
Splicing Repression is a Major Function of TDP-43 in Motor 
Neurons

Aneesh Donde1,2,†, Mingkuan Sun1,†, Jonathan P. Ling1,2, Kerstin E. Braunstein1, Bo 
Pang1, Xinrui Wen1, Xueying Cheng1, Liam Chen1,*, Philip C. Wong1,2,*

1Department of Pathology, Johns Hopkins University School of Medicine, Baltimore, MD 
21205-2196, USA

2Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD 
21205-2196, USA

Abstract

Nuclear depletion of TDP-43, an essential RNA binding protein, may underlie neurodegeneration 

in amyotrophic lateral sclerosis (ALS). As several functions have been ascribed to this protein, the 

critical role(s) of TDP-43 in motor neurons that may be compromised in ALS remains unknown. 

We show here that TDP-43 mediated splicing repression, which serves to protect the transcriptome 

by preventing aberrant splicing, is central to the physiology of motor neurons. Expression in 

Drosophila TDP-43 knockout models of a chimeric repressor, comprised of the RNA recognition 

domain of TDP-43 fused to an unrelated splicing repressor, RAVER1, attenuated motor deficits 

and extended lifespan. Likewise, AAV9-mediated delivery of this chimeric rescue repressor to 

mice lacking TDP-43 in motor neurons delayed the onset, slowed the progression of motor 

symptoms, and markedly extended their lifespan. In treated mice lacking TDP-43 in motor 

neurons, aberrant splicing was significantly decreased and accompanied by amelioration of axon 

degeneration and motor neuron loss. This AAV9 strategy allowed long-term expression of the 

chimeric repressor without any adverse effects. Our findings establish that splicing repression is a 

major function of TDP-43 in motor neurons and strongly support the idea that loss of TDP-43-

mediated splicing fidelity represents a key pathogenic mechanism underlying motor neuron loss in 

ALS.
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Introduction

Tar DNA-binding protein 43 (TDP-43, encoded by the gene TARDBP), an essential, highly-

conserved RNA binding protein [10, 53, 65], has been implicated in amyotrophic lateral 

sclerosis, a progressive neurodegenerative disease characterized by the death of upper and 

lower motor neurons. In nearly all cases of sporadic ALS, TDP-43 in motor neurons depletes 

from the nucleus and aggregates in the cytoplasm [59]. Missense mutations in TDP-43, 

which mostly cluster within its C-terminal domain, are linked to familial ALS [26, 55]. 

Various other genetic mutations associated with familial ALS are also associated with 

TDP-43 pathology, supporting the notion that TDP-43 mislocalization is central to its 

pathogenesis [9, 48]. In addition, TDP-43 pathology is evident in cases with frontotemporal 

dementia [45], inclusion body myositis [51], and Alzheimer’s disease [2]. However, the 

precise mechanism underlying TDP-43 pathology remains unclear. While initial efforts 

focused on studies of transgenic wild-type human and ALS-linked mutant human TDP-43 

overexpression models [3, 54, 64, 67], subsequent research suggests that loss of TDP-43 

function also plays a critical role in motor neuron degeneration [14, 52, 68].

TDP-43 is thought to play important roles in several cellular processes, including cellular 

stress response pathways [37], mRNA delivery to dendritic or axonal compartments [1, 41], 

or phase separation of membrane-less organelles [18, 19, 35, 38, 42]. As a member of the 

heterogeneous ribonuclear protein (hnRNP) family, nuclear TDP-43 is concentrated in 

transcriptionally-active euchromatin regions [8], and is thought to regulate alternative 

splicing [7, 46, 47, 60]. TDP-43 interacts with many proteins and RNAs, potentially 

regulating numerous pathways [15, 17]. Previously, we and others discovered that TDP-43 

acts as a guardian of the transcriptome by repressing the splicing of nonconserved, 

unannotated ‘cryptic’ exons [33, 57], a function that is compromised in cases of ALS and 

other neurodegenerative diseases with TDP-43 pathology [29, 56]. However, since TDP-43 

is involved in multiple intracellular roles [1, 37, 42], it remains unknown whether splicing 

repression is a major function of TDP-43 in motor neurons. Using multiple model systems 

and an AAV9-mediated gene delivery approach [16], we establish here that TDP-43-

mediated splicing repression is central to the physiology of motor neurons. These findings 

support the notion that TDP-43 mediated splicing repression is a novel mechanism-based 

therapeutic target for ALS and potentially other human diseases exhibiting nuclear depletion 

of TDP-43.

Materials and Methods

Fly stocks and transgenic flies

Flies were maintained at 25°C on a standard cornmeal/agar medium. TBPH null mutant 

TBPHΔ23 was kindly provided by Dr. Fabian Feiguin. All Gal4 driver lines were obtained 

from the Bloomington Stock Center at Indiana University (Bloomington, IN). To construct 
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the fly CTR expression vector, a DNA fragment corresponding to aa 1-267 of human 

TDP-43 and aa450-643 of RAVER1 was obtained from CTR construct [33] using the 

following primers: forward primer: CCGCTCGAGACCATGGCCTCTGAATATATTCG; 

reverse primer: CGTCTAGACTACCGTTCGCCGAAGCCACTTG. For the NTDP 

construct, the following primers were used: forward primer, 

ATCTCGAGATGGTGAGCAAGGGCGAGGA; reverse primer: 

ATCTAGACTATCTATTGCTATTGTGCTTAGGTTCGGC. For the CTRF147L/F149L 

construct, the DNA fragment corresponding to aa 1-267 of human TDP-43 carrying F147L 

and F149L double mutations in RRM domain and aa450-643 of RAVER1 was synthesized 

by GeneArt Gene Synthesis (Invitrogen, Waltham, MA). The above DNA fragments were 

subsequently cloned into pUAST at XhoI and XhaI sites. All transgenic fly strains were 

generated by BestGene Inc., CA.

Library construction and massively parallel sequencing

RNA was extracted from fly heads using TRIzol. Total RNA for RNA-seq was then 

processed using the TruSeq Stranded Total RNA Library Prep Kit (Illumina) to construct 

100-bp paired end stranded RNA-seq libraries. Sample libraries were sequenced on a HiSeq 

2000 to generate approximately 70 million reads per sample which was de-multiplexed and 

converted into fastq files. Fastq files were aligned to Drosophila genomes using TopHat and 

annotated using Cufflinks on Galaxy, an open-source, web-based bioinformatics platform. 

Cryptic exons were initially identified through manual screening of novel exons annotated 

by Cufflinks that were highly abundant in the TBPH null dataset but not control. TopHat 

aligned data was then displayed to the UCSC Genome Browser to visualize RNA-seq 

coverage.

RNA Analysis (Drosophila)

Total RNA from fly heads was purified using RNeasy mini kit (Qiagen) according to 

manufacturer’s instructions. The cDNA synthesis was performed starting from lug of each 

RNA sample using RevertAid RT reverse transcription Kit (Thermo Scientific). PCR 

analysis for cryptic exons has been performed using the following primers: Rugose-F 

TGTTGCATGTGTGAGCGTGG; Rugose-R GCTGTTGGAGCGTTTGATGT. Pkc53E-F 

TTCGAGCCATTCACATACGC; PKC53E-R TTCCCACGCAGACACTCACA; Sev-F 

AGTTCTGCTGCGATCGCGCC; Sev-R CAGCAACAACAACAGCACAG; Pyd-F 

CTAGATCCTCAGTCCGTTAAC; Pyd-R CTGATCGATATCATTGCCAAGA. CG42450-F 

TGTGTGTGTTTGTGGGAGTGTG; CG42450-R GTGTCAGGACCTTAAAGGCGGT; 

Uif-F GCGCGTTGTGGACGTTAAGA; Uif-R GCCGTACTGAAGAAAACCCA; Dyb-Fl 

CGCGATAAGTGCAGAGAAACAG; Dyb-Rl GCTATGGATGGGAATTCCGCAT; 

CG8045-F1 GGTGTGTGTGTGTGTGTGTGTGTGTGCAC; CG8045-R 

ACCTGGTGCTGGGCCATGAT

Video-assisted movement tracking

Tracking arenas were 3.5 cm diameter Petri dish (Corning) filled with transparent silicon 

elastomer (Dow Corning) with a 3-mm space so that flies could walk freely but not fly. A 

CCD camera positioned above the arenas was connected to a PC. Three flies were briefly 

anaesthetized with CO2, placed in the arena and left to recover at 22°C for 1 hour before 
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being tested. Tracking was carried out at 22°C. Recorded videos were converted to fly movie 

format using the motmot package and loaded into Ctrax software to analyze the positions of 

the flies throughout the video. Position data for the 3-minute file was exported as a matrix 

file. Errors in the fracking were fixed using Matlab (Mathworks) as well as FixErrors GUI, 

which is described in further detail at http://ctrax.sourceforge.net/fixerrors.html. Fixed 

trajectories were analyzed in Matlab to calculate the mean cumulative distance travelled by 

the population of flies in the arena. Significance was calculated using the Mann–Whitney U-

test with a Bonferroni correction to account for multiple comparisons.

Lifespan analysis

Flies were maintained on standard medium at 25°C. Each group of flies was aged in 

individual vials containing no more than 20 flies and were transferred to a new vial every 1–

2 days. The number of dead flies was recorded for longevity analysis.

Drosophila neuromuscular junction (NMJ) staining

Wandering third instar larval NMJs were dissected out in 1 × PBS and fixed in 4% 

paraformaldehyde for 40 minutes. After three 5-minute washes, preparations were blocked 

with 5% normal goat serum in 0.1 M phosphate buffer (pH 7.2) containing 0.3% 

TritonX-100 for 1 h. Next, a mixture of primary antibodies was added and incubated 

overnight at 4°C Primary antibodies used are anti-ELAV (DSHB, 1:20), anti-TDP-43 

(Proteintech, 10782-2-AP, 1:200), anti-HRP (Jackson ImmunoResearch, 323-001-021, 

1:1000), anti-DLG (DSHB, 4F3, 1:50), and anti-Futsch (DSHB, 22C10, 1:20).

Mouse Generation

All mouse procedures were performed in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were approved by the Johns Hopkins 

University Animal Care and Use Committee.

We crossbred our previously described conditional Tardbp knockout mice (tardbpF/F, Jax 

stock 017591) with ChAT-IRES-Cre transgenic mice on a C57BL/6J background (Jax stock 

006410) to obtain a cohort of ChAT-IRES-Cre;TardbpF/+ mice. These were subsequently 

crossed again with tardbpF/F mice to generate the final cohort of ChAT-IRES-Cre;TardbpF/+ 

(control) and ChAT-IRES-Cre;tardbpF/F (TDP-43 knockout) mice. All mice were housed 

under a 12L:12D daily cycle and managed by Johns Hopkins University Research Animal 

Resources (RAR).

Viral Vector Packaging

AAV9 packaging was performed by Virovek (Hayward CA), and CTR or GFP exp: 

independently confirmed by HeLa cell transduction and western blot prior to all 

experiments.

Intracerebroventricular (ICV) Injection

All injections were performed on mouse pups within 8 hours of birth. Pups were cryo-

anaesthetized on wet ice for no longer than 2 minutes. A latex barrier between pups and ice 

prevented skin damage. A sterile, single-use pulled glass needle (Drummond microcaps, 41 
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mm length, approx. 0.5 mm minimum diameter) was penetrated 3mm into the lateral 

ventricle of each cryo-anaesthetized mouse pup to slowly deliver 3 μl of AAV9 (1E1013 

vg/ml) carrying either our chimeric splicing repressor protein, termed CTR, or GFP into the 

lateral ventricles over 15 seconds; solutions contained 0.05% trypan blue dye for 

localization. Pups recovered under a heat lamp with bedding from their home cage in order 

to restore scent, after which they were returned to their mother cage and monitored after 6 

and 12 hours and daily afterwards. A successful injection was identified by dye-induced 

darkening of the spinal column at 6 hours post-injection. Approximately 80% of pups 

successfully recovered from injection, with 10% insufficiently recovering from anesthesia at 

p0-p1 and 10% displaying signs of hydrocephaly at p14-p21. All pups showing signs of 

distress at any time following recovery were euthanized.

Sample Size

Sample sizes for all mouse cohorts examined in this study are presented in Table S2. All 

litters were injected prior to genotyping. For motor function and survival analyses, a total of 

40 mice from 8 litters were injected for cohort 1. Every pup in each litter was injected at 

random with an AAV9 vector carrying either our CTR fusion protein or GFP as a control, 

and all pups in each litter received either CTR or GFP. A total of 8 ChAT-IRES-
Cre;TardbpF/+ mice were injected with GFP, 8 ChAT-IRES-Cre;TardbpF/+ mice were 

injected with CTR, 11 ChAT-IRES-Cre;tardbpF/F were injected with GFP, and 11 ChAT-
IRES-Cre;tardbpF/F mice were injected with CTR. The size of cohort 1 was sufficiently 

powered to measure a mean survival increase of 50% with 25% standard deviation (l-β = 

0.994). We then replicated our results by injecting a second cohort of mice from the same 

breeder pairs, termed ‘cohort 2’. Each litter in cohort 2 received the opposite payload as its 

cohort 1 counterpart. Four additional cohorts, each from the same breeder pairs, were bred 

and injected for analysis of spinal cord pathology at 1 month, 3 months, and 5 months 

(pathology analysis cohorts) and for injection of an AAV9 vector carrying only the N-

terminal fragment (NTF) of TDP-43 as another control (NTF cohort).

Hanging Wire Test

Hanging wire tests were performed weekly beginning at p30. Investigators were blindo 

group of each animal. Each mouse was placed on the center of a metal grid that then was 

prompt the mouse to hold on before being turned upside down 30 cm over an empty cage. 

Each mouse was allowed up to three attempts to hold on to the inverted grid for an arbitrary 

maximum of 60 seconds. Mice were given >2 minutes of rest between attempts, and the best 

attempt was used for analyses.

Accelerating Rotarod Test

Rotarod tests were performed once every two weeks with an initial acclimatization session 

beginning at p30. Investigators were blinded to the treatment group of each animal. Mice 

were placed on the apparatus (Rotamex 5, Columbus Instruments) with a rod diameter of 3 

cm, minimum speed of 4 rpm, and accelerating at 20 rpm/min. Latency to fall was recorded. 

Each mouse was given three attempts with >30 minutes of rest between attempts, and the 

best attempt was used for analyses.
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Survival

Upon showing symptoms of hindlimb paralysis, mice were provided wet chow and Dietgel 

on the cage floor. End-stage was defined as a failure of a mouse to right itself within 10 

seconds when placed on its back on the cage floor and was tested daily after hindlimb 

paralysis was observed. Investigators were blinded to the treatment group of each animal. 

All mice were sacrificed and processed for biochemical and pathological analysis upon 

reaching end-stage.

RNA Analysis (Mouse)

Whole spinal cords of p45 ChAT-IRES-Cre;TardbpF/+ and ChAT-IRES-Cre;tardbpF/F mice 

were dissected, titurated using a 1 mL syringe with a 20-gauge needle, and placed in TRIzol. 

Total poly-A-containing messenger RNA was extracted using an RNeasy Mini kit (Qiagen) 

protocol under RNAse-free conditions and converted to cDNA using the Protoscript II First 

Strand cDNA Synthesis Kit (NEB). Quantitative PCR for cryptic exon mRNA was 

performed using the PowerUp SYBR Green protocol (Applied Biosystems) with the 

following primers: GGCT F: GAGGGGTGTTGGAAGGCTGT; GGCT R: 

TACCACTCCCCACACTTCGT; SYNJ2BP F: CTCCAACGACAGTGGCATCT; SYNJ2BP 

R: TCTTCCTGAGGACCTCCGTT; IFT81 F: AAGTGCGAGGACTTCGTGAG; IFT81 R: 

CAGCGATCTGTCTGCTTTGC; GAPDH F: AGGTCGGTGTGAACGGATTTG; GAPDH 

R: GGGGTCGTTGATGGCAACA; TBP F: AAGGGAGAATCATGGACCAG; TBP R: 

CCGTAAGGCATCATTGGACT. Each reaction was performed in duplicate, and each RT-

PCR experiment independently repeated three times. Relative transcript levels were 

calculated in Microsoft Excel according to the formula: (POWER(2, −(Ct mean cryptic exon 
target)))/(POWER(2, −(AVERAGE(Ct mean TBP, Ct mean GAPDH))).

Histological and Immunohistochemical Analysis

All mice from the pathology analysis cohorts were anaesthetized and perfused with 4% 

paraformaldehyde. The cervical (C5-C8) and lumbar (L1-L3) enlargements and their 

corresponding spinal ganglions from each mouse were dissected and post-fixed for 24 hours. 

Spinal ganglions were embedded in epoxy resin and sagittally sectioned at 1 μm thickness. 

Spinal cords were embedded in paraffin and sagittally sectioned at 10 μm thickness. Sections 

were stained with hematoxylin/eosin or Cresyl violet for histological analysis. For 

immunohistochemical analysis, sections were deparaffmized and incubated in 10 mM citric 

acid at 95 C for 10 minutes followed by a 30-minute incubation in 0.3% hydrogen peroxide 

in methanol to quench endogenous peroxidase activity. Normal goat serum (5%) in PBS-T 

was used to block nonspecific binding, after which primary antibody in blocking buffer was 

applied to each section overnight at 4 C in a humid chamber. Secondary antibodies were 

applied at room temperature for 2 hours. A Vectastain Universal Elite ABC kit (Vector 

Laboratories) was used to amplify signal.

Sections were stained with the following primary antibodies: Human-specific N-terminus 

TDP-43 (hTDP43, 1:500; AB57105, Abeam), Choline acetyltransferase (ChAT, 1:1000; 

AB144, Millipore), C-terminus TDP-43 (1:500; 12892-1AP, Proteintech), microtubule-

associated protein 2 (Map2, 1:1,000; AB5622, Millipore), phosphorylated neurofilament 

(Smi31, 1:1,000; BioLegend), synaptophysin (1; 1000; SY38/ab8049, Abeam), ionized 
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calcium-binding adapter molecule 1(IBA1, 1:500; 10904-1AP, Proteintech), glial fibrillary 

acidic protein (GFAP, 1:500; AB7260, Abeam), phosphorylated tau (Tau422, 1:1000; 

AB79415, Abeam).

Immunoblot Analysis

Whole spinal cords from mice were flushed and homogenized using a 1 mL syringe with a 

20-gauge needle in cold RIPA buffer with protease inhibitor cocktail (Roche). Protein 

concentration in the supernatants was determined via BCA assay (Pierce), and 10 μg protein 

was loaded on a 10% Bis-Tris SDS-PAGE gel (Novex) and transferred to a PVDF 

membrane, which was probed with the following antibodies: N-terminal TDP-43 (1:2000; 

10782-2-AP, Proteintech), β-tubulin III (1:20,000; T2200, Sigma).

Adult fly heads were collected using dry ice and homogenized with lysis buffer, and 

centrifuged at 13,000 rpm at 4°C for 10 minutes. The supernatant were electrophoresed on 

10% precast gels (Bio-rad, 456-1033) and electrotransferred onto polyvinylidene difluoride 

membranes. Immobilized proteins on the membrane were probed with the anti-TBPH (F. 

Feiguin, International Centre for Genetic Engineering and Biotechnology, Trieste, Italy), 

anti-TDP-43 (Proteintech, 10782-2-AP) and anti-FLAG (Sigma, F7425 ) and then incubated 

with HRP-conjugated secondary antibodies.

Statistics

Histological data was analyzed using the unpaired, two-tailed Student’s t-test with Tukey’s 

multiple comparison where appropriate, and one-way analysis of variance (ANOVA) test 

using Stata 10 for Mac (Statacorp) and Graphpad Prism for Mac (Graphpad Software). RNA 

data was analyzed using the Mann-Whitney test. Error bars represent standard deviation 

unless otherwise mentioned. Mouse hanging wire, rotarod, and weights were analyzed using 

two-way ANOVA with Tukey’s multiple comparison. Kaplan-Meier survival curves were 

analyzed using the log-rank test. P values of < 0.05 were considered significant.

Results

Splicing Repression is a Major Function of TBPH in Drosophila

We previously showed that TDP-43 mediated splicing repression can be restored using a 

chimeric protein, consisting of the RNA-recognizing N-terminal domain of TDP-43 fused 

with an unrelated, structurally distinct but well characterized splicing repressor, RAVER1 

[20, 33, 49]. In contrast to replicating cells, it is not known whether splicing repression is a 

major function of TDP-43 in post mitotic cells such as motor neurons. We took a genetic 

approach to test whether this unrelated splicing repressor, termed CTR, could complement 

the loss of TDP-43 function in motor neurons. That either construct encoding the N-terminal 

domain of TDP-43 or RAVER1 failed to restore splicing repression in cells lacking TDP-43 

[33] indicates that this CTR repressor would provide a powerful tool to selectively probe 

TDP-43 splicing repression in vivo. First, we assessed the ability of CTR to rescue the motor 

phenotype and lethality occurring in the Drosophila model lacking TBPH, the fruit fly 

homolog of TDP-43 (TBPHΔ23 [14]). Flies globally lacking TBPH mostly failed to eclose, 

and the few surviving adults exhibited impaired locomotion and early lethality along with 
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cryptic exon incorporation (evidence of impaired splicing repression) as identified through 

RNA sequencing (Figures 1–2, Supplemental Figure S1, Supplemental Table S1). The CTR 

fusion protein or a control protein with just the N-terminal fragment of TDP-43 alone 

(NTDP) (Figure 2a) was then expressed using the binary GAL4/UAS expression system 

under control of either a restricted motor neuron specific driver D42-Gal4, or an Hsp70-
Ga14 driver to achieve ubiquitous expression [12]. We first confirmed the expression and 

cell localization of the fusion protein to the nucleus, as expected (Supplemental Figure S2). 

Whereas NTDP expression under both drivers failed to show any rescue effect, expression of 

CTR in motor neurons was efficient to mitigate the motility defects (Figure 2b) and extend 

the life span to almost 30 days, close to one half of a normal life span (Figure 2c). 

Expression of CTR ubiquitously by Hsp70- Ga14 further extended the life span to over 45 

days (Figure 2c).

Consistent with previous observations that TBPH is required to form and maintain the 

presynaptic terminal structures [14]. CTR expression resulted in recovery of presynaptic 

complexity with increased formation of synaptic boutons and axonal terminal branching 

(Figure 2d, Supplemental Figure S3). Importantly, a subset of splicing abnormalities was 

restored (Figure 2e, Supplemental Figure S4). Finally, in order to confirm that CTR 

represses splicing through binding to the mRNAs of TDP-43 targets, we introduced two 

point mutations, F147L and F149L, in the first RNA recognition motif (RRM1) domain to 

abolish its nucleotide binding ability [6, 22]. Indeed, expression of CTRF147L/F149L by 

Hsp70- Ga14 failed to show any rescue effects in TBPH-deficient flies (Supplemental Figure 

S5). Together, these results strongly support the idea that splicing repression is a major 

function of TBPH in motor neurons.

An AAV9-Mediated Strategy to Restore TDP-43 Mediated Splicing Repression in 
Mammalian Motor Neurons

To establish this notion in mammalian motor neurons, we took advantage of our Tardbp 
conditional knockout mice, in which exon 3 of Tardbp was flanked by loxp sites(Chiang et 
al., 2010) (TardbpF/F), and crossbred them with a choline acetyltransferase (ChAT) 

dependent Cre driver line(Rossi et al., 2011) (ChAT-IRES-Cre) to generate a line lacking 

TDP-43 in >95% of ChAT-positive spinal motor neurons (ChAT-IRES-Cre;tardbpF/F mice, 

Figure 3a, Supplemental Figure S6). These TDP-43 conditional knockout mice exhibited 

progressive motor neuron loss accompanied by reduced body weight, tremor, hindlimb 

weakness, and paralysis with death occurring around 8-10 months of age (Supplemental 

Figure S7; Supplemental Video S1). This phenotype is consistent with other, previously 

reported motor neuron Tardbp knockout mouse models [24, 66, 68]. Because TDP-43 is 

tightly regulated through an autoregulatory mechanism [4, 46]. TDP-43 levels remained 

normal and no overt phenotype was observed in mice lacking one allele of Tardbp (ChAT-
IRES-Cre ;TardbpF/+ heterozygous mice) [10]. As predicted, we found evidence of aberrant 

splicing and cryptic exon incorporation in spinal cords of ChAT-IRES-Cre;tardbpF/F mice 

(Figure 5e, red bars).

To determine whether splicing repression is a major function of TDP-43 in mammalian 

motor neurons, we elected to use AAV9 to deliver CTR to central neurons of mice lacking 
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TDP-43 in spinal motor neurons. Perinatal unilateral intracerebroventricular injection of 

AAV9 (3x1010 vg/mouse) carrying our CTR chimeric construct under a ubiquitous chicken 

beta-actin hybrid (CBhA) promoter selected for its small size and robust long-term 

expression resulted in CTR protein expression in 50-60% of cervical and lumbar mouse 

motor neurons that persisted to at least 8 months (Figure 3c,d). CTR expression was 

strongest in the nucleoplasm, with no evidence of cytoplasmic CTR aggregates (Figure 3b). 

No difference was observed between cervical and lumbar expression efficiency at any age 

(Figure 3c) or between ChAT-IRES-Cre;TardbpF/+ and ChAT-IRES-Cre;tardbpF/F mice at 

p30, an early age preceding neuronal loss (Figure 3b–c). CTR expression had no effect on 

Cre-mediated Tardbp knockout efficiency (Supplemental Figure S6). While viral 

transduction was broadly distributed throughout the CNS, no behavioral (Figure 4) or 

pathological evidence of acute or chronic toxicity from CTR protein expression (data not 

shown) was observed in ChAT-IRES-Cre;TardbpF/+ mice within the CNS or any major organ 

system; these treated ChAT-IRES-Cre;TardbpF/+ mice exhibited a normal lifespan (Figure 

4a).

Two cohorts of ChAT-IRES-Cre;tardbpF/F mice (Supplemental Table S2) injected with our 

CTR fusion protein gained greater weight as compared to their untreated breeder-matched 

knockout controls (Figure 4b, Supplemental Figure S8). Treated ChAT-IRES-Cre;tardbpF/F 

mice also performed better on the hanging wire and accelerating rotarod tests, with a 

delayed onset and slower progression of motor deficits (Figure 4c–e, Supplemental Video 

S1). Consequently, treated ChAT-IRES-Cre;tardbpF/F mice showed a robust extension of 

their lifespan, with a median survival increase of 29 weeks (66%) (Figure 4a). Notably, a 

cohort of ChAT-IRES-Cre;tardbpF/F mice treated with just the N-terminal fragment of 

TDP-43 showed no such motor improvements or weight gain, suggesting that splicing 

repression, and not some other function of the N-terminal fragment of TDP-43, underlies the 

rescue effect (Supplemental Figure S9).

Pathological analysis of 1, 3, and 5-month old cohorts of ChAT-IRES-Cre;TardbpF/+ and 

ChAT-IRES-Cre;tardbpF/F mice (Supplemental Table S2) revealed that while knockout mice 

lose 50% of ChAT-positive spinal motor neurons between 1 and 3 months’ age, CTR 

treatment significantly mitigated this loss (Figure 5a, b). Importantly, with our observed 

transduction efficiency of ~60%, this motor neuron rescue in CTR-treated ChAT-IRES-
Cre;tardbpF/F mice represents about 45% of the predicted maximum cell-autonomous rescue 

effect (Figure 5b, dotted line). The observed rescue effect of CTR on spinal motor neurons 

was most robust at the 3-month time point (Supplemental Figure S10). While the size of L3 

dorsal roots remained unchanged, L3 ventral spinal root cross-sectional area was markedly 

preserved in treated ChAT-IRES-Cre;tardbpF/F mice (Figure 5c–d), corroborating the 

behavioral benefits offered by the CTR splicing repressor.

While the downstream effects of TDP-43 mediated splicing repression occur on a 

transcriptome-wide level, we selected three transcripts with cryptic exon incorporation 

identified through previous RNA-seq analysis [25] to serve as a biochemical correlate of 

TDP-43 mediated splicing repression. As predicted, treatment with our CTR protein 

significantly re-repressed these aberrant cryptic exon splicing events as determined by 

quantitative RT-PCR (Figure 5e). Expression of the N-terminal fragment of TDP-43 alone 
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did not result in any such re-repression, suggesting that CTR expression does not interfere 

with normal TDP-43 function (Supplemental Figure S9). Taken together, our results support 

the notion that splicing repression is a major function of TDP-43 in motor neurons and 

suggest that loss of this splicing repression could underlie neurodegeneration in diseases 

such as ALS.

Discussion

We validate here for the first time that TDP-43 mediated splicing repression is a major 

function of TDP-43 in motor neurons. Our findings strongly support the idea that 

compromised transcriptomic integrity following the loss of TDP-43 mediated splicing 

repression represents a key pathogenic mechanism underlying motor neuron degeneration.

A crucial mechanistic question regarding TDP-43 pathology is whether nuclear loss of 

TDP-43 - i.e., loss of splicing repression - independent of its cytoplasmic aggregates drives 

neuronal loss in neurodegenerative diseases exhibiting TDP-43 pathology. While gain- and 

loss-of-function studies have been performed in efforts to clarify mechanism of TDP-43 

pathology over the past decade [30, 59], its precise pathophysiology in human disease 

remain elusive. Several lines of evidence from human studies strongly support the idea that 

loss of TDP-43 splicing repression drives neuron loss. We initially disclosed that TDP-43 is 

a splicing repressor of nonconserved cryptic exons [33], a novel finding that have been 

replicated by several groups [28, 31, 39, 58]. An emerging view is that TDP-43 is a founding 

member of growing family RNA binding proteins (including another ALS-linked gene 

encoding Matrin3) [13, 32, 36, 61] which serve as the “guardians of the transcriptome”, 

ensuring the generation of a normal proteome for cell function. Importantly, this repressor 

function of TDP-43 is compromised in ALS, FTLD-TDP and AD exhibiting TDP-43 

pathology [33, 56]. Interestingly, TDP-43 nuclear depletion in brain neurons occurs at pre-

symptomatic stage in a C90RF72 linked ALS-FTD case [62], supporting the notion that loss 

of TDP-43 repression represents an early event that drives neuron loss. Consistent with this 

idea, we found that TDP-43-associated cryptic exons are also incorporated in brains of AD 

cases with TDP-43 pathology, notably those exhibiting nuclear clearance of TDP-43 without 

cytoplasmic inclusions [56]. That von Economo neurons and fork cells within the 

frontoinsular and anterior cingulate cortices lacking nuclear TDP-43 inclusion observed in 

behavioral variant FTD cases showed atrophy comparable to inclusion-bearing neurons [43] 

further strengthen this notion. ALS-linked TDP-43 mutants from fibroblast-derived human 

motor neurons fail to repress TDP-43 cryptic exons, including that of Stcithmin2 as a critical 

target for motor axon regeneration, supporting the view that loss of TDP-43 repression 

independent of TDP-43 cytoplasmic aggregates drives neuron loss [39]. Together, these data 

from studies of human disease strongly support the notion that nuclear depletion of TDP-43, 

i.e., compromised splicing repression from neurons represents an early event (as opposed to 

cytoplasmic inclusions marking a late- or end-stage cell) that contributes to the pathogenesis 

of human disease exhibiting TDP-43 pathology.

As no compensatory mechanism exists for TDP-43 repression when such function is loss in 

motor neurons, complementing TDP-43 splicing repression via gene therapy approach, such 

as the FDA-approved AAV platform for human disease [23, 40], would be a rational 
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mechanism-based therapeutic strategy for ALS. Alternatively, ASO designed to block 

specific TDP-43 cryptic exon targets, such as Stathmin2 [28, 39], may prove to be a valuable 

therapeutic approach. As multiple TDP-43 cryptic exons are affected when TDP-43 

repression is compromised [33], it will be important in the future to evaluate whether 

targeting multiple TDP-43 targets will be critical, particularly within the context of motor 

neuron degeneration. Given that multiple cell types are impacted in ALS-FTD [43, 45], and 

existence of cell type specific TDP-43 cryptic exons [25], a more general strategy designed 

to repress multiple cryptic exon targets from multiple cell types may provide greater clinical 

outcomes.

Our finding that the lack of acute or chronic toxicity in any major organ system and normal 

lifespan observed in CTR-treated control mice suggests that any off-target splicing effects of 

CTR in TDP-43 knockout mice are likely outweighed by the therapeutic effects of CTR 

treatment. It will be also important in the future to assess the benefit of this therapeutic 

approach in glial cells exhibiting loss of nuclear TDP-43 mediated splicing repression, as 

evidenced by glial cytoplasmic TDP-43 inclusions in cell of presumed oligodendroglial 

lineage [44] and help set the stage for future gene therapy trials for ALS.

We previously demonstrated that cryptic exons are highly variable between different cell 

types and organisms, suggesting that TDP-43 loss may impair cell-type specific pathways in 

unique ways and complicating efforts at developing treatments targeting any particular 

downstream pathway [25]. We previously showed that Tbc1d1, a gene involved in fat 

metabolism and down-regulated in the absence of TDP-43 and a target of TDP-43 [10], is 

highly incorporated in mouse stem cells, but low in myocytes and neurons [25]. However, 

the splicing repression function of TDP-43 is highly conserved across species [33], making 

our proposed mechanism-based therapeutic approach, which rescues lethality in both 

Drosophila and murine models, a more attractive upstream strategy. In this study, we 

assessed cryptic exon incorporation in selected TDP-43 targets as a reflection of a cell’s loss 

of TDP-43 splicing repression; in ALS patients and our animal models, both normal and 

cryptic splicing abnormalities mediated by nuclear loss of TDP-43 may contribute to 

neuronal death. Notably, loss of TDP-43 repression impacts both cryptic exons as well as 

conserved exons in a cell-type specific manner. We have observed exon 17b-containing 

Sort1 in mouse Tardbp knockout hippocampal tissue, but not in spinal cord motor neurons 

(Supplemental Figure S11a). Importantly, CTR expression markedly attenuated the aberrant 

exon 17b-containing Sort1 variant (Supplemental Figure S11a). Our results do not exclude 

other important functions of TDP-43, as this protein has been suggested to be involved in 

nuclear and nonnuclear cellular processes besides splicing repression. For example, TBPH 

interacts with futsch mRNA and this interaction modulates the intracellular transport/

localization and translation of this mRNA in fly motor neurons [50]. As expected, CTR 

expression could not ameliorate the significant reduction of Futsch protein in TBPH-null 

flies (Supplemental Figure S11b). Similarly, our results do not exclude the potential toxic 

effects of cytoplasmic TDP-43 aggregation [11, 63]. Nuclear TDP-43 depletion could be an 

early pathogenic event, possibly preceding its cytoplasmic aggregation [56, 62], and while 

promising therapeutic options for reducing TDP-43 aggregation mediated toxicity are being 

developed [5, 21, 27, 38], further effort is needed to clarify the different contributions of 

toxic gain of function and nuclear loss of function of TDP-43 to the pathogenesis of 
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neurodegenerative disease. Assessing the importance of splicing repression as well as the 

ability of CTR to avoid cytoplasmic sequestration and perform this role in other models of 

TDP-43 dysfunction will improve our understanding of the complex interplay between 

cytoplasmic accumulation and nuclear loss of TDP-43.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cryptic exon incorporation in TBPH-deficient flies. Visualization of the cryptic exons 

(arrows) located in representative genes (red bar). Gene annotation is shown below, labeling 

exons (thick) and introns (dashed). Cryptic exons may have standard 5’ and 3’ splice sites 

[rg, (a) and Pkc53E, (b)], or it may present as exon extension [CG42450, (c)], 5’ 

untranslated region [sev, (d)], polyadenylation site [CG8405, (e)], or inflame insertion [pyd 

(f)]. (g) As predicted [34], cryptic exons are flanked by UG tandem repeats that exist 

upstream, downstream, or internally.

Donde et al. Page 17

Acta Neuropathol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Expression of CTR in TBPH-deficient flies. (a) Diagram of the UAS-CTR and UAS-NTDP 
chimeric constructs. Expression of CTR fusion protein rather than NTDP could significantly 

ameliorate locomotive function (b), extend lifespan (c), increased synaptic boutons (d) and 

(e) repress a variety of cryptic exons including standard cassette (rg), 5’ untranslated region 

(sev), transcriptional start site (Dyb) and exon extensions (Syn) in a homozygous TBPHΔ23 
null background. (** p < 0.01, *** p < 0.001).
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Figure 3. 
Expression of CTR in Tardbp knockout mice. (a) Schematic of ChAT-IRES-Cre and 

tardbpF/F alleles in our conditional Tardbp knockout mouse. Cre-mediated excision of exon 

3 leads to nonsense-mediated decay of the mRNA transcript. (b) Immunostaining of p30 

ChAT (red) and CTR (recognized by human-specific N-terminal TDP-43 antibody, green) in 

representative lumbar ventral horn sections of ChAT-IRES-Cre;TardbpF/+ and ChAT-IRES-
Cre;tardbpF/F mice. At this early age, preceding motor neuron loss, no difference in CTR 

transduction efficiency between genotypes was observed (mean difference in transduction 

efficiency = 2±5.5%, p = 0.76, N=5 animals per genotype, 5 cervical and lumbar spinal 

sections per region per animal) (c) Quantification of nuclear CTR in ChAT-positive neurons 

in ChAT-IRES-Cre;tardbpF/+ mice in cervical (green), lumbar (red), and dorsal horn neurons 

(blue). Our protocol allowed for a ~60% efficiency of targeting motor neurons until at least 8 

months, with no difference observed between cervical and lumbar regions. (N=3 animals per 

time point, 5 spinal sections per region per animal, scale bar: 100 μm). (d) Diagram of the 

CTR chimeric protein construct packaged in AAV9, with the N-terminal fragment of human 

TDP-43 (orange), the splicing repression domain of RAVER1 (blue), and the 3’ untranslated 

region (3’UTR) from human TDP-43.
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Figure 4. 
Expression of CTR in Tardbp knockout mice prolong survival and attenuates behavioral 

deficits. (a) Kaplan-Meier survival curve of ChAT-IRES-Cre;TardbpF/+ and ChAT-IRES-
Cre;tardbpF/F mice administered AAV9 containing either CTR (treated) or GFP control 

(untreated). Data from both cohorts are shown together. Median untreated ChAT-IRES-
Cre;tardbpF/F survival was extended from 44 weeks to 73 weeks in treated mice (p < 0.001 

for all analyses). (b) CTR treatment mitigated the age-dependent body weight loss of 

knockout mice while having no effect on control mice. Hanging wire (c) and rotarod 
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performance (d) show a mitigation of motor deficits in CTR-treated knockout mice 

compared to untreated controls (*p < 0.05, ** p < 0.01, *** p < 0.001. Tukey’s multiple 

comparison test). Progression of hanging wire deficits was also significantly attenuated in 

CTR-treated mice (untreated slope=−1.19, CTR slope= −0.68, p < 0.01) (e) Kaplan-Meier 

survival curve of onset of motor dysfunction, as defined as two consecutive weeks of <60s 

hanging wire time. Onset was delayed in CTR-treated knockout mice (median onset: 30 

versus 19 weeks, p < 0.001).
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Figure 5. 
Expression of CTR in Tardbp knockout mice attenuates motor neuron loss and restores 

splicing repression. (a) Representative ChAT immunostaining of an L3 lumbar ventral horn 

section at 3 months’ age. (scale bar: 100 μm). (b) Quantification of ChAT-positive motor 

neurons in CTR-treated (blue) and untreated (red) knockout mice at 3 months’ age. As no 

difference was observed between CTR-treated and untreated ChAT-IRES-Cre;TardbpF/+ 

mice, results are shown as a percentage of each group’s respective control. Untreated 

knockout mice showed a 50% decrease in motor neuron number at p90, whereas the motor 
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neuron abundance of CTR-treated knockout mice is 63% (lumbar) and 61% (cervical) of 

controls (*p < 0.05). With our observed transduction efficiency of 60 percent, a complete 

cell-autonomous rescue of motor neuron death by CTR would still only result in a motor 

neuron rescue of ~80% (dashed line). (c,d) Representative cresyl violet stained dorsal and 

ventral L3 root sections and quantification of cross-sectional area. Ventral, but not dorsal, 

root area was diminished in untreated ChAT-IRES-Cre;tardbpF/F mice and restored with 

CTR treatment (scale bar: 200 μm). (e) Relative levels of cryptic exon mRNA targets 

predicted to be incorporated in TDP-43-deficient motor neurons in p45 mice, normalized to 

an average of GAPDH and TBP genes as determined by quantitative RT-PCR. A reduction 

in cryptic exon incorporation in all three tested targets was observed in CTR-treated ChAT-
IRES-Cre;tardbpF/F mice, indicating a partial restoration of splicing repression (* p < 0.05).
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