neurology and
Psychiatry, Osaka University and Niigata University. The
technical protocols for animal experiments in this study were
approved by the Small Animal Welfare Committee in the
National Center of Neurology and Psychiatry.

TARDBP Flox mice were generated using ES cells
derived from 129 mice according to the previously reported
method [1] with a targeting vector where loxP sequences
with neo cassettes interposed exon 3 of TARDBP gene.
Eno2-Cre Tg mice were obtained from the Jackson Labo-
ratory (the strain name; Tg(Eno2-cre)39Jme/J, Cat. No.
005938). TARDBP Flox/Flox mice were crossed with Eno2-
Cre Tg mice to obtain TARDBP Flox/+, Eno2-Cre Tg mice,
which were then crossed with TARDBP Flox/Flox mice to
obtain TARDBP Flox/Flox, Eno2-Cre Tg mice, TARDBP
Flox/Flox, Eno2-Cre(—) mice and TARDBP Flox/+, Eno2-
Cre Tg mice. These mice were used for analyses.

Culture of cortical neurons

Cerebral cortices were excised from C57BL/6 J mice of
embryonic day 15 (E15), dissociated with papain (Wor-
thington Biochemical Corp.), and then seeded into a cham-
ber insert (6-well plate size, 1 um pore, Greiner Bio-One),
a microfluidic chamber (Xona microfluidics), a 3.5-cm
glass-bottom dish (AGC Techno Glass) or a 24-well plate
(Greiner Bio-One) at 3 x 10°, 2.7x 10%, 3x 10’ or 5% 10°
cells, respectively. After cultured in media containing
DMEM (Thermo Fisher Scientific), 10% FBS (HyClone),
and 1 X penicillin/streptomycin (Thermo Fisher Scientific)
for the first 24 h, neurons were cultivated in N1 medium
(MACS Neuro Medium (Miltenyi Biotec) with 2% MACS
NeuroBrew-21 (Miltenyi Biotec) + 1 mM sodium pyruvate
(Thermo Fisher Scientific) +27.5 pM 2-mercaptoethanol
(Thermo Fisher Scientific) + 1 X penicillin/streptomycin)
for 48 h, followed by N1 medium+2 pM cytosine B-D-
arabinofuranoside (Ara-C, Sigma-Aldrich). For generating
samples for microarray analysis and quantitative PCR, the
medium was changed to N1 medium without Ara-C 24 h
before harvest.

Preparation of viral vectors

Constructs for lentiviral vector (pLKO.1) expressing con-
trol shRNA that has no endogenous target gene (Cat. No.
SHCO002) and two different shRNA against mouse TDP-43

gene (TARDBP) (Cat. No. TRCN0000175828 (TDP-43
shRNA#1) and TRCN0000174930 (TDP-43 shRNA#2))
were purchased from Sigma-Aldrich.

Lentivirus production was performed as previously
described [5]. Briefly, 1.6 X 107 293FT cells (Thermo Fisher
Scientific) were seeded in a 15-cm dish and cultured in a
media containing DMEM with 10% FBS and 1 X penicil-
lin/streptomycin. A8.9 (22.5 pg) and VSVG (7.5 pg) plas-
mids were co-transfected with a shRNA construct (30 pg)
6 h after plating the cells by the calcium phosphate method.
The lentivirus-containing medium was harvested at 38 and
62 h after transfection. The media was ultracentrifuged at
70,000x g for 140 min, and the precipitate was resuspended
in Neuro Medium and used as virus solution. For transduc-
tion, viral solution was applied to cortical neurons at 1 day
in vitro (DIV) for 6 h.

Recombinant adeno-associated virus serotype 1 (rAAV1)
to express EGFP or La (rAAV1-CAG-EGFP or rAAV1-
CAG-FLAG-La) was prepared according to the methods
previously reported [44]. For transduction, viral solution
was applied to cortical neurons at 1 DIV for 6 h.

Microarray analysis

Total RNA sample was prepared using TRIZOL (Thermo
Fisher Scientific) from neurite fractions of chamber inserts
at 8 DIV. A mixture of RNA samples from three wells was
used for each group. The extracted total RNA was analyzed
by 3D-Gene Mouse Oligo Chip 24 K (Toray Industries) after
confirming that there was no noticeable denaturing of RNA
by Bioanalyzer (Agilent Technologies). Total RNA was
labeled with Cy3 or Cy5 using Amino Allyl MessageAMP
II aRNA Amplification Kit (Thermo Fisher Scientific). The
Cy3- or Cy5-labeled aRNA pools were hybridized for 16 h.
The hybridization signals were detected using 3D-Gene
Scanner (Toray Industries) and analyzed with 3D-Gene
Extraction software (Toray Industries). Detected signals for
the respective genes were normalized by the global normali-
zation method (Cy3/CyS5 ratio median=1). Gene ontology
analysis was performed using the manufacturer’s analytical
algorithm.

Quantitative PCR

After the extraction of total RNA using TRIZOL from
neurite fractions of chamber inserts at 6 DIV, reverse tran-
scriptase reaction was carried out according to the protocol
of ReverTra Ace (TOYOBO) using 100 ng of total RNA and
25 pM random primer. The reaction mixture was diluted
fivefold (final 100 pL), and 2 pL. was subjected to the quan-
titative PCR using a protocol of SYBR Green Master Mix
(Roche Diagnostics) and the Applied Biosystems Prism
model 7300 sequence detection instrument as previously
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described [49]. Quantification of each transcript was per-
formed by the AACt method using f-actin as a reference
gene. Primer sets used for amplification of each gene product
are shown in Supplementary Table 1 (online resource).

mRNA quantification with nCounter analysis system

Total RNA was extracted from the cerebral white matter
excised from six frozen-stored brain slices (100 pm thick-
ness each) of mice (3 mice for each experimental condi-
tion) at 21 days of age. Excision was performed using an
optical microscope for laser microdissection (LMD7, Leica
Microsystems). RNA extraction was performed using TRI-
ZOL and reverse transcriptase reaction was done as above.
After 20 cycles of PCR from the cDNA with TagMan
Universal Master Mix II, no UNG (Applied Biosystems),
hybridization with probes and counts of the signals were
achieved using nCounter (NanoString Technologies)
according to the protocol for single cell gene expression.
The data were analyzed by nSolver Analysis Software 3.0
(NanoString Technologies). Sequences of primer and probe
sets for the analysis are available on request.

In situ hybridization

In situ hybridization cytochemistry was performed essen-
tially as previously described [4]. Antisense and sense RNA
probes from the portion of the open reading frame in each
gene were synthesized from DNA templates with T7 pro-
moter using RiboMAX Large Scale RNA Production Sys-
tems T7 (Promega) and digoxigenin. Cortical neurons at 5
DIV plated on the microfluidic chamber were fixed with
4% paraformaldehyde (PFA) in PBS for 20 min, followed
by inactivation of peroxidase with 1% hydrogen peroxide
in methanol for 10 min. After acetylation with acetylation
buffer (2.26 mL triethanolamine and 0.3 mL hydrogen chlo-
ride in 167 mL RNase-free water) for 10 min, permeabiliza-
tion was performed with 0.3% Triton-X in PBS for 5 min.
RNA probes were hybridized at 0.5 pg/mL in hybridization
buffer (5x SSC, 2% blocking reagents (Roche Diagnos-
tics), 50% formamide, 0.1% N-lauroylsarcosine and 0.1%
SDS) overnight at 65 °C. After washing, hybridized probes
were detected by peroxidase-conjugated anti-digoxigenin
antibody (Cat. No. 11207733910, Roche Diagnostics) and
TSA Fluorescein Tyramide Reagent Pack (PerkinElmer)
in parallel with the immunostaining of TDP-43 using anti-
TDP-43 antibody (Cat. No. 10782-2-AP, Proteintech). After
the images were photographed with a confocal fluorescence
microscope (FLUOVIEW FV 1000, Olympus), the intensities
of each RP mRNA and TDP-43 signal, and the co-localizing
ratios between them in axons were calculated using ImageJ
(the National Institutes of Health) and its plugin (Coloc
2) defining TDP-43 signals as the ROI. The differences of
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Pearson’s R values between groups were statistically exam-
ined as previously described [12].

Visualization of RP mRNAs

Expression plasmids pcDNA-Rpl41 full length, pcDNA-
Rpl41 lacking 5'UTR, pcDNA-Rplpl full length, and
pcDNA-Rplpl lacking 5'UTR contained the bacteriophage
MS2 coat protein binding RNA sequence (MS2bs) down-
stream of the open reading frame of each RP with or without
its S'UTR [7]. NLS-MS2-Venus plasmid expresses MS2 coat
protein with the nuclear localization signal fused to Venus
[6]. pcDNA-full length or S'UTR(—)-Rpl41, Rplp1-MS2bs
and NLS-MS2-Venus plasmids were co-transfected into cor-
tical neurons at 6 DIV in a 24-well plate with lipofectamine
2000 (Thermo Fisher Scientific). For analysis of the trans-
port of RP mRNA in axons, mCherry expression plasmid
(pmCherry-C1) was also co-expressed for labeling, and
the longest neurite was used to measure. To see the effect
of TDP-43 knock-down, neurons transduced with TDP-43
shRNA#1 lentiviral vector at 1 DIV were used. In analyzing
co-localization of RP mRNA with TDP-43 and/or 5’ termi-
nal oligopyrimidine tracts (5'TOP) trans-factors (La, TTA-1
and AUF1), pmCherry-TDP-43-Myc, pFLAG-La, TIA-1
or AUF1 was also co-transfected. Analysis of RP mRNA
transport and co-localization with TDP-43 was done with
live cells, whereas co-localization with each trans-factor was
examined by immunostaining of cells after fixation with 4%
PFA in PBS(-) using a fluorescence microscope (Leica
Microsystems). Transport distances from the nucleus and the
number of NLS-MS2-Venus granules, or the co-localizing
ratios between NLS-MS2-Venus and TDP-43 or trans-factor
signals were measured in axons using ImageJ and its plugin
Sholl Analysis, or Coloc 2, respectively, defining NLS-MS2-
Venus signals as the ROI.

RNA immunoprecipitation

Neuro2a cells were seeded on a 10-cm dish, and the plasmids
pEGFP-TDP-43-Myc and pcDNA-full length, 5S’UTR(—) or
3'UTR(—)-Rpl41-MS2bs were co-transfected with lipo-
fectamine 2000 (Thermo Fisher Scientific). Inositol triphos-
phate receptor (IP3R) 3'UTR-MS2bs was used as a negative
control [6]. Forty-eight hours after transfection, 300 mJ of
UV was irradiated to crosslink protein—-RNA complexes
and cells were harvested. The cells were lysed in 50 mM
Tris—HCI, pH 7.4, 300 mM NaCl, 5 mM MgCl,, 0.5% NP40
and 1 mM DTT with protease and RNase inhibitors by son-
ication. Supernatants of the lysates were immunoprecipi-
tated using anti-Myc antibody (9E10, Developmental Stud-
ies Hybridoma Bank) and Protein G Dynabeads (Thermo
Fisher Scientific) in the presence of 10 mg/mL BSA and
100 pg/mL tRNA. After treatment of the beads with 9 U
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RQ1 DNase (Promega) and RNase inhibitor for 30 min at
37 °C, the precipitates were recovered by adding SDS (final
conc. 1%) and incubating 15 min at 65 °C. After proteins in
the precipitates were digested by 200 pg/mL proteinase K for
40 min at 52 °C, RNA was extracted by TRIZOL. Thereaf-
ter, cDNA was synthesized by a reverse transcriptase reac-
tion as described above, and quantitative PCR was carried
out using primers MS2bsfwd (CTGGTCGACTCTAGATCG
) and BGH reverse (TAGAAGGCACAGTCGAGG). B-actin
was used as a reference gene.

Immunoprecipitation

Neuro2a cells were seeded in a 6-well plate, and pEGFP-
TDP-43-Myc and pFLAG-La, -TTA-1, -AUF1 or -GAPDH
were co-transfected with lipofectamine 2000. Cells were
harvested 48 h after transfection and sonicated in lysis buffer
(50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM MgCl,,
0.05% NP40 and 1% Triton-X with protease and RNase
inhibitors). Supernatants of the lysates were immunopre-
cipitated with anti-FLAG antibody (M2, Sigma-Aldrich)
and Protein G Dynabeads. The precipitated proteins were
recovered by adding 1 xloading buffer with 100 mM DTT
and incubating 5 min at 95 °C.

Analysis of protein synthesis in growth cones
by photoconversion

Kikume expression plasmid (pRpl41 5S'UTR(+) or (—)-hKik-
GRMNL) [16] was transfected into cortical neurons at 6
DIV with lipofectamine 2000. Twenty-four hours later, a
field of view including a growth cone and neighboring three
consecutive fields were irradiated with UV by a time-lapse
confocal fluorescence microscope (FLUOVIEW FV1000,
Olympus) at 60 X objective lens and 3 X zoom to convert
green fluorescence from Kikume to red fluorescence. Green
and red fluorescence in a growth cone was then recorded
every minute for a total of 30 min. Green and red fluores-
cence intensities at every time point were analyzed using
Imagel, and the ratio of both fluorescences was calculated.

Analysis of novel protein synthesis using BDNF
or puromycin

After the medium was removed from neurons in chamber
inserts or microfluidics at 6 DIV, the conditioned medium
containing 50 nM BDNF or 10 pg/mL puromycin and/or
100 pM cycloheximide was added, restricted to either the
bottom side of the inserts or to the axonal or cell body side
of the microfluidics, and incubated for 2 h. After incubation
and washing once with PBS(—), the neurites were collected
from the lower surface of the inserts or fixed with 4% PFA
in the microfluidics, and were subjected to immunoblotting

or immunocytochemistry with anti-Rpl26 (Cat. No. A300-
686A, Bethyl Laboratories), anti-Rps6 (Cat. No. 22178,
Cell Signaling Technologies), anti-tau (Cat. No. MAB3420,
Sigma-Aldrich), anti-BIII-tubulin (Cat. No. PRB-435P,
BioLegend) or anti-puromycin (Cat. No. 3RH11, Kerafast)
antibody. For immunocytochemistry, the intensities of the
protein signals in axons on confocal fluorescent images by
a confocal fluorescence microscope were measured using
Imagel.

Analysis of RP incorporation into ribosomes in axons

Each mRNA for EGFP or EGFP-Rpl10a were synthesized
from the PCR-amplified cDNA by mMESSAGE mMA-
CHINE T7 Ultra Kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol, and transfected confined to the
axonal portion of cortical neurons at 7 DIV in the microflu-
idic chamber using lipofectamine messenger MAX (Thermo
Fisher Scientific). For activation of translation, 30 mM KCl
was added to both the cell body and axonal compartments.
Twenty-four hours after transfection, the neurons were fixed
with 4% PFA in PBS(—) and subject to the immunostain-
ing with anti-GFP antibody (12B15, Developmental Stud-
ies Hybridoma Bank) and anti-Rpl26 antibody. After the
images were photographed with a confocal fluorescence
microscope, the co-localizing ratios of EGFP signals onto
Rpl26 signals in axons were calculated using ImagelJ plugin
(Coloc 2) defining Rpl26 signals as the ROL.

Analysis of axonal outgrowth in cultured neurons

Control or mouse TDP-43-targeted shRNA, and pcDNA
or pcDNA-RP-HA with or without 5'UTR or pmCherry-
TDP-43-Myc or pFLAG-La, and pCAG-EGFP were co-
transfected into cortical neurons at 3 DIV and incubated
for 48 h. After the fixation with 4% PFA in PBS(—), immu-
nostaining was performed with anti-GFP antibody (Cat. No.
598, MBL) and the images were photographed with a fluo-
rescent microscope, and the length of the longest neurite was
measured with ImageJ plugin (Simple Neurite Tracer). To
confirm the translation of introduced RP in axons, pcDNA-
5'UTR(+)-RP-HA was transfected into neurons as well, and
immunostaining was done with anti-HA (Cat. No. MMS-
101R, BioLegend) and BIII-tubulin antibodies.

In utero electroporation

The uterus of a pregnant ICR mouse at embryonic day 14
(E14) was exposed and 1.6 pg control or TDP-43-targeted
shRNA, 0.4 pg pcDNA or pcDNA-5'UTR(+)-Rpl26-HA,
0.5 pg pCAG-EGFP in PBS(-) with 0.05% Fast Green
FCF (Sigma-Aldrich) was injected into the left lateral ven-
tricle of an embryo by a glass capillary (Narishige), and
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electroporation was carried out under the condition of
40 V, 50 ms pulse, 450 ms interval, 5 times by electropora-
tor (CUY21, NepaGene). Pups were collected 5 days later
(P1), and the cerebrum was fixed overnight with 4% PFA
in PBS(-), replaced with PBS(—) containing 20% sucrose,
embedded in OCT compound (Sakura Finetek), and frozen
coronal sections were prepared with a thickness of 20 pm
using a cryostat (HM550, Thermo Fisher Scientific). Immu-
nostaining with anti-GFP antibody was performed, and
the axonal length of cortical neurons was measured from
the exit at the basement of the cerebral cortex to the tip
of axons observed by fluorescence of EGFP with Imagel
plugin (Simple Neurite Tracer). The axonal length was nor-
malized against the traverse diameter of the electroporated
hemisphere on the brain section.

Analysis of ALS patient samples

All brain samples in this study were collected in the National
Center of Neurology and Psychiatry (NCNP) Brain Bank
and the Brain Bank for Aging Research (BBAR) in the
Tokyo Metropolitan Geriatric Hospital and Institute of Ger-
ontology (TMGHIG). This study was carried out accord-
ing to the approval of the Ethics Committees of NCNP and
TMGHIG. ALS cases used in this study (n=7) were diag-
nosed based on the El Escorial and Airlie House revised
criteria, and have been confirmed to have the pathological
change in accordance with TDP-43 proteinopathy, i.e., the
mislocalization and deposition of TDP-43 in the cytoplasm,
in affected lesions. Control samples (n=7) were selected
from cases that had no neurological pathologies. There was
no significant difference in age between these groups (ALS
group 73.9 +8.7, Control group 74.1 + 8.6). The background
of each case is summarized in Supplementary Table 2
(online resource).

A portion of pyramidal tract was excised from the
medulla oblongata of the samples by a blade, lysed in 1 mL
of TRIZOL and total RNA was extracted according to the
manufacturer’s protocol. Reverse transcriptase reaction
and quantitative PCR were performed as described above.
Primer sets used for amplification of each gene product are
shown in Supplementary Table 1 (online resource). RNA
integration number (RIN) of all samples was determined to
be above 6.0 by Bioanalyzer.

Statistical analyses
Results are shown as mean + SE. Differences between groups
were examined for statistical significance using Prism 8 by

the method indicated in figure legends. P value lower than
0.05 was determined to be significant.
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Results

Identification of cytoplasmic ribosomal protein
mRNAs as targets for axonal transport by TDP-43

To survey target mRNA candidates transported into neuronal
axons by TDP-43, we first developed a method to obtain
neurites separate from cell bodies of cultured cortical neu-
rons. We defined the target mRNA candidates as the ones
decreased in the neurites by RNAi-mediated down-regula-
tion of TDP-43 expression in neurons. We seeded mouse
cortical neurons on porous chamber inserts in culture dishes.
Neurites having traversed the pores underneath to elongate
processes were harvested from the bottom surface of the
inserts. The tissue obtained from the bottom side did not
include mRNA or protein derived from the nucleus (Fig. 1a),
confirming that we can obtain pure neurites by this method.
We also examined the presence of tau and MAP2A/2B,
markers for axons and dendrites, respectively, in this frac-
tion, and found that tau was easily detected, but the amount
of MAP2A/2B was trivial (Fig. 1a), indicating that the
obtained neurites exhibited characteristics of axons.

To obtain candidate mRNAs for TDP-43-dependent
transport in axons, we seeded cortical neurons on the
chamber insert, and infected them with either of the
two shRNA lentiviral vectors targeting two different
sequences for TDP-43 in separate experiments. Neurites
were harvested to compare the amounts of mRNA with
those from the control to search for mRNAs reduced by
TDP-43 down-regulation using microarray analysis. The
suppressed expression of TDP-43 protein was confirmed
by these targeted shRNAs (Fig. 1b). For the purpose of
identifying target for TDP-43-dependent axonal transport,
we focused our analysis on mRNAs down-regulated in
axons by TDP-43 down-regulation. Among approximately
1000 mRNAs decreased in TDP-43 knock-down neurites
by both shRNAs (Fig. 1¢), we found that mRNA expres-
sion of cytoplasmic ribosomal proteins were significantly
decreased by gene ontology analysis (Supplementary
Table 3, online resource). Cytoplasmic ribosomes are con-
stituted of ribosomal proteins and four ribosomal RNAs
(288, 188, 5.8S and 58S in eukaryotes) [8]. We observed
that expression of 46 among 80 total cytoplasmic ribo-
somal proteins as well as several eukaryotic elongation
factors, both are translation-related genes, was reduced
to less than half of the reference level by both TDP-43
shRNAs (Supplementary Table 4 and Supplementary
Files 1 and 2, online resource). In contrast, only two of 80
mitochondrial ribosomal proteins, which have a different
evolutional origin than cytoplasmic ones, were reduced
by TDP-43 down-regulation, suggesting that the TDP-43
shRNA-dependent reduction is specific to the cytoplasmic
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Fig. 1 Identification of RP mRNAs as targets for axonal transport
by TDP-43. a Confirmation of cell body—neurite separation by the
porous chamber insert in the culture dish by reverse transcriptase
(RT) PCR and immunoblot analysis. Lysates were prepared from the
tissue collected from the top or bottom of the insert, and analyzed by
RT-PCR and immunoblot to detect indicated molecules using 2 ng
total RNA and 30 pg proteins of each sample, respectively. Lysates
from the top of the inserts were cell bodies, and the bottom were neu-
rites. Representative images of the detection are shown here, respec-
tively. b The down-regulated expression of TDP-43 in the cell bodies
of cortical neurons by two independent shRNAs used in this study
was confirmed by immunoblot analysis. After collection of neurites
for microarray analysis, the neuronal cell bodies in 3 culture dish
wells for each condition were analyzed here as individual samples. ¢
The number of mRNA transcripts dysregulated in neurites by TDP-43
down-regulation using the two independent shRNAs. d The expres-
sion levels of indicated genes in neurites (black bars) and cell bod-
ies (white bars) of cortical neurons with shRNA-mediated TDP-43
down-regulation relative to the control shRNA-transduced neurons
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determined by quantitative RT-PCR (n=4 in each group from 4 inde-
pendent experiments). *P <0.005, **P <0.001 and ***P<1.0x 107
compared with the value of respective mRNA in the control shRNA-
transduced neurons by multiple #-test. € Body and brain weights of
neuron-specific TARDBP deficient mice at 21 days of age (n=4-6 in
each genotype). ¥*P <0.05 and **P <0.001 compared with Flox/Flox,
Eno2-Cre(-) and Flox/+, Eno2-Cre Tg mice by one-way ANOVA
test. Note that both the brain and body weights are significantly less
in TARDBP Flox/Flox, Eno2-Cre Tg mice than Flox/Flox, Eno2-
Cre(-) mice and Flox/+, Eno2-Cre Tg mice. f The expression lev-
els of indicated genes in the cerebral white matter of neuron-specific
TARDBP deficient mice. The expression levels determined as hybrid-
ized signal counts of amplified transcripts using nCounter are shown
relative to the levels in TARDBP Flox/Flox, Eno2-Cre(—) mice (n=3
for each genotype). *P<0.05 compared with TARDBP Flox/+,
Eno2-Cre(-) mice, and P <0.05 compared with TARDBP Flox/Flox,
Eno2-Cre Tg mice by one-way ANOVA test. Note that the expression
level of each RP mRNA is reduced in TARDBP Flox/Flox, Eno2-Cre
Tg mice
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type. Among approximately 2,400 mRNAs increased by
TDP-43 knock-down using both shRNAs (Fig. 1¢), glu-
tathione peroxidase 4 was the most up-regulated one while
no genetic group was indicated by gene ontology analysis
(Supplementary File 3, online resource). In the follow-
ing, we focus the analysis on the decreased mRNAs of
cytoplasmic ribosomal proteins to see the direct link to
ribosomal function and refer to the cytoplasmic ribosomal
proteins simply as ribosomal proteins (RPs).

To validate the expression data obtained by microarray
analysis, we examined the expression levels of the candidates
in both cell body and neurite fractions by quantitative PCR.
We confirmed that mRNAs of multiple RPs were commonly
reduced in neurites, but not in cell bodies by TDP-43 down-
regulation using shRNA#1, the more effective one of the two
shRNAs (Fig. 1b, d). The amount of Bex2 mRNA, a control
transcript that was not reduced in the microarray assay, was
confirmed unchanged by TDP-43 knock-down in both cell
body and neurite fractions (Fig. 1d). These results suggest that
the reduction of RP mRNAs in neurites is due to decreased
transport rather than transcriptional down-regulation.

In order to confirm whether the decrease in RP mRNA
levels is observed in neuronal axons by TDP-43 down-reg-
ulation in vivo as well, we quantified the RP mRNAs of the
cerebral white matter of mice deficient in the TDP-43 gene
(TARDBP) in neurons. TARDBP was deleted specifically in
neurons by generating TARDBP Flox mice expressing Cre
recombinase under the enolase 2 (Eno2) promoter. As the
amount of total RNA obtained by laser microdissection was
limited, quantification was performed using the nCounter
analysis system instead of quantitative PCR to detect tar-
get signals with fewer PCR cycles. TARDBP Flox/Flox,
Eno2-Cre(-) mice and TARDBP Flox/+, Eno2-Cre Tg mice
exhibited no obvious phenotypic abnormalities, whereas
TARDBP Flox/Flox, Eno2-Cre Tg mice had lower body and
brain weights than the control (Fig. le), tremor and waddling
gait immediately after birth (Movie 1, online resource), and
a majority of the mice died within one month of age. His-
tological analysis of the cerebrum revealed that the number
of cortical neurons was not altered (Supplementary Fig. 1a,
b, online resource), implying that the phenotype was caused
independent of neuronal death. The expression of TDP-43
mRNA was significantly reduced in TARDBP Flox/Flox,
Eno2-Cre Tg mice than that in TARDBP Flox/Flox, Eno2-
Cre(-) mice (Supplementary Fig. 1c, online resource), which
indicates that the change of mRNA expression in neurites
was well detected by this method. RP mRNAs were sig-
nificantly decreased in TARDBP Flox/Flox, Eno2-Cre Tg
mice, but not in TARDBP Flox/+, Eno2-Cre Tg mice com-
pared with TARDBP Flox/Flox, Eno2-Cre(—) mice (Fig. 1f).
The expression levels of mRNAs that were not decreased
by the microarray analysis (Gap43 and Gpx4) were main-
tained. These results from the animal model confirm that
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RP mRNAs in axons were reduced by down-regulation of
TDP-43.

RP mRNAs are transported by TDP-43 in axons

The TDP-43-dependent axonal localization of RP mRNAs
suggested that TDP-43 might be involved in axonal transport
of RP mRNAs. To explore this possibility, we first examined
the localization of TDP-43 protein and RP mRNAs in axons.
Cortical neurons were seeded in microfluidic chambers, a
device with grooves (150 pm of length) in the middle of the
chamber, allowing only axons to extend to the opposite side
(Supplementary Fig 3a, online resource), and in situ hybridi-
zation of RP mRNA along with immunostaining of TDP-
43 were simultaneously performed on the axonal portion.
We found that mRNAs of Rpl41, Rplpl, Rps7 and Rpl26,
all of which were representative RP mRNAs decreased by
RNAi-mediated TDP-43 down-regulation, were detected
as a granular pattern along axons of the control neurons,
which suggests that these mRNAs are located in axons as
RNA granules (Fig. 2a and Supplementary Fig. 2, online
resource). Importantly, we found that TDP-43 was co-local-
ized with the mRNAs of Rpl41, Rplpl, Rps7 and Rpl26;
and the co-localization ratios between them were signifi-
cantly higher than that between TDP-43 and GAPDH mRNA
(Supplementary Fig. 3b, online resource). The percentage
of RP mRNAs co-localized with TDP-43 was around 80%
in average, whereas that of GAPDH mRNA was 17.7%
(Supplementary Fig. 3c, online resource). Moreover, both
TDP-43 and RP mRNA signals were decreased significantly
by RNAi-mediated TDP-43 down-regulation (Fig. 2a, Sup-
plementary Fig. 2 and Supplementary Fig. 3d,e, online
resource). These results suggest that TDP-43 is a compo-
nent of the RNA granules and required for transporting RP
mRNAs.

To verity the direct involvement of TDP-43 in axonal trans-
port of RP mRNAs, we examined whether TDP-43 associ-
ates with RP mRNA. For this purpose, both TDP-43 and RP
mRNA were expressed in Neuro2a cells and the amounts of
RP mRNAs co-precipitated with TDP-43 were measured by
quantitative RT-PCR. Previous reports have indicated that
nucleotide sequences called 5' terminal oligopyrimidine tracts
(5'TOP) are commonly found in the 5" untranslated region
(5'UTR) of RP and eukaryotic elongation factor mRNAs
including those reduced by decreased expression of TDP-43
in the microarray analysis [17]. 5'TOP, together with a GC-rich
region immediately downstream of it, is regarded important
as a cis-factor for translational control of RP mRNAs [33].
Therefore, we also examined the contribution of 5'UTR in the
mRNA in association with TDP-43 by RNA immunoprecipi-
tation. We chose to examine Rpl41 and Rplp1 in subsequent
experiments, since 5'TOP in the 5'UTR was well annotated in
these mRNAs and the mRNAs were expected to show clear
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Fig.2 RP mRNAs are transported into axons as neuronal RNA gran-
ules by TDP-43. a Representative photomicrographs showing locali-
zation of Rpl41 mRNA (green) and TDP-43 protein (red) in axons
of cortical neurons by in situ hybridization and immunostaining,
respectively. Arrows indicate co-localized granule-like signals in con-
trol axons. Note that Rpl41 mRNA signal is decreased with TDP-43
down-regulation. Scale bar, 10 pm. b The levels of Rpl41 mRNA co-
immunoprecipitated with TDP-43. TDP-43 and Rpl4] mRNA were
expressed in Neuro2a cells and the amount of Rpl41 mRNA co-pre-
cipitated with TDP-43 was measured by quantitative PCR. The lev-
els are shown as a value relative to the level of mRNA precipitated
with control IgG (n=3 for each group). *P <0.0005 compared with
the negative control, #P <0.0001 compared with Rpl41 FL and Rpl41
A3'UTR by one-way ANOVA test. Note that TDP-43 binds to Rpl41
mRNA less efficiently without its 5'UTR. c¢—f Axonal transport of RP
mRNAs in live cultured cortical neurons using MS2-MS2 binding
RNA sequence system. RP mRNAs (with or without 5S'UTR) bearing
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+Rpl41 mRNA FL
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g Rpl41 mRNA mCherry-
TDP-43

MS?2 binding sequence are transfected with NLS-MS2-Venus. Rep-
resentative photomicrographs of Venus fluorescent signal associated
with Rpl41 mRNA are shown in (c¢) and (e); and the median trans-
ported distances of RP mRNA granules from the nucleus are shown
in (d) and (f) (n=30-36 for (d) and 35-43 for (f) in each group from
3 independent experiments). Scale bar, 20 pm in ¢ and e. In e and f,
the shRNA viral vector for TDP-43 down-regulation was transduced,
followed by transfection with expression constructs for the indicated
RP and NLS-MS2-Venus. *P <0.0005 compared with the distance
of the mock construct and *P <0.05 compared with that of respec-
tive mRNA without 5'UTR by Welch’s ANOVA test in (d). *P <0.05
and **P <0.01 compared with the distance of respective mRNA in
control shRNA-transduced neurons by unpaired #-test in (f). g Co-
localization of Rpl41 mRNA with 5'UTR and TDP-43 in live neurons
is demonstrated in cultured cortical neurons, by transfecting expres-
sion constructs for Rpl41 with 5'UTR bearing MS2 binding RNA
sequence, NLS-MS2-Venus, and mCherry-TDP-43. Scale bar, 20 pym
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difference of binding and transport by TDP-43 by interven-
tion in the S'UTR. We found Rpl41 mRNA containing both
5'UTR and 3'UTR, but not the control mRNA in the TDP-43
immunoprecipitate (Fig. 2b and Supplementary Fig. 4, online
resource). Furthermore, we found that Rpl41 mRNA lacking
the 5'UTR was less observed in the TDP-43 immunopre-
cipitate, while that lacking the 3'UTR was indifferent. These
results suggest that the 5S"UTR of RP mRNAs plays a role in
their binding with TDP-43.

To know whether the binding of TDP-43 with RP
mRNAs via its 5'UTR is important for their transport
within axons, we measured the extent of transport of RP
mRNAs to axons using a method to visualize exogenous
mRNA in living neurons. For this purpose, RP mRNA
bearing the MS2 binding sequence at its 3'UTR was co-
transfected with NLS-MS2-Venus plasmid in cultured
cortical neurons [6]. We found that Rpl41 and Rplp1 con-
taining 5'"UTR were clearly well transported along axons—
both in terms of the transport distance and the number of
transported granules (Fig. 2c, d and Supplementary Fig. 5,
online resource). The localization of the RP-MS2bs tran-
scripts in this system was well correlated with that of RP
mRNAs by in situ hybridization in axons (Supplementary
Fig. 5a, online resource), indicating that the system can
optimally detect the localization of target mRNAs. On
the other hand, the same RP mRNAs deficient in 5S’UTR
exhibited significantly decreased transport distance and the
number of granules, demonstrating the critical role of the
5'UTR for axonal transport of RP mRNAs (Fig. 2c, d and
Supplementary Fig. 5b, online resource). Furthermore, we
found that the axonal transport of RP mRNA containing
5'UTR was significantly reduced by RNAi-mediated TDP-
43 down-regulation (Fig. 2e, f and Supplementary Fig. 5c,
online resource). The transport of RP mRNAs deficient in
5'UTR was not inhibited by TDP-43 knock-down, demon-
strating that their transport is independent of TDP-43 (Sup-
plementary Fig. 5g, h, online resource). By co-expression
of mCherry-TDP-43 at the same time in this visualization
system, RP mRNA with a 5'UTR was confirmed to be more
frequently co-localized with TDP-43 than inositol triphos-
phate receptor (IP3R) mRNA, which is known not to be
a target of axonal transport by TDP-43 (Fig. 2g and Sup-
plementary Fig. 5d, online resource). The RP mRNA and
TDP-43 also showed identical movement in axons of live
cells (Movie 2, online resource). These results indicate that
the association of TDP-43 and RP mRNAs at their S'UTR
is required for their transport to axons.

Trans-factor La is associated with the RP
mRNA-containing granules in axons

It is known that several RNA-binding proteins can bind to
5'TOP of RP mRNAs as trans-factors to regulate translation
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of the mRNA [11, 20, 24]. We therefore examined the pos-
sibility that some of these trans-factors may also be involved
in the axonal transport of Rpl41 mRNA. For this purpose,
we first examined the localization of three trans-factors,
i.e., La, TIA-1 and AUF1 in neurons when each factor was
co-expressed with Rpl41 mRNA. We found that while La,
TIA-1 and AUF1 are all located mainly in the nucleus, La
was also localized in axons, as previously reported [47]
(Fig. 3a); and Rpl41 mRNA was mostly co-localized with
La in axons (Fig. 3a, b and Supplementary Fig. Se, f, online
resource). In addition, we found that, when mCherry-
TDP-43 was additionally co-expressed, mCherry-TDP-43
was co-localized with La and Rpl41 mRNA (Fig. 3b). To
examine if these molecules are associated, we expressed
TDP-43 and each trans-factor in Neuro2a cells to test if they
could be co-immunoprecipitated from the cell lysate. TDP-
43 was found in immunoprecipitate of La, as well as that of
AUF]1 (Fig. 3c). Endogenous RP mRNAs were also co-local-
ized with endogenous La, as in the case of RP mRNAs and
TDP-43 (Supplementary Fig. 6a, online resource). These
results suggest that La is a good candidate molecule that
mediates the axonal transport of RP mRNA via TDP-43.
Although the detailed function of La on RP mRNAs has
not been elucidated, La modestly increased RP translation
in neurites (Supplementary Fig. 6b, c, online resource);
but not the binding of RP mRNAs to TDP-43 nor transport
of RP mRNAs to axons (Supplementary Fig. 6d, e, online
resource), which may be a rationale of the protective effect
of La described later.

RPs in axons are translated locally to be assembled
into ribosomes

Proteins are translated from mRNAs mostly in close proxim-
ity to the nucleus. In neurons, some mRNAs are known to
be transported to axons and translated at the site to function
as proteins. TDP-43 dependent transport of RP mRNAs to
axons suggests that RP mRNAs are translated to proteins in
axons. Translation of transported mRNA in axons of cul-
tured neurons can be generally promoted by local stimula-
tion with KCI or BDNF, which mimics neuronal activity
[27, 55]. Therefore, to examine RP translation in axons, we
cultured cortical neurons on a chamber insert or microfluidic
chamber, and analyzed the change in RP translation after
addition of BDNF to only the axonal side of the chamber.
Here we chose to analyze Rpl26 and Rps6, because of the
easy availability of well-functioning antibodies against
them. We found by immunoblot analysis that BDNF stimu-
lation increased the expression of RPs in neurites (Fig. 4a,
b). The amounts of TDP-43, La, and RP mRNAs were not
changed in neurites by BDNF stimulation (Fig. 4a, b and
Supplementary Fig. 7a, b, d, online resource), which indi-
cates that the increase of RPs was not because of enhanced



Acta Neuropathologica (2020) 140:695-713

705

Fig.3 Lais associated with RP
mRNA-containing granules in
axons. a Representative photo-
micrographs of cultured cortical
neurons transfected with con-
structs for Rpl41 with 5UTR
bearing MS2 binding sequence,
NLS-MS2-Venus, and indicated
FLAG-tagged trans-factor
RNA-binding protein for 5'TOP.
Note that the granular locali-
zation of FLAG-La overlaps
well with Rpl41 mRNA. Scale
bar, 20 pm. b Co-localization
of Rpl41 mRNA with 5'UTR,
TDP-43, and La is demonstrated
in cultured cortical neurons
using MS2-MS2 binding RNA
sequence system, by transfect-
ing expression constructs for
Rpl41 with 5'UTR bearing
MS?2 binding RNA sequence,
NLS-MS2-Venus, mCherry-
TDP-43, and FLAG-La. Scale
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transport of RP mRNAs to axons. We also found that BDNF
enhanced the immunoreactivity of RPs in the axons plated
in the microfluidic chamber (Fig. 4c, d). The increase in
the protein content was counteracted by axonal administra-
tion of cycloheximide, a protein synthesis inhibitor (Fig. 4c,
d). However, the administration of the reagent on the cell
body side did not have this effect (Supplementary Fig. 7c,

online resource). These results suggest that induction of RP
expression by BDNF was due to the promotion of translation
locally in axons.

As explained above, we demonstrated that the 5'TOP
of RP mRNAs is required for their transport to axons. To
examine if the 5'TOP of RP mRNAs plays a role in their
translation in axons, we generated an expression construct,
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in which the 5'UTR of Rpl41 (including 5'TOP) is fused
to the open reading frame of Kikume, a photoconvertible
fluorescent protein. We expressed this construct in cultured
neurons to analyze its translation in growth cones after pho-
toconversion. We observed increased Kikume signal when
it had the Rpl41 5'UTR; whereas, Kikume without the addi-
tional sequence was hardly detectable, suggesting that Rpl41
5'UTR promotes Kikume translation in growth cones. These
results collectively suggest the importance of 5'TOP in the
translational control of RP mRNA in axons (Fig. 4e, f).
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Translated RPs from their mRNAs in axons need to be
assembled into ribosomes locally to become functional com-
ponents. To determine whether RP mRNAs in axons are
translated and incorporated into functional ribosomes within
axons, we employed Rpl10a fused to EGFP (EGFP-Rpl10a),
which has previously been shown to be interchangeable with
Rpl10a [55]. By transfecting EGFP-Rpl10a mRNA locally
to axons in culture, we found that EGFP-Rpl10a and endog-
enous Rpl26 exhibited similar granular axonal distribution.
Furthermore, co-localization of EGFP-Rpl10a with Rpl26
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«Fig.4 RP mRNAs in axons are translated locally for assembly into
ribosomes. a—d Expression of TDP-43, Rpl26 and Rps6 was assessed
in response to BDNF administration locally to neurites. Representa-
tive immunoblots to detect endogenous TDP-43, Rpl26 and Rps6 in
neurites of cortical neurons on chamber inserts are shown in a. The
expression levels of each protein against that of GAPDH were quan-
tified in neurites relative to the control levels in (b) (=3 in each
group from 3 independent experiments). Expression of both RPs was
significantly increased by local BDNF treatment, whereas that of
TDP-43 was not altered. *P <0.05 compared with the value in con-
trol neurites by unpaired ¢-test. Representative photomicrographs for
immunocytochemical detection of Rpl26 in neurites of cortical neu-
rons are shown in ¢. Note that Rpl26 signal is increased with BDNF
administration, and that this increase is negated by cycloheximide
(CHX). Scale bar, 10 pm. In d, immunocytochemical signal inten-
sities of Rpl26 and Rps6 proteins were quantified in axons relative
to the control levels (n=27-31 in each group from 3 independent
experiments). BDNF treatment in the axonal compartment signifi-
cantly increased the amount of each RP. Cycloheximide (CHX), an
inhibitor of protein synthesis by ribosomes, negated the effect of
BDNF on both RPs. *P<0.0005 and **P <0.0001 compared with
control and BDNF + CHX-treated axons by Welch’s ANOVA test. e,
f Local translation of Kikume alone or Kikume with Rpl41 5'UTR
of in growth cones was visualized and quantified after the photocon-
version of green fluorescence of Kikume to red fluorescence, newly
synthesized green fluorescence was captured by time-lapse imaging
in parallel with red fluorescence every minute for 30 min. Repre-
sentative photomicrographs of a growth cone at 0 and 30 min after
the photoconversion are shown in (e), and quantified green fluores-
cence intensities against red fluorescence intensities at 3 indicated
time points are shown in f (n=11 in each group from 5 independent
experiments). Scale bar, 10 pm. *P <0.05 and **P <0.005 compared
with the signals of “Kikume without 5'UTR”-expressing growth cone
at the same time point by Welch’s #-test. g, h Increased translation/
assembly to ribosome of Rpll0a in response to KCI stimulation was
visualized and quantified in cultured cortical neurons. Representa-
tive photomicrographs showing immunocytochemical localization of
EGFP or EGFP-Rpl10a (green) and endogenous Rpl26 (red) in neur-
ites are shown in (g). Scale bar, 10 pm. The co-localization tendency
of EGFP and Rpl26 signals was estimated by Pearson’s R values in
(g) (n=6-12 in each group from 3 independent experiments). EGFP-
Rpl10a with KCI treatment co-localized with Rpl26 significantly
more than EGFP or EGFP-Rpl10a without KCI treatment. *P <0.01
compared with EGFP and EGFP with KCI treatment, and *P <0.001
compared with EGFP-Rpl10a without KCI treatment by one-way
ANOVA test

was significantly enhanced by KCI treatment. EGFP mRNA,
on the other hand, caused a background level of EGFP co-
localization with endogenous Rpl26 in axons, which was
not altered even after the activation of translation by KCl
(Fig. 4g, h). These results suggest that locally translated RPs
can be assembled into axonal ribosomes to help maintain the
integrity of the translation apparatus.

Reduction of TDP-43 disrupts translational activity
of ribosomes in axons

We have shown that TDP-43 is involved in axonal transport
of RP mRNAs, and that the transported RP mRNAs in axons
are translated to be assembled into axonal ribosomes. To

correlate TDP-43-dependent axonal transport of RP mRNAs
and ribosomal function in axons, we investigated whether
the decrease of RP mRNA transport by RNAi-mediated
TDP-43 down-regulation affects ribosomal ability to syn-
thesize proteins in axons. In accordance with the decrease
of RP mRNA transport to axons by TDP-43 knock-down,
the expression of RPs in neurites was reduced by RNAi-
mediated down-regulation of TDP-43 (Supplementary
Fig. 7e, f, online resource). To confirm that this observation
is translation-dependent, a tRNA analogue puromycin was
applied only to the neurite side of neurons seeded on the
chamber insert to label newly synthesized proteins at the
site; and subsequently, immunoblot analysis of the neuritic
proteins was carried out to visualize puromycin-incorpo-
rated proteins representing proteins newly synthesized by
ribosomes. We found that the puromycin-labeled proteins
in neurites of control neurons appeared in a smear fashion;
whereas in neurons with RNAi-mediated reduced TDP-43
expression, the puromycin-positive smear was significantly
diminished, especially in the high molecular weight range
(Fig. 5a, b). No band or smear was detected in unlabeled or
cycloheximide-treated samples, which confirmed that this
system detected only newly synthesized proteins. To visu-
alize changes in puromycin incorporation in neurites from
cultured neurons, we performed immunocytochemistry to
detect the incorporated puromycin in neurons seeded in a
microfluidic chamber. We found that the puromycin immu-
noreactivity was significantly lower in axons of TDP-43
down-regulated neurons than in control neurons, confirm-
ing the defective translational activity in axons by TDP-43
reduction (Fig. 5c, d). These results suggest that TDP-43
is involved in controlling the ribosomal function in axons.

RPs also have an essential function to convert premature
long ribosomal RNAs into mature ones [15]. To examine if
the TDP-43-dependent mechanism is also involved in the
ribosomal RNA maturation, we analyzed the function of RPs
in neurites expressing shRNA for TDP-43. We found that
the ratio of 18S RNA, one of the mature ribosomal RNAs,
was decreased; whereas S'ETS RNA, a premature form of
ribosomal RNA, was increased significantly in the neurite
fraction compared with that in control neurons (Fig. 5e).
There was no change in the amounts of these RNAs in the
cell body fraction, suggesting that the ribosomal RNA matu-
ration was only disturbed locally in neurites, namely axons.
These results suggest that the TDP-43-dependent mechanism
is involved in ribosomal RNA maturation.

RP has protective effects against TDP-43
dysfunction in axons

Dysregulation of TDP-43 expression was previously

reported to cause defects in axonal outgrowth of neurons
in vitro [45] and in vivo [22]. Our current results suggest
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that these effects may be mediated by failure of TDP-43
to transport RP mRNAs axonally. To prove this possibility,
we performed RNAi-mediated TDP-43 down-regulation in
neurons in culture, as well as, in vivo to examine its effect
on axonal extension. Looking at cultured cortical neurons,
we found that axonal extension was inhibited by TDP-43
reduction. We also found that this reduction was mitigated

@ Springer

Cell body

by overexpression of Rpl41, Rpl26 or Rps7 including 5'UTR
(Fig. 6a, b, supplementary Fig. 8, online resource). Among
them, Rpl26 was the most effective in rescuing the extension
defect of axons; whereas Rplp1, another RP, did not improve
the defect, suggesting that there is a redundancy and speci-
ficity for the effects of each RP. On the other hand, each RP
lacking S'UTR had no protective effect (Fig. 6b). The failure
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«Fig.5 Reduction of TDP-43 expression disrupts translational activity
of ribosomes in axons. a—d Expression analysis of puromycin-incor-
porated proteins in neurites of cortical neurons with or without TDP-
43 shRNA transduction. Representative images of immunoblots are
shown in (a) and quantified intensities of puromycin immunoreactiv-
ity against tau immunoreactivity normalized to the control level are
shown in (b) (n=3 in each group from 3 independent experiments).
*P<0.05 and **P<0.0001 compared with control shRNA-trans-
duced neurons by one-way ANOVA test. Note that the band density
of proteins, especially in high molecular weight ranges, weakened
with shRNA-mediated down-regulation of TDP-43 expression. Puro-
mycin-incorporated proteins were not detected in CHX-treated neu-
rites. Representative photomicrographs of puromycin-incorporated
proteins in neurites of cultured cortical neurons (stained in green;
counterstained with pIII-tubulin in red) are shown in (¢), and quanti-
fied levels of puromycin immunoreactivity against fIII-tubulin immu-
noreactivity normalized to the control level are shown in (d) (n=27
in each group from 3 independent experiments). Scale bar, 20 pm in
(c). ¥*P<0.05 compared with signals of control shRNA-expressing
neurites by Welch’s r-test in (d). e The amounts of ribosomal RNAs
(5'ETS and 18S) in the neurite and cell body fractions of neurons
measured by quantitative PCR (n=3 in each group from 3 independ-
ent experiments). The ratio is the value from TDP-43 shRNA-trans-
duced neurons against that from control shRNA-transduced ones. The
ratio of the amount of 5'ETS or 18S against that of f-actin in control
shRNA-transduced neurons was determined as 1. 18S RNA, a mature
ribosomal RNA, was decreased whereas 5'ETS, a premature form of
ribosomal RNA, was increased confined to the neurite fraction by
TDP-43 knock-down. *P < (.05 compared with control shRNA-trans-
duced neurons by unpaired #-test

of axonal extension by TDP-43 knock-down was reversed
by overexpression of human TDP-43, which is not targeted
by the shRNA against mouse TDP-43, suggesting that the
failure of axonal outgrowth was not due to off-target effects
of the shRNA. Importantly, we were also able to demonstrate
that La is effective in ameliorating decreased axonal exten-
sion by suppression of TDP-43 expression. These results
suggest that TDP-43-dependent axonal transport/translation
of RP mRNAs is relevant for axonal extension.

To examine the effects of TDP-43 down-regulation on
axonal extension in vivo, we introduced shRNA for TDP-43
in cortical neurons of mouse embryos using in utero elec-
troporation. We found that the length of axonal projection
to the corpus callosum in EGFP-labeled cerebral cortical
neurons was reduced by TDP-43 shRNA expression (Fig. 6c,
d). We were also able to show that co-transfection of Rpl26
gene, which was the most effective against the defect of
axonal extension by TDP-43 knock-down in vitro, was able
to rescue the TDP-43 shRNA-induced defect (Fig. 6c, d).
For neurons transfected with control shRNA, Rpl26 did
not bring an apparent change in the axonal projection, sug-
gesting that the protective effects of Rpl26 were specific to
TDP-43 dysfunction. These results demonstrate that TDP-
43-mediated RP mRNA transport/translation in axons pro-
motes developmental axonal extension.

Finally, to investigate whether the impairment of RP
mRNA transport/translation by TDP-43 down-regulation is

relevant in the pathological mechanism of ALS/FTLD, we
examined RP mRNA Ievels in the white matter of human
samples. For this purpose, we determined the expression
levels of RP mRNAs in the pyramidal tract of the medulla
oblongata, where axons of motor neurons are located, in
human samples with sporadic ALS in which the pathologi-
cal change of TDP-43 had been confirmed. Among four RP
mRNAs examined, the ALS group exhibited a significant
decrease in Rplpl and Rps6 mRNAs compared with the
control group (Fig. 7). Rpl41 and Rpl26 mRNAs tended to
decline in the ALS group, but they were not significantly
different (P =0.093 and 0.064, respectively). These results
suggest that TDP-43 mislocalization associated with ALS/
FTLD may also cause the impairment of axonal transport
of RP mRNAs.

Discussion

Many reports have indicated the collection of target genes
for expression or splicing by TDP-43. However, the detailed
mechanism for neurodegeneration by specific genes or tran-
scripts among the large number of TDP-43 targets has not
yet been determined [28, 35, 43]. There have also been some
reports investigating the transport function of mRNA into
neurites by TDP-43. TDP-43 transports mRNAs of neurofil-
ament-L, PSD-95 and CaMKIl« into axons, which are dis-
turbed in mutant TDP-43 related to ALS [2, 21]. The amount
of MAP1B mRNA is decreased in axons of Drosophila by
TDP-43 aggregate formation in the cytoplasm of neurons
[10]. TDP-43 also regulates translation of several mRNAs
including Racl mRNA in concert with FMRP in dendrites of
neurons [9, 31]. However, it is undetermined whether these
phenomena are linked with the neurodegeneration seen in
ALS and FTLD.

Here we found a subset of RP mRNAs as target mRNAs
for axonal transport by TDP-43, and that the transported
mRNAs serve to maintain ribosomal function in axons.
Localization of ribosomes in neurites including axons and
dendrites has previously been reported [46]. RP mRNAs
have also been shown to be present in axons and growth
cones, especially of immature neurons, suggesting that
these mRNAs have a specific transport mechanism and a
critical function at the local site during morphogenesis [56].
Here we demonstrated that RP mRNAs were decreased in
axons of motor neurons from ALS patients that have the
TDP-43 pathology. In mature neurons, although demand for
protein synthesis in axons may not be as high as in imma-
ture neurons [39], local protein synthesis in axons is still
crucial for maintaining neuronal morphological integrity in
response to stress or forming new synapses during learning
and memory. It is well presumed that degeneration pro-
gresses chronically according to the gradual deterioration
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Fig.6 RP has a protective effect against TDP-43 dysfunction in
axons. a, b Neurite outgrowth of cortical neurons transfected with
TDP-43 shRNA together with indicated RP, hTDP-43 or La was
assessed in culture. Representative photomicrographs of neurons
expressing control or TDP-43 shRNA with or without Rpl26 includ-
ing 5'UTR are shown in (a), and the lengths of the longest neurite
in each neuron expressing indicated molecules were quantified rela-
tive to control shRNA +pcDNA neurons in (b) (n=71-100 in each
group from 3 independent experiments). Scale bar, 50 pm in (a).
*P<0.0001 compared with control shRNA +pcDNA-transfected
neurons, *P<0.005 and *P<0.0001 compared with TDP-43
shRNA + pcDNA-transfected neurons by one-way ANOVA test.
¢, d Axonal outgrowth of cortical neurons with or without TDP-43
shRNA and Rpl26 expression was assessed in vivo. TDP-43 shRNA

of these functions in adult neurons that develop TDP-43
pathology in ALS and FTLD. Suppression of TDP-43
expression also impaired the processing of immature ribo-
somal RNA confined to neurites. Since RPs are known to
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and Rpl26 with 5'UTR expression constructs were transfected to
cortical neurons of mouse embryos with in utero electroporation.
Axonal extension from cortical neurons was traced by simultaneous
transfection of an EGFP expression construct. Coronal sections at the
corpus callosum level were immunostained with anti-GFP antibody.
Representative photomicrographs of sections expressing indicated
constructs are shown in (c¢), and normalized axonal length of neurons
expressing indicated constructs quantified from the transfection site
is shown in (d) (n=3-11 in each group from 5 independent experi-
ments). Scale bar, 500 pm in (c). ¥*P<0.01 compared with control
ShRNA + pcDNA-transfected brains, *P <0.01 compared with TDP-
43 shRNA + pcDNA-transfected brains by one-way ANOVA test in
(d

regulate ribosomal RNA processing, it may reflect the func-
tional defect of RPs derived from the deficit of RP mRNA
transport by TDP-43 in axons [15].
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Fig.7 RP mRNAs are decreased in the pyramidal tract of ALS cases.
The expression levels of indicated RP mRNAs in the pyramidal tract
of medulla oblongata from control and sporadic ALS cases (n=7
in each group). The expression level of each mRNA against that of
B-actin mRNA was normalized relative to control brains. The plots
and lines in boxes indicate individual values and medians of each RP
mRNA, respectively, and the ends of whiskers and boxes mean maxi-
mum/minimum and upper/lower quartile of the values after exclusion
of outliers in each group, respectively. All mRNAs examined had a
trend to decrease in ALS cases, a part of which reduced significantly
compared with those in control samples. *P <0.005 and **P <0.05
compared with control samples by unpaired 7-test

TDP-43, especially ALS/FTLD-related mutant forms, is
shown to be mis-localized and forms aggregates in axons of
chick motor neurons over time, causing a reduction of the
axonal outgrowth. This is conceivable because the aggre-
gated TDP-43 in the cytoplasm or even in axons may deplete
or disturb the functional, movable TDP-43 in axons, which
is the same situation as TDP-43 knockdown at the site [45].
It is also possible that deposited TDP-43 itself is involved
in neurotoxicity of the diseases by occupying the physical
space in neuronal compartments or causing the exhaust of
protein degrading systems, etc. Although the role of gain of
function by TDP-43 on the pathogenesis of ALS and FTLD
could not be examined in our study, it is also important to
elucidate the significance.

We have revealed that the transported RP mRNAs are
translated and incorporated into ribosomes in axons to pro-
mote axonal outgrowth. Interestingly, we found that axonal
outgrowth inhibition by TDP-43 knock-down was coun-
teracted by the expression of a single RP, with variable
effects depending on which RP was chosen. We speculate
that this becomes possible because ribosomal function in
axons may be maintained by replacing specific deterio-
rated RPs with newly synthesized ones at the local site.
It was reported that ribosomes bearing damaged RPs are
repaired to extend their lifespan by exchanging proteins
with a free cytoplasmic RP pool in mice [32], which sup-
ports this speculation. The varied effects by different RPs
may reflect how easy or difficult it is to replace each RP
locally. For instance, eukaryotic Rpl26 is located at the
subunit interface of a ribosome [48]; whereas Rplp1 exists
internally in the stalk of the large subunit between Rplp0

and Rplp2 [36], which may cause differences in accessibil-
ity to ribosomes and result in differential effects on axonal
outgrowth by expressing Rpl26 and Rplpl. Recently, a
subset of RP mRNAs has been shown to be translated
locally and assembled into ribosomes in axons, which is
consistent with our observations [38].

While we chose to examine genes down-regulated in
neurites by TDP-43 knock-down, we found more than 2400
genes up-regulated (Fig. 1¢). We found that the up-regulated
genes were not classified to any particular group by gene
ontology analysis. Glutathione peroxidase 4, the most highly
up-regulated gene, may be related to the defense mechanism
against oxidative stress caused by TDP-43 knock-down.
Genes encoding transcription factors were also found among
the up-regulated genes, which may reflect possible transcrip-
tional changes caused by TDP-43 dysregulation, but the
detailed mechanisms are yet to be determined. Among the
genes down-regulated in neurites by TDP-43 knock-down,
there were some genes which were unrelated to protein
translation, and none of them formed any particular group
by gene ontology analysis either. One of such genes was
tubulin, whose subtype was previously shown to be mutated
in familial ALS cases [40]. It is interesting that TDP-43 may
be involved in regulating localization of tubulin.

We found mRNAs encoding ribosomal proteins as the
only group of genes whose expressions are significantly
altered by TDP-43 down-regulation. There were also a num-
ber of other genes dysregulated in axons by TDP-43 down-
regulation, but those were not identified as constituents of
functional group of genes by our gene ontology analysis.
This was unexpected, and the reasons for this are unclear.
It is possible that re-analysis of the dataset by different
algorithms may result in identification of other gene groups
related to particular signaling pathways. Future re-analysis
may also be important, since previously unidentified gene
functions are constantly added. Another possibility may
be that TDP-43 has more specialized functions in the axon
than in the nucleus or cell body, which may be relevant to
the neuron-specific phenotype with TDP-43 proteinopathy.
Future analysis may be required to fully elucidate the mecha-
nism of TDP-43-dependent regulation of axonal transport
of mRNAs.

In conclusion, we identified RP mRNAs as target mRNAs
transported to axons by TDP-43. TDP-43 plays a role not
only in the axonal transport of RP mRNAs, but also in main-
taining functionality of axonal ribosomes, which is required
for local protein synthesis in response to stimulation and
stress to axons. Furthermore, impairment of the TDP-43
function disturbs axonal maintenance in neurons, which is
reminiscent of the pathology in ALS and FTLD. Our results
elucidate a novel mechanism of maintaining morphological
integrity of neuronal processes, and prove the influence of
its transport mechanism for neurodegeneration in ALS and
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FTLD associated with TDP-43 proteinopathy. Our findings
may also have implications for developing new treatment
strategies against these incurable diseases by promoting the
expression or transport of RP mRNAs in axons.
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