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ARTICLE INFO ABSTRACT

Keywords: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by accumulation of fragmented
Amyotrophic lateral sclerosis insoluble TDP-43 and loss of TDP-43 from the nucleus. Increased expression of exogenous TARDBP (encoding
TDP-43 TDP-43) induces TDP-43 pathology and cytotoxicity, suggesting the involvement of aberrant expression of TDP-
autoregulation

43 in the pathogenesis of ALS. In normal conditions, however, the amount of TDP-43 is tightly regulated by the
autoregulatory mechanism involving alternative splicing of TARDBP mRNA. To investigate the influence of
autoregulation dysfunction, we inhibited the splicing of cryptic intron 6 using antisense oligonucleotides in vivo.
This inhibition doubled the Tardbp mRNA expression, increased the fragmented insoluble TDP-43, and reduced
the number of motor neurons in the mouse spinal cord. In human induced pluripotent stem cell-derived neurons,
the splicing inhibition of intron 6 increased TARDBP mRNA and decreased nuclear TDP-43. These non-geneti-
cally modified models exhibiting rise in the TARDBP mRNA levels suggest that TDP-43 autoregulation turbu-

alternative splicing
antisense oligonucleotides

lence might be linked to the pathogenesis of ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease that causes the progressive loss of motor neurons. In the af-
fected neurons of patients with ALS, TAR DNA binding protein 43 (TDP-
43) disappears from the nucleus, phosphorylates, fragments, and forms
inclusions in the cytoplasm (Arai et al., 2006; Neumann et al., 2006).
Mutations in the TARDBP gene encoding TDP-43 cause familial ALS,
with pathology similar to sporadic ALS (Sreedharan et al., 2008;
Yokoseki et al., 2008), indicating that TDP-43 is directly involved in the
pathogenesis of ALS. TDP-43 is a nuclear RNA binding protein with a
prion-like domain (Ling et al., 2013; Ratti and Buratti, 2016) and an
excess of exogenous TDP-43 induces cytotoxicity and TDP-43 pathology
mimicking ALS (Ke et al., 2015; Tsai et al., 2010; Walker et al., 2015;
Xu et al., 2010). We therefore speculate that the mechanism by which
endogenous TDP-43 protein is increased might underlie the

pathogenesis of ALS.

In normal conditions, the amount of TDP-43 is tightly auto-regu-
lated via processing of TARDBP transcripts (Ayala et al., 2011;
Polymenidou et al., 2011). TARDBP has at least two cryptic introns and
three polyadenylation signals in the last gigantic exon. Nuclear TDP-43
decreases normal TARDBP mRNA and increases mRNA susceptible to
nonsense-mediated mRNA decay (NMD) by promoting splicing of
cryptic introns, and as a result, the TDP-43 protein decreases. In con-
trast, depletion of nuclear TDP-43 suppresses splicing of cryptic introns
and increases canonical TARDBP mRNA, inducing TDP-43 protein ex-
pression (Koyama et al., 2016). Indeed, transcription of TARDBP mRNA
is redundant, and about 50% of the transcribed mRNA is degraded
(Sugai et al., 2018). We have thus proposed that the robustness of the
regulation of the amount of TDP-43 is based on the transcriptional re-
dundancy of TARDBP mRNA (Sugai et al., 2018).

Using an in silico model, we noticed that the robustness of TDP-43
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autoregulation is vulnerable to several factors involved in the function
of ALS-related genes (Sugai et al., 2018). The decrease in the efficiency
of TDP-43 autoregulation itself was one of factors that made the system
vulnerable. Thus, we have speculated that an increase in TARDBP
mRNA based on transcriptional redundancy triggered by these factors
causes a vicious circle leading to TDP-43 pathology. In this process,
splicing of cryptic introns is suppressed and canonical TARDBP mRNA
increases. Indeed, we found a decrease in alternative splicing of
TARDBP mRNA in ALS spinal cords and an increase in cytoplasmic
TARDBP mRNA in ALS-affected motor neurons (Koyama et al., 2016).
In addition, in a Tardbp knock-in mouse model with an ALS-causative
gene mutation, splicing of cryptic intron 7 decreases and the amount of
Tardbp mRNA and TDP-43 protein increases (Fratta et al., 2018; White
et al., 2018). However, it has not been clarified whether disorder of
alternative splicing of TARDBP mRNA, as a primary factor, causes an
increase in TDP-43, ALS-relevant TDP-43 pathology, and loss of motor
neurons in vivo.

In this study, we sought to increase TDP-43 by suppressing alter-
native splicing of TARDBP mRNA in mouse spinal motor neurons and
human neurons derived from induced pluripotent stem cell. To inhibit
the alternative splicing, we used antisense oligonucleotides that target
the splicing sites of cryptic introns. We then investigated whether tur-
bulence of the autoregulatory mechanism by alternative splicing in-
hibition causes ALS-related pathology.

2. Materials & methods
2.1. Antisense oligonucleotides (ASO)

Morpholino antisense oligonucleotides (ASO) targeting each cryptic
intron splicing site of TARDBP pre-mRNA was designed and synthesized
by GeneTools (Oregon, USA). Standard Control Morpholino Oligo
(GeneTools) was used for control ASO (ASO-ctrl). For administration to
mice, morpholino ASO conjugated with octa-guanidine dendrimer
(Vivo-Morpholinos; Gene tools) was used. Supp. Table 1 shows the ASO
sequence.

2.2. Administration of ASO into the cerebrospinal space of mice

Male C57BL/6NCrl mice aged 11-12 weeks or 17-18 months old
were anesthetized by intraperitoneal injection of chloral hydrate
(350 mg/kg) and xylazine (10mg/kg). A longitudinal incision was
made in the skin of the middle of the lumbar region of the mouse. A 32-
gauge needle attached to one end of a PE-10 polyethylene tube was
inserted into the cerebrospinal space between the fifth and sixth lumbar
vertebrae. The correct position of the top of the needle was confirmed
by slight cerebrospinal fluid backflow to the polyethylene tube through
application of negative pressure. Mice were excluded from the study
when blood contamination was observed in the polyethylene tube.
Then 7 ul Vivo-Morpholinos (1.5ug or 3.0 ug) diluted with artificial
cerebrospinal fluid was injected at a rate of 0.1 ul/min. The artificial
cerebrospinal fluid contained Na 150 mM, K 3.0 mM, Ca 1.4 mM, Mg
0.8mM, P 1.0mM, and Cl 155mM. Due to the toxicity of Vivo-
Morpholinos (Zhou et al., 2013), dysuria was observed in all mice, but
no apparent behavioral sequelae—including movement and feeding
abnormalities due to intrathecal injection—were observed. The In-
stitutional Animal Care and Use Committee of Niigata University ap-
proved this animal experiment.

2.3. RNA extraction and reverse transcription PCR

For analysis of the mouse spinal cord, one side of the resected spinal
cord was used for RNA extraction and the other side was used for
protein extraction. Total RNA was extracted using Nucleospin RNA II
(Takara Bio). First-strand cDNA was synthesized using ReverTra Ace
(TOYOBO). PCR was performed using LA Taq polymerase (Takara Bio).
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PCR amplification products were separated by electrophoresis using a
2% agarose gel, and the band intensity was quantified using a LAS 4000
mini biomolecular imager (GE Healthcare). Quantitative real-time PCR
was performed on the TP-850 Real-Time PCR Detection System (Takara
Bio) using SYBR Green Premix ExTaq II. Quantitative real-time PCR
conditions were 95 °C for 30 s for initial denaturation, followed by 40
cycles of 95°C for 5s and 60 °C for 30s. Relative expression of target
mRNA was calculated using the AACT method. Supp. Tables 2 and 3
show the primer sequence.

2.4. Protein extraction from mouse spinal cord and western blotting

The mouse lumbar spinal cord was immersed and pulverized in
400 pl RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS) supplemented with protease in-
hibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Sigma).
The lysate was sonicated on ice and centrifuged at 100,000 x g at 4 °C
for 30 min. The supernatant was used as a RIPA soluble fraction. To
ensure removal of all RIPA soluble proteins, the operation of dissolving
the pellet in RIPA buffer, sonicating, and centrifuging at 100,000 x g for
30 min at 4 °C was repeated twice. The insoluble pellet was dissolved in
100 pl urea buffer (7 M urea, 2 M thiourea, 4% CHAPS, and 30 mM Tris,
pH 8.5) supplemented with protease inhibitor cocktail and phosphatase
inhibitor cocktail, sonicated, and centrifuged at 100,000 X g at 22 °C for
30 min. The supernatant was used as the urea-soluble fraction. The
protein concentration of the RIPA soluble fraction was measured using
the BCA protein assay kit (Thermo). The protein concentration of the
urea fraction was assumed to have the same ratio as that of the RIPA
soluble fraction.

The supernatant was resuspended in Laemmli Sample Buffer
(BioRad) and treated at 96 °C for 5min. Proteins were separated by
SDS-PAGE using 10% polyacrylamide gel (Super SepTM Ace, Wako)
and transferred to a PVDF membrane (Millipore). The blot was im-
mersed in the primary antibody overnight at 4 °C. Antibodies used for
immunoblotting were rabbit anti-TDP-43 (C-Terminal) polyclonal an-
tibody (Proteintech 12892-1-AP), rabbit anti-TDP-43 (N-Terminal)
polyclonal antibody (Proteintech 10782-2-AP), rabbit anti-BIM mono-
clonal antibody (C34C5, Cell Signaling Technology), and mouse anti-
GAPDH monoclonal antibody (MBL). HRP-conjugated secondary anti-
bodies (Dako) were used. Bands were detected using Immobilon
Western Chemiluminescent HRP Substrate (Millipore) and were quan-
titatively analyzed using ImageQuant™ LAS 4000 biomolecular imager
(GE Healthcare).

2.5. Laser capture microdissection

The lumbar spinal cord of the mouse was divided transversely into 4
pieces. These tissues were embedded in OCT compound, and snap-
frozen in 2-methylbutane precooled with liquid nitrogen. The OCT
embedded block was cryosectioned at a thickness of 14 ym on 2.0 mm
PEN-Membrane slides (Leica) and dried under a stream of cool air for
2 min. The dried slides were incubated as follows: (1) 95% ethanol for
1 min, (2) 75% ethanol for 1 min, (3) 1% Cresyl violet in 75% ethanol
for 2 min, (4) 75% ethanol for 30s, (5) 95% ethanol for 30s, (6) 100%
ethanol for 30 s, twice, and (7) 100% ethanol for 5 min. The stained 160
motor neurons per mouse or posterior horns were incised with LEICA
700DMB (Leica) and were dissolved in Lysis buffer (RNAqueous-Micro
Kit, Ambion). RNA was extracted using RNAqueous-Micro Kit
(Ambion).

2.6. Immunofluorescent staining of mouse spinal cord

Sections 4 um thick from the paraffin-embedded specimens were
deparaffinized and rehydrated. For antigen unmasking, the sections
were boiled in 10 mM sodium citrate buffer (pH 6.0). Sections were
blocked and permeabilized with 0.1% Triton X-100 and 5% bovine
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Fig. 1. Inhibition of cryptic intron splicing of Tardbp mRNA in Neuro 2a cells. (A) Schematic diagrams of Tardbp mRNA, target sites of ASO (m1, m2, m3, or
m4), and primer positions of RT-PCR (F5/R7, F7/R8) and quantitative real-time PCR (int6, int7). (B) ASO target sequences. The capital letters represent cryptic intron
splicing sites. The red letters indicate different human and mouse sequences. (C) RT-PCR analysis using F5/R7 primers (upper panel) and F7/R8 primers (lower
panel) in Neuro 2a cells introduced with each ASO of each dose (2, 4, 8 uM). (D, E) The inclusion—exclusion ratio of each cryptic intron (D: cryptic intron 6; E: cryptic
intron 7) when 8 uM ASO is introduced (mean + SEM, n = 3). (F, G) Quantitative real-time PCR results of Neuro 2a cells introduced with 8 uM ASO using int6
primers (F) and int7 primers (G) normalized to Gapdh mRNA (mean = SEM, n = 3). (H) Western blot analysis with anti-TDP-43 antibody and anti-GAPDH antibody

of Neuro 2a cells introduced with 8 yM ASO and its quantitative analysis expressed as fold change compared to control (mean =

SEM, n = 4). *p < 0.05,

**p < 0.01, ***p < 0.001; one-way ANOVA followed by Dunnett's test (D-G), or Student's t test (H).

serum albumin in PBS for 1 h and immersed in primary antibody at 4 °C
overnight (rabbit anti-TDP-43 Ab, 1:3000, Proteintech 12892-1-AP;
mouse anti-TUJ1 Ab, 1:3000, Abcam). Secondary antibody was used for
1 h at room temperature in the dark (Alexa Flour 568 goat anti-rabbit
IgG antibody, 1:200; Alexa Fluor 488 goat anti-mouse IgG antibody,
1:200). Sections were incubated with autofluorescence eliminator re-
agent (Chemicon) for 5min, washed with 70% ethanol and counter-
stained with DAPIL Images were taken with a BIOREVO BZ-9000 mi-
croscope (Keyence).

2.7. Quantification of the number of motor neurons

The lumbar spinal cord was excised and fixed with 4% paraf-
ormaldehyde. Fixed tissues were embedded in paraffin wax. Sections
were made every 4 um. One section was taken from every 25 sections,
and a total of 12 sections were analyzed per mouse. Nissl-stained sec-
tions were imaged with a BIOREVO BZ-9000 microscope (Keyence).
The number of cells with an area of 250 um? or more in the anterior
horn on one side of each section was counted using ImageJ software
(1.49 v, National Institutes of Health, USA).

2.8. iPSC-derived neurons
To obtain normal human matured neuronal cells in a culture system,

ReproNeuro, a neuron progenitor derived from human induced plur-
ipotent stem cell (iPSC), was purchased from ReproCELL (Yokohama,

Japan). For immunostaining and RNA analysis, the neural progenitor
cells were seeded in a black clear bottom 96-well imaging plate (BD
Biosciences) coated with ReproNeuro Coat solution (ReproCELL) and
maintained in ReproNeuro maturation medium for 14 days according to
the manufacturer’s instructions. For western blot analysis, the neural
progenitor cells were similarly seeded in a 12-well plate (3 x 10° cells/
well). Fourteen days after seeding, morpholino ASO and Endo-Porter
were introduced into the medium at final concentrations of 10 uM and 2
uM, respectively.

2.9. Immunocytochemistry for iPSC-derived neurons

Cells were fixed with 3.7% formaldehyde preheated at 37 °C for
10 min and permeabilized with 0.1% Triton X-100 for 5 min. Cells were
blocked with 5% bovine serum albumin for 30 min and stained with
primary antibody for 1h at room temperature (rabbit anti-TDP-43 Ab,
1:300, Proteintech 12892-1-AP; mouse anti-TUJ1 Ab, 1:500, Abcam).
Secondary antibody was used at room temperature for 1 h in the dark
(Alexa Flour 568 goat anti-rabbit IgG antibody, 1:300; Alexa Fluor 488
goat anti-mouse IgG antibody, 1:500). Cells were counterstained with
Hoechst 33342. Images were taken with a BIOREVO BZ-9000 micro-
scope (Keyence). The signal intensity of nuclear TDP-43 in 500 ran-
domly selected TUJ-1 positive cells per well was measured with ImageJ
software (1.49 v).
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Fig. 2. Overexpression of endogenous TDP-43 and target RNA metabolism in mouse spinal cord. (A) Vivo-Morpholino (1.5 pg or 3.0 ug) was slowly injected
into the intrathecal space of male mice (11-12 weeks old). (B, C, D) RT-PCR analysis of Tardbp mRNA by F5/R7 primers (Fig. 1A) in the lumbar (B) and cervical (C)
cord 7 days after the injection, and in the lumbar cord 5 weeks after the injection (D). (E) Quantitative real-time PCR analysis of Tardbp mRNA that retains cryptic
intron 6 normalized to Gapdh mRNA (mean * SEM, n = 4). (F, G) Quantitative real-time PCR analysis of Tardbp mRNA that retains cryptic intron 6 normalized to
Gapdh mRNA in the captured motor neurons (F) and in the captured posterior horns (G) (mean + SEM, n = 4). (H) Western blot analysis of spinal cord (1.5 g
injection) with anti-TDP-43 antibody and anti-GAPDH antibody and its quantitative analysis expressed as fold change compared to control (mean + SEM, n = 4). ()
Inclusion-exclusion ratios of exon 1 of Pdpl mRNA and exon 18 of Sort] mRNA semi-quantitated by RT-PCR analysis were expressed as fold change to control
(mean = SEM, n = 4). (J) Quantitative real-time PCR of G3bpl mRNA and Tial mRNA normalized to Gapdh mRNA (mean *= SEM, n = 4). *p < 0.05, **p < 0.01,

***p < 0.001; Student’s t test.

2.10. Protein extraction from iPSC-derived neurons and western blotting reverse (Koyama et al., 2016). We therefore designed ASO to target the
splicing sites of each cryptic intron (Fig. 1A). Cryptic intron 6 has three
Nuclear and cytoplasmic fraction of iPSC-derived neurons were donor sites (cDNA nucleotide positions 769, 833, and 842 in human
extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents TARDBP) (Koyama et al., 2016). ASO-m1, ASO-m2, ASO-m3, and ASO-
(Thermo). Western blotting was performed as described above. The m4 were designed to target the donor site 769 for cryptic intron 6, both
amount of TDP-43 in the nuclear and cytoplasmic fraction was cor- donor site 833 and 842 for cryptic intron 6, the donor site for cryptic
rected by the amount of Lamin B1 and GAPDH, obtained by reprobing, intron 7, and the acceptor site for cryptic intron 7, respectively (Fig. 1A-
respectively. Antibodies used for immunoblotting were rabbit anti-TDP- B).
43 (C-Terminal) polyclonal antibody (Proteintech 12892-1-AP), rabbit We first introduced each ASO (m1, m2, m3, m4, or ctrl) in Neuro 2a
anti-Lamin Bl polyclonal antibody (MBL), and mouse anti-GAPDH cells (mouse neuroblastoma cells) and investigated the alternative
monoclonal antibody (MBL). splicing of Tardbp mRNA after 48 h. ASO-m1 markedly inhibited the

splicing of cryptic intron 6 and increased the canonical Tardbp mRNA
(Fig. 1C, lane 4, Fig. 1D). ASO-m2 inhibited the splicing of cryptic in-

3. Results tron 6, while inducing aberrant splicing around cryptic intron 6
(Fig. 1C, lanes 5-7). These ASOs did not inhibit the splicing of cryptic
3.1. Inhibition of splicing of cryptic intron increases TDP-43 intron 7 (Fig. 1C, lanes 2-7), and conversely decreased the mRNA re-

taining intron 7 (Fig. 1E and G). ASO-m4 inhibited the splicing of
To investigate the influence of autoregulation dysfunction, we cryptic intron 7 (Fig. 1C, lanes 11-13; Fig. 1E), but did not inhibit the
sought to inhibit the alternative splicing of the cryptic introns of splicing of cryptic intron 6 (Fig. 1C, lanes 11-13; Fig. 1D). ASO-m1

TARDBP pre-mRNA using antisense oligonucleotides (ASO). In a pre- increased canonical Tardbp mRNA retaining cryptic intron 6 up to more
vious report, we showed that the inhibition of cryptic intron 6 splicing than twice of the control ASO (ASO-ctrl) (Fig. 1F). Western blot analysis
by introducing nucleotide substitutions at the splicing sites increases showed that ASO-m1 increased the amount of TDP-43 protein by ap-

the canonical TARDBP mRNA (Koyama et al., 2016). The inhibition of proximately 2-fold (Fig. 1H).
cryptic intron 7 splicing inhibited cryptic intron 6 splicing, but not the
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We then investigated the functional consequence of increasing TDP-
43. TDP-43 binds to Pdp1 pre-mRNA and Sort] pre-mRNA and induces
splicing out of exon 1 of Pdp1 mRNA and exon 18 of Sort] mRNA (Supp.
Fig. 1A and 1D) (Polymenidou et al., 2011; Ricketts et al., 2014). We
therefore investigated the amounts of mRNA retaining these exons.
ASO-m1 decreased Pdpl mRNA retaining exon 1 (Supp. Fig. 1B-C).
ASO-m1 also decreased Sort] mRNA retaining exon 18, but not sig-
nificantly (Supp. Fig. 1E-F). Immunofluorescence imaging confirmed
that TDP-43 protein remained mostly nuclear, which was consistent
with the result indicating enhancement of functional nuclear TDP-43
(Supp. Fig. 1G). We therefore concluded that the inhibition of cryptic
intron 6 splicing of Tardbp mRNA increased functional TDP-43 and
altered RNA metabolism.

3.2. Inhibition of splicing of the cryptic intron of Tardbp increases
endogenous TDP-43 in the spinal cord

To address whether turbulence of the autoregulation mechanism
increases TDP-43 and causes ALS-related pathology in vivo, we injected
ASO (Vivo-Morpholinos: ASO-m1 or ASO-ctrl) into the lumbar in-
trathecal space of the 11 to 12-week-old male mouse (Fig. 2A). Seven
days after injection, we investigated the splicing of Tardbp mRNA in the
spinal cord. In the lumbar spinal cord, as expected, ASO-m1 reduced
splicing of cryptic intron 6 and increased the canonical Tardbp mRNA in
a dose-dependent manner (Fig. 2B). Under the injection of 3.0 pug of
ASO-m1, the level of canonical Tardbp mRNA increased more than 2-
fold compared to ASO-ctrl (Fig. 2E). Moreover, this splicing inhibitory
effect was maintained even 5 weeks after administration (Fig. 2D and
E). By contrast, the ASO effect did not reach the cervical spinal cord
(Fig. 2C and E); therefore, we analyzed only the lumbar spinal cord in
the following experiments. In the lumbar spinal cord, the amount of
canonical Tardbp mRNA increased both in spinal motor neurons and
posterior horn (Fig. 2F and G). TDP-43 protein increased in the lumbar
spinal cord under the injection of 1.5 ug of ASO-m1 (Fig. 2H).

To investigate whether increasing endogenous TDP-43 alters RNA
metabolism in vivo, we investigated the amounts of PdpI mRNA re-
taining exon 1 and Sort] mRNA retaining exon 18 (Polymenidou et al.,
2011; Ricketts et al., 2014). These mRNA decreased under injection of
1.5 pug of ASO-m1 (Fig. 2I). We also investigated the expression levels of
G3bpl and Tial, which encode the proteins associated with stress
granules and are altered by TDP-43 (McDonald et al., 2011). The ex-
pression levels of G3bp1 and Tial were increased under 1.5 pg ASO-m1
treatment (Fig. 2J). These results indicate that ASO-ml increases
functional TDP-43 in mouse spinal cord.

3.3. Inhibition of splicing of cryptic intron 6 induced fragmentation of TDP-
43

ASO-m1 inhibited the splicing of cryptic intron 6 and increased the
expression level of Tardbp mRNA in a dose-dependent manner in mouse
spinal cord (Fig. 2B and E). Indeed, an increase in TDP-43 protein was
observed under the injection of 1.5 ug ASO-m1 (Fig. 2H). Unexpectedly,
however, injection of 3.0 ug ASO-m1 reduced the ratio of the amount of
RIPA soluble 43 kDa TDP-43 protein to Tardbp mRNA expression level
(Fig. 3A-B). Instead, the injection of 3.0 ug of ASO-m1 increased urea-
soluble 43kDa TDP-43 and fragmented TDP-43 (35kDa TDP-43;
Fig. 3A and C). An antibody targeting 260-414 amino acids detected
35kDa TDP-43, but an antibody targeting 1-260 amino acids did not
detect it (Fig. 3A). Although it has been reported that alternative spli-
cing within exon 2 produces 35 kDa species (Xiao et al., 2015), in this
experimental model, alternative splicing within exon 2 did not change
(Supp. Fig. 2A-B). Therefore, 35 kDa TDP-43 was concluded to be a C-
terminal fragment. These results indicate that an excessive expression
of endogenous TDP-43 causes fragmentation of TDP-43 and induces
full-length TDP-43 into the insoluble fraction, resulting in a decrease in
canonical soluble TDP-43.
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3.4. Inhibition of splicing of cryptic intron 6 induced a loss of spinal motor
neurons

It has been reported that the TDP-43 C-terminal fragment is cyto-
toxic in a cultured cell and increases the pro-apoptotic protein BIM
(Bcl2111) (Igaz et al., 2009; Suzuki et al., 2011). We therefore in-
vestigated the BIM and number of neurons in the mouse spinal cord.
Expression levels of Bim mRNA and the amount of BIM protein in-
creased in the mouse spinal cord seven days after injection of 3.0 ug of
ASO-m1 (Supp. Fig. 3A-D). Although Bim pre-mRNA is a TDP-43 target
RNA and its alternative splicing is altered by a decrease in TDP-43
(Tollervey et al., 2011), ASO-m1 increased all isoforms of Bim mRNA
(Supp. Fig. 3B). Furthermore, after 5 weeks of ASO injection, the
number of motor neurons in the lumbar anterior horn decreased
(Fig. 3D). At this time, motor symptoms are unclear and a dis-
appearance of nuclear TDP-43 or cytoplasmic TDP-43 inclusion bodies
was not observed by immunohistochemical analysis (Fig. 3E).

We then attempted to increase the effect of inhibition of cryptic
intron splicing by modifying other factors. The activity of proteasome,
which degrades TDP-43, is decreased in aged rodents (Keller et al.,
2000; Tashiro et al., 2012). We have shown with an in silico model that
decreasing the degradation efficiency also induces TDP-43 pathology
(Sugai et al., 2018). We therefore investigated the effects of inhibition
of cryptic intron splicing in elderly mice three weeks after injection of
ASO-m1. We injected 17 to 18-month-old mice with 1.5 pug of ASO-m1,
which did not induce TDP-43 fragmentation in 11 to 12-week-old mice.
Both 43 kDa TDP-43 and 35 kDa TDP-43 showed an increasing trend,
but not significantly (Supp. Fig. 4A-B). However, Bim mRNA and BIM
protein both increased significantly (Supp. Fig. 4C-D). Moreover, the
number of motor neurons in the lumbar anterior horn decreased (Supp.
Fig. 4E).

3.5. Inhibition of cryptic intron 6 splicing decreased nuclear TDP-43 in
human iPSC-derived neurons

We next inhibited splicing of cryptic intron 6 in human neuronal
cells. To inhibit cryptic intron 6, we designed three ASOs to target its
donor site (Fig. 4A; m1.1, m1.2, and m1.3). In HEK293T cells, we found
that although all ASOs effectively inhibited the splicing of the cryptic
intron (Fig. 4B), ASO-m1.3 most selectively inhibited the splicing of
cryptic intron 6 without inducing aberrant splicing (Fig. 4B; arrow-
head); we therefore used ASO-m1.3 in the following experiments.

We transfected ASO into the mature neurons derived from human
induced pluripotent stem cells (iPSC; Fig. 4C), followed by analysis of
these neurons after 7 and 14 days. Similar to the mouse spinal cord, we
found that ASO-m1.3 inhibited alternative splicing of the cryptic intron
and increased TARDBP mRNA that retains cryptic intron 6 (Fig. 4D-E).
The expression of pro-apoptotic protein BIM mRNA was also increased
in neurons at 7 days after transfection with ASO (Supp. Fig. 5).

Next, we investigated the subcellular localization of TDP-43 in the
iPSC-derived neurons in which TARDBP mRNA was increased in the
neurons at 7 days after transfection with ASO-m1.3. Western blotting
showed that level of nuclear TDP-43 was decreased, whereas the cy-
toplasmic TDP-43 amount did not change in these neurons (Fig. 4F-H).
We were not able to find fragmentation of TDP-43 (Fig. 4F). At 14 days
after transfection with ASO, we found a few neurons with a dis-
appearance of nuclear TDP-43 by fluorescent immunohistochemistry
analysis (Fig. 41). By comparing the TDP-43 intensities in the nucleus,
we noticed that a group with low fluorescence intensity in nuclear TDP-
43 existed in the neurons transfected with ASO-m1.3 (Fig. 4J). The
percentage of neurons with a fluorescence intensity Z score of —1.96 or
less in nuclear TDP-43, which indicates decreased nuclear TDP-43, was
higher in the neurons transfected with ASO-m1.3 compared to the
control neurons (Mean [SD], 3.9 [1.7] % vs. 0.2 [0.4] %, t = —5.21,
p = 0.003) (Fig. 4K). On the other hand, there was no difference in the
percentage of neurons with a Z score of 1.96 or more in nuclear TDP-43
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Fig. 3. Fragmentation of TDP-43 and relative decrease of functional TDP-43. (A) Western blotting of RIPA soluble fraction or urea soluble fraction from spinal
cord 7 days after intrathecal injection of 3.0 pg of Vivo-Morpholinos. (B) The correlation of expression of Tardbp mRNA and RIPA soluble 43 kDa TDP-43 amount
obtained from the spinal cord of mice administered with ASO-ctrl and ASO-m1 1.5 pg, but not ASO-m1 3.0 ug, is shown. (C) 43kDa and 35kDa TDP-43 in urea
fraction were expressed as fold change to control (mean + SEM, n = 3-4, *p < 0.05, **p < 0.01; Student's t test). (D) The numbers of motor neurons greater than
250 um? at the ventral horn on one side of each section of the lumbar spinal cord 5 weeks after administration of 3.0 ug of Vivo-Morpholinos are shown. (E)
Immunofluorescence analysis of the lumbar spinal cord performed 5 weeks after administration of 3.0 ug of Vivo-Morpholinos. Green indicates TUJ 1, red indicates
TDP-43, and blue indicates DAPI. Scale bar indicates 40 um. *p < 0.05, ***p < 0.001; Student's t test.

fluorescence intensity (Fig. 4K).

4. Discussion

In this study, we showed that the inhibition of cryptic intron 6
splicing of TARDBP mRNA increased the amount of canonical TARDBP
mRNA and TDP-43 protein in mouse spinal cord and canonical TARDBP
mRNA in iPSC-derived human neurons. A prominent increase of en-
dogenous TDP-43 had been difficult due to the robust autoregulation
system of the amount of TDP-43. However, the inhibition of cryptic
intron splicing converted NMD-susceptible transcripts to canonical ones
and increased TARDBP mRNA expression up to 2-fold. These results
suggest that the transcriptional redundancy of TARDBP mRNA is also
present in mouse spinal cord and human neurons.

Regarding the autoregulation mechanism of TDP-43, we and others
have proposed that the splicing of cryptic intron 6 takes a crucial role
(Koyama et al., 2016; Polymenidou et al., 2011). A mechanism in-
dependent of cryptic intron 6 splicing—without producing NMD-sus-
ceptible mRNA—has also been proposed (Avendano-Véazquez et al.,
2012; Ayala et al., 2011). Both hypotheses have been proposed by a
forced expression system using cultured cell lines, and the dynamics of
TARDBP mRNA in the neuron in vivo have therefore not been fully
elucidated. Our results reveal that inhibition of cryptic intron 6 splicing
increased canonical TARDBP mRNA in mouse spinal cord and iPSC-
derived human neurons. These results support our hypothesis that the
splicing of cryptic intron 6 is crucial for autoregulation of TDP-43
(Koyama et al., 2016; Polymenidou et al., 2011).

An increase in fragmented TDP-43 in the insoluble fraction and a
decrease in nuclear TDP-43 are biochemical features in ALS (Kabashi
et al., 2008; Neumann et al., 2006; Rutherford et al., 2008). The present
study shows an increase in C-terminal fragments of TDP-43 in the in-
soluble fraction in vivo upon increasing the amount of endogenous

canonical Tardbp mRNA. This finding is consistent with previous re-
sults, which state that forced expression of exogenous TDP-43 leads to
generation of fragmented TDP-43 (Tsai et al., 2010; Xu et al., 2010).
Moreover, the alternative splicing inhibition by ASO caused a relative
decline in soluble full-length TDP-43 in the mouse spinal cord. In the
human iPSC-derived neurons, the splicing inhibition also lessened the
nuclear TDP-43 despite no change in cytoplasmic TDP-43 amount;
causing a marked decrease in nuclear TDP-43 in some neurons, as
shown by immunostaining. We did not demonstrate the mechanism by
which nuclear TDP-43 decreases despite increased TARDBP mRNA ex-
pression in human iPSC-derived neurons. Nevertheless, based on in-
direct evidence, we speculate that an elevation in TDP-43 production
causes endoplasmic reticulum (ER) stress with increased BIM expres-
sion (Suzuki et al., 2011), which induces impaired nuclear translocation
and fragmentation of TDP-43 (Walker et al., 2013). In normal human
cells, full-length TDP-43 degrades faster in the cytoplasm than in the
nucleus (Scotter et al., 2014; Watanabe et al., 2013), and fragmented
TDP-43 degrades much faster than full-length TDP-43 (Scotter et al.,
2014). These mechanisms maintaining TDP-43 protein homeostasis
may contribute to the discrepancy between levels of TARDBP mRNA
and TDP-43 protein in human neurons (Li et al., 2015; Yin et al., 2019).

In mouse motor neurons, the alternative splicing inhibition by ASO
did not recapitulate ALS-related TDP-43 pathology including loss of
nuclear TDP-43 with cytoplasmic inclusions. This could be attributed to
a possible limitation of this study, wherein the mice only up to 5 weeks
after ASO introduction were subjected to investigation. A longer wait
may be necessary for the formation of inclusion bodies, as it has been
shown that a decrease in nuclear TDP-43 and an increase in insoluble
TDP-43 precedes the formation of inclusion bodies (Brandmeir et al.,
2008; Mori et al., 2008). To test this possibility, it is necessary to de-
velop a method to introduce ASO that maintains its effect over a longer
period. Meanwhile, other factors besides the ASO administration
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Fig. 4. Decreased nuclear TDP-43 by disorder of autoregulation in iPSC-derived neurons. (A) ASO target sites to inhibit alternative splicing of human TARDBP
mRNA (m1.1, m1.2, and m1.3). (B) Alternative splicing of TARDBP mRNA using F5/R7 primers in HEK293T cells 48 h after introduction of ASO. (C) Representative
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RT-PCR analysis with F5/R7 primers 7 days after introduction of ASO-ctrl or ASO-m1.3 in iPSC-derived neurons and the percentage of each isoform obtained by semi-
quantifying each band (mean + SEM, n = 3). (E) Expression level of canonical TARDBP mRNA that retains cryptic intron 6 at 7 and 14 days after introduction of
ASO by quantitative real-time PCR analysis normalized to GAPDH mRNA (mean + SEM, n = 4). (F) Western blotting on nuclear and cytoplasmic fraction of iPSC-
derived neurons 7 days after introduction of ASO. Lamin B1 and GAPDH are loading control of nuclear and cytoplasmic fraction, respectively. (G, H) The amount of
nuclear TDP-43 relative to Lamin B1 (G) and cytoplasmic TDP-43 relative to GAPDH (H) are shown (mean = SEM, n = 5). (I) Representative image showing
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nuclear TDP-43 intensity of neurons into which ASO-ctrl or ASO-m1.3 was introduced (mean *= SEM, n = 6). *p < 0.05, **p < 0.01; Student's t test.

period, such as species differences between mice and humans, may have
to be considered. While carrying out the revision for this manuscript,
the primate-specific ER membrane-bound caspase-4, but not the mouse
homologue caspase-11, was reported to generate fragmented TDP-43
and reduce full-length TDP-43 by exogenous TDP-43 overexpression
(Yin et al., 2019). In addition, consistent with our experimental mouse
model, Tardbp knock-in mouse with an ALS-causative gene mutation
did not show TDP-43 pathology despite the increase in endogenous
TDP-43 with decreased alternative splicing (White et al., 2018).
Therefore, recapitulating ALS-related TDP-43 pathology by inhibition
of Tardbp alternative splicing might be species dependent.

The inhibition of cryptic intron 6 splicing reduced the number of
motor neurons in the mouse spinal cord. This neuronal loss by excessive
endogenous TDP-43 is consistent with the findings of several mouse
models overexpressing exogenous TDP-43 (Tsai et al., 2010; Xu et al.,
2010). Although we did not demonstrate the neurons that led to
apoptosis, we speculate that an increase in BIM, a core factor in the
neuron-specific JNK-mediated apoptotic pathway, contributes to this
phenomenon to some extent. In motor neurons, loss of BIM protects
from motor neuron death in SOD1 transgenic mice (Soo et al., 2012).
BIM is induced by increased TDP-43 C-terminal fragment or ER stress

(Puthalakath et al., 2007; Suzuki et al., 2011). We therefore speculate
that insoluble fragmented TDP-43 protein itself—or elicited ER stres-
s—increases BIM and induces neuronal cell death. In addition, the loss
of canonical TDP-43 can also cause motor neuron death by interfering
with RNA metabolism (Ishihara et al., 2013; Shiga et al., 2012;
Tollervey et al., 2011).

Interestingly, the TARDBP mutation associated with ALS accumu-
lates around cryptic intron 6. Indeed, motor neurons derived from iPSC
obtained from ALS patients with TARDBP mutation showed increased
TDP-43 (Egawa et al., 2012). Moreover, the ALS mice harboring a
mutation in cryptic intron 6 increased the amount of Tardbp mRNA and
caused neuronal cell death (Fratta et al., 2018; White et al., 2018). It
would be interesting to investigate whether these mutations alter the
splicing of cryptic intron 6 and autoregulation of TDP-43. Trans-acting
factors in splicing control should also be noted, however. Splicing is
regulated by several RNA binding proteins. The alteration of these
splicing factors could disturb the autoregulation of TDP-43, resulting in
TDP-43 pathology. Indeed, abnormal localization and expression of
RNA-binding proteins have been reported in ALS (Bakkar et al., 2017).
Moreover, mutations of the splicing factors also cause familial ALS (Kim
et al, 2013). These mutant splicing factors may alter TDP-43
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autoregulation. Studies of TDP-43 dynamics according to changes in
each of these factors may provide a new angle for elucidating the pa-
thogenesis of ALS.

In conclusion, this study showed that a decrease in alternative
splicing efficiency increases TARDBP mRNA and increases insoluble
and fragmented TDP-43, resulting in a decrease in soluble TDP-43.
Overproduction of TDP-43 is based on transcriptional redundancy of
TARDBP. Therefore, the optimal intervention on the processing of
TARDBP transcripts may conversely reduce insoluble and fragmented
TDP-43 with restore of nuclear TDP-43 (Sugai et al., 2018). To prove
this repair process, an animal model holding the TDP-43 autoregulation
system must be used. Despite the need to improve the duration and
extent of the ASO effect, the method without genetic modification in
this study suggests a novel strategy for creating a model for sporadic
neurodegenerative diseases.
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