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SI Results 
 
Validation and Specificity of anti-TDP-43 antibody 
The co-IP and PLA analyses were performed in neuronal cells after TDP-43 knockdown (KD) to 
validate the specificity of the anti-TDP-43 Ab. The immunoblots (IB) of TDP-43 co-IP from 
control and TDP-43 siRNA transfected cells were probed for H2AX, p-ATM, p-53BP1 and 
XRCC4, whose levels were reduced after TDP-43 KD (SI Appendix, Fig. S3E). siRNA was 
transfected for 72 h to obtain ~80% KD of TDP-43 (SI Appendix, Fig. S6A). The Ab specificity in 
PLA was confirmed by the loss of PLA signals for TDP-43 vs. Ku70 or 53BP1, from etoposide-
treated and TDP-43 KD NP cells (SI Appendix, Fig. S3F). These control experiments confirmed 
that the protein co-eluted with anti-TDP-43 Ab was indeed TDP-43.  
  
TDP-43 is required for optimal DSB repair via NHEJ in neurons 

Following up our results demonstrating reduced DSB repair via NHEJ using an I-Sce I 
approach (Fig. 4C-E), we confirmed this using a second custom-generated, physiologically 
relevant blocked-termini-DSB-containing plasmid assay (1).  It is important to note that I-SceI-
induced DSB repair may provide a gross underestimate of repair events as it contains clean DSB 
termini, unlike a majority of endogenous DSBs generated in cells, which invariably contain 
unligatable blocked termini. To overcome this, in the second approach, we generated the 
pNB1GFP reporter plasmid with a single DSB flanked with 3'P unligatable termini, formed by 
cleaving a U•U pair-harboring GFP-plasmid with E. coli DNA glycosylase Fpg (schematically 
shown in SI Appendix, Fig. S8G) (1). The repair of linearized pNB1 was first evaluated in vitro by 
incubating with the nuclear extracts from control or TDP-43 siRNA-transfected neuronal cells and 
analyzed in 1% agarose gel electrophoresis (SI Appendix, Fig. S8H). Partial re-circularization 
(~60%) of pNB1 was observed with the control nuclear extract, however, TDP-43-depleted nuclear 
extract generated only <10% re-circularization (SI Appendix, Fig. S8I). The re-circularized pNB1 
products were characterized by amplification in XL-10 gold E. coli to screen for their colony-
forming efficiency against ampicillin selection, which further confirmed marked reduction in 
number of colonies in TDP-43-depleted samples (SI Appendix, Fig. S8H, Bottom panel). The repair 
of the linearized pNB1 plasmid was also evaluated for in cellulo re-circularization by transfecting 
into SH-SY5Y cells pre-treated with control or TDP-43 siRNA, followed by IF, which showed 
~60% reduction in the number of GFP+ve cells compared to that of the control siRNA treated cells 
(SI Appendix, Fig. S8E). The repaired plasmid was then isolated from the SH-SY5Y cells, 6 h after 
transfection as Hirt supernatant (2), which was then used to transform in the XL-10 E. coli. 
Individual plasmid DNA from 20 independent colonies were sequenced to characterize the 
sequence at repaired joint. Sequence analysis confirmed the DSB repair in ~85% of plasmids 
occurred via error-free NHEJ, while ~15% showed a single base deletion at the DSB site (SI 
Appendix, Fig. S8J). In summary, these results show that loss of TDP-43 inhibits NHEJ in the 
neuronal genome. 
 
SI Discussion 
Metabolically active neurons with high transcriptional activity are continuously exposed to various 
types of genome damage, whose efficient repair is critical for maintaining the genomic integrity 
of these long-lived and poorly replenishable cells in adult humans (3, 4). Contrary to the prevailing 
notion that the most common types of damage in the neuronal genome are reactive oxygen species 
(ROS)-induced oxidized bases and SSBs, recent studies show that DSBs may be induced by as yet 
uncharacterized endogenous sources and repaired efficiently under normal physiological condition 



 
 

(5-7). For example, Lenart Mucke and colleagues showed that increasing metabolic activity in 
mice by exercise leads to transient formation of DSBs, a process exacerbated in presence of Aβ 
peptides (8). Other studies suggested that localized formation of ROS by demethylases in the 
proximity of gene promoter sequences during gene activation produces robust oxidative damage 
to DNA, which may be required for resolving topological constraints for neuronal gene expression 
(5). Wallace and colleagues have independently shown that bi-stranded accumulation of 
unrepaired induced oxidative damage can cause secondary DSBs (9, 10). Furthermore, several 
studies recently demonstrated that defects in DSB repair pathways in subsets of FUS or C9orf72-
linked ALS cause accumulation of unrepaired DSBs, likely generated by endogenous sources (11-
13). Cumulatively, these studies suggest that DSBs can be generated endogenously in post-mitotic 
neurons, whose efficient repair is critical for maintaining genome fidelity. 

Although, TDP-43 does not bind to biotinylated DNA ends in vitro, our in cell data show that 
TDP-43 associates with DSB sites generated by IR or etoposide, as part of a complex with other 
DSB response and repair proteins. While etoposide generates TOPO-II-linked 5-DSB adducts, 
these covalently blocked termini are enzymatically processed by DNA-2/TDP-2 in mammalian 
cells to generate 5P clean ends for downstream repair process (14, 15). Alternatively, the TOPO-
II-linked termini may also be removed by nuclease activity of MRN complex together with CtIP 
(16, 17). This reaction is believed to occur very early in the DDR process of etoposide induced 
DSBs, before the downstream DSB repair factors are assembled. It is likely that, although TDP-
43 is present as part of DDR complex, it binds the termini after the TOPO-II-blocked ends are 
removed.   

Consistent with our model, growing evidence from various studies has linked a deficiency in 
DSB repair response components to neurodegenerative phenotypes, including Alzheimer’s disease 
(18), Parkinson’s disease (19), ALS (20), and premature aging diseases, such as progeroid 
syndromes (21). Mutations in key DSBR proteins (e.g., ATM in ataxia telangiectasia; NBS1 in 
Neijmegen breakage syndrome; PNKP in MCSZ; and MRE11 in A-TLD) have been shown to 
predispose humans to the neurodegenerative phenotype, underscoring the importance of DSBR for 
post-mitotic neurons (4).  

The role of RDBPs in DNA repair has been recently highlighted in a rapidly increasing 
number of studies. Another RNA/DNA-binding protein, fused in sarcoma/translocated in 
liposarcoma (FUS/TLS), linked to the ALS-FUS subtype has been shown to participate in DSB 
repair, and pathogenic mutations in this protein induce genome damage in neurons (13, 20). It is 
important to note that FUS and TDP-43 pathologies are rarely seen in an ALS patient (except in 
one case study showing mutations in both FUS and TDP-43 genes, but with moderate FUS 
pathology and no TDP-43 pathology (22). More recently, we have documented hnRNP-U, a 
member of the hnRNP family, acts as a switch allowing DSB repair to proceed in preference to 
oxidative/SSB repair processes (23, 24). Notably, TDP-43, FUS, and hnRNP-U have been found 
to interact with each other. Other studies have linked the involvement of hnRNP-A1 and hnRNP-
U-like protein variants in DDR (25, 26). Furthermore, in view of a recent study, which identified 
a DSB repair defect in C9orf72-linked ALS patients, it will be interesting to elucidate any potential 
cross-talk of TDP-43 and C9orf72 pathologies. DSB repair defects in C9orf72-ALS was suggested 
to occur due to altered R-loop processing at G quadruplex structures and expanded hexanucleotide 
repeat sequences (12, 27, 28). Studies have also shown the involvement of both short and long 
non-coding RNA in DSB repair, and multiple models have been proposed to describe the 
involvement of small RNAs in DDR, including the possibility of their acting as the template for 
error-free repair (29, 30). It is also likely that the RNAs together with RDBPs may act as scaffold 



 
 

or glue for the large, dynamic repair complex at the damage sites. Further investigation along these 
lines can add new paradigm to our knowledge of DSB repair systems and their defects in TDP-43-
associated neurodegenerative diseases and provide avenues for DNA repair-based therapies. 
 
SI Materials and Methods  
 
Cell culture. 
Human neuroblastoma SH-SY5Y cells (ATCC) or HEK293 (ATCC) cells were cultured in DMEM/F12 
media (Gibco) or DMEM High glucose (Gibco) with 10% Fetal Bovine Serum (Sigma) and 1% Penicillin-
Streptomycin (Sigma) at 37 ˚C with 5% CO2. SH-SY5Y cells were differentiated in with Retinoic acid (RA) 
(10 μM) and BDNF (50 ng/mL) in DMEM/F12 and 1% FBS for 4 to 6 days (31, 32).  
Human Neural Stem Cell (hNSC) culture and differentiation into spinal motor neurons. A normal 
iPSC line KYOU-DXR0109B (201B7) was obtained from ATCC and grown in CellMatrix basement 
membrane gel (Gibco) and Pluripotent Stem Cell SFM XF/FF media (Gibco) at 37 °C and 5% CO2.Human 
fetal (8-10 weeks) cortical neural stem cell (33) line K048 was cultured as described before (34). Briefly, 
the cells were expanded as neurospheres at 3-6 x 106 cells/T75 flask containing growth medium (DMEM-
F12 3:1; HEPES 1.5%; 10% glucose 1.5% and Pen-Strep 1%) along with EGF, bFGF, LIF, insulin, heparin, 
N2 and glutamine and passaged every 9-10 days. For priming, small spheres (2-3 days post-passage) of 6 
x 104 cells/cm2 were plated onto 0.01% Poly-D-Lysine and 1μg/cm2 mouse laminin (Life technologies), 
and incubated with FHL priming media containing N2, insulin (1:400), 20 ng/ml bFGF, 5 μg/ml heparin, 
1μg/ml laminin and 2 mM Glutamax-I. Cells were primed in bFGF/heparin/laminin for 4 days. For 
differentiation of primed cells to motor neurons, cells were incubated with basic medium plus B27 
supplement (1:50) for 9-12 days, changing ½ media every 3-4 days. 
Human iPSC to Neural Progenitor cells. Derivation of NPCs was done using PSC neural induction 
medium (Gibco) as described previously (35).  Briefly, E8M was replaced with neural induction medium 
approximately 24 h after passaging iPSCs, which were maintained in this medium for 7 days.  On day 7 of 
neural induction, NPCs (P0) were passaged into Geltrex (Gibco)-coated 6-well plates and expanded in 
StemPRO neural stem cell SFM media.  Neural induction efficiency was tested at passage 3 by 
immunofluorescence staining with a pluripotent marker (Oct4) and neural lineage stem cell marker (Nestin) 
as described before (36)  
Human iPSC to differentiated motor neurons. Briefly, iPSC clones were suspended and transferred from 
a 60-cm dish into a T-25 flask with neuronal basic medium (mixture of 50% Neurobasal medium and 50% 
DMEM/F12 medium, with N2 and B27 supplements without vitamin A), following collagenase type IV 
digestion. After 2 days incubating with 5 μM ROCK Inhibitor (Y-27632, RI, from Merck Millipore), 40 μM 
TGF- β inhibitor (SB 431524, SB, Tocris Bioscience), 0.2 μM bone morphogenetic protein inhibitor (LDN-
193189, LDN, from Stemgent), and 3 μM GSK-3 inhibitor (CHIR99021, CHIR, from Tocris Bioscience), 
suspended cell spheres were then incubated with a neuronal basic medium containing 0.1 μM retinoic acid 
(RA, from Sigma) and 500 nM Smoothened Agonist (SAG, from Merck Millipore) for 4 days. Cells were 
then incubated for 2 days in a neuronal basic medium containing RA, SAG, 10 ng/ml Brain-derived 
neurotrophic factor (BDNF, from Peprotech), and 10 ng/ml Glial cell-derived neurotrophic factor (GDNF, 
from Peprotech). Cell spheres were then dissociated with a neuronal basic medium containing trypsin 
(0.025%)/DNase in water bath for 20 min at 37 °C, and then were pipetted into single cells with the medium 
containing trypsin inhibitor (1.2 mg/ml). After cell counting, a defined number of cells were seeded into 
20 μg/ml Laminin (Life technologies) -coated dishes or chamber slides and incubated for 5 days in a 
neuronal basic medium containing RA, SAG, BDNF, GDNF, and 10 μM DAPT, then incubated for 2 days 
in a neuronal basic medium containing BDNF, GDNF, and 20 μM Inhibitor of γ-secretase (DAPT, from 
Tocris Bioscience). For motor neuron maturation, cells were then kept for over 7 days in a medium 
containing BDNF, GDNF, 10 ng/ml ciliary neurotrophic factor (CNTF, from Peprotech). 
 
Expression Plasmids 



 
 

FLAG-TDP-43 pcDNA 3.1(+) mammalian expression plasmid was described previously (37). TDP-43 
bacterial expression plasmid was constructed by directional cloning of PCR amplified TDP-43 coding DNA 
sequence with forward primer TDPF-NdeI : 5'-GGGCATATGTCTGAATATATTCGGGTAACC-3' and 
reverse primer TDPR-EcoRI : 5'-CCGGAATTCCTAGTGATTCATTCCCCAGCC-3' at NdeI / EcoRI 
restriction sites in pET28a bacterial expression plasmid in-frame with His-tag. pcDNA3.1-TDP-43 plasmid 
was used as the template for this PCR amplification. 
pcDNA3.1(+)-FLAG-TDP43-NLS-1 and pcDNA3.1(+)-FLAG-TDP43-NES-1 mutant plasmids were 
generated by site-directed mutagenesis using QuickChange II Site-directed Mutagenesis kit per 
manufacturer’s protocol. Following primers were used for these reactions: 
NLS1-F: 5'-CAACTATCCAAAAGATAACGCAGCAGCAATGGATGAGACAGATGC-3' 
NLS1-R: 5'-GCACCTGTCTCATCCATTGCTGCTGCGTTATCTTTTGGATAGTTG-3' 
NES1-F: 5'-GCAGATGATCAGGCTGCGCAGTCTGCTTGTGGAGAGGAC-3' 
NES1-R: 5'-GTCCTCTCCACAAGCAGACTGCGCAGCCTGATCATCTGC-3' 
 
Generation of inducible CRISPR-mediated TDP-43 knockout (KO) line 
Single-guide RNA (sgRNA) against TDP-43 gene was designed by screening target sequence with online 
tool http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design. Two high-score sgRNA target 
sequences (sgRNA1 – Sense strand: 5'-GGTTACAGCCCAGTTTCCAG-3' and sgRNA2 – Antisense 
strand: 5'-GCAGAATTCCTTCCACCAGT-3') were selected towards the 5'-end of TDP-43 CDS. Each 
sgRNA module was generated by overlapping PCR protocol as described previously with minor 
modifications (38), and both of the sgRNA modules were cloned into the same pLX-sgRNA vector by a 
modified cloning strategy, where sgRNA1 module was digested with XhoI/BamHI and sgRNA2 with 
BamHI/NheI restriction enzymes. Then, both modules were cloned simultaneously in XhoI/NheI digested 
lentiviral pLX-sgRNA plasmid. Transfection of Humanized Cas9 containing lentiviral pCW-Cas9 and 
customized pLX-sgRNA plasmids in to SH-SY5Y cells, followed by cell selection and induction of TDP-
43 knockout were performed as described previously (39).  
Primers use to amplify U6 promotor target sgRNA sequence and terminator sequence:  
Outer primer F1: AAACTCGAGTGTACAAAAAAGCAGGCTTTAAAG 
Outer primer R2: AAAGCTAGCTAATGCCAACTTTGTACAAGAAAGCTG 
sgRNA1_R1: CTGGAAACTGGGCTGTAACTCGGTGTTTCGTCCTTTCC  
sgRNA1_F2: GAGTTACAGCCCAGTTTCCAGGTTTTAGAGCTAGAAATAGCAA   
sgRNA2_R1: ACTGGTGGAAGGAATTCTGCGGTGTTTCGTCCTTTCC 
sgRNA2_F2: GCAGAATTCCTTCCACCAGTGTTTTAGAGCTAGAAATAGCAA 
Sequencing primers for pLX-sgRNA: 
Forward: CGGGTTTATTACAGGGACAGCAG 
Reverse: TACCAGTCAATCTTTCACAAATTTTGT 
 
TDP-43 knockdown (KD) 
siRNA: SH-SY5Y or neural progenitor cells were transfected with 100nM TDP-43 (NM_007375.3) siRNA 
oligos (Sigma, Forward: 5'-GAGACUUGGUGGUGCAUAA-3';  Reverse: 5'-
UUAUGCACCACCAAGUCUC-3') or scrambled control siRNA oligos (Santa Cruz Biotechnology). A ~ 
80% KD of TDP-43 was observed 48 post transfection. For KD of endogenous TDP-43, while allowing its 
ectopic expression, a 3´-UTR-region of TARDBP gene (Sigma: sequence) was used. Transfection of 
undifferentiated SH-SY5Y cells was performed using lipofectamine-2000, per standard protocol. For 
transfection of differentiated neurons was carried out using a 4th generation electroporation (Amaxa) in a 
24-well plate (on coverslip as required) following the manufacturer’s protocol. Electroporation in 4th 
generation Amaxa, allows transfection of adherent cells without the need to suspend the cells in cuvette, 
thus minimizing cell death due to mechanical injury.   
shRNA, lentiviral packaging and transduction: Lentiviral shRNA vectors against TARBBP gene were 
purchased from GeneCopoeia. The KD efficiency of the four individual shRNA provided was tested by 
lipofectamine-mediated transient transfection of each shRNA in SH-SY5Y cells. shRNA-2 showed >80% 



 
 

KD efficiency, which was used in further experiments. The lentiviral shRNA particles were generated using 
Lenti-vpak kit following manufacturer’s protocol. Briefly, ~2.5 x 106 HEK293T cells were plated onto 
poly-D-lysine coated 10cm petri-dish 1 day prior to transfection. Desired lentiviral vectors were transfected 
along with packaging plasmids per the protocol of 3rd generation packaging kit.  Viral supernatants were 
collected at 18, 24 and 48 h post-transfection time-point and stored at 4 °C during collection. Collected 
supernatants were passed through 0.45 μm syringe filter to remove cellular debris, and concentrated by 
mixing 1 volume of Lenti X-concentrator with 3 volumes of clarified supernatant and kept at 4 °C overnight. 
The mixture was centrifuged at 10,000 rpm for 30 min at 4 °C. The pellet was suspended in 1/100th of 
original volume in PBS, then titrated using Lenti-X GoStix per the protocol and stored at -80 °C in multiple 
aliquots. 
Neural progenitor cells or differentiated motor neurons were transduced with adequate amount of shRNA-
2 or control shRNA lentiviral particles in combination with 8 μg/ml polybrene in respective growth medium 
for 24 h. After that, cells were washed with DPBS and cultured with regular growth medium.  
 
Total cellular and nuclear protein extraction 
Cells harvested with cell scrapers, were pelleted at 1,500 rpm at 4˚C for 5 minutes and lysed with whole 
cell lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA and protease inhibitor), or 
subcellular fractionation using sequential lysis buffers -Cytoplasmic extraction buffer (10 mM Tris-HCl pH 
7.5, 0.34 M Sucrose, 3 mM CaCl2, 2 mM MgCl2,0.1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40 and 
protease inhibitor), Nuclear extraction buffer (20 mM HEPES, 3 mM EDTA, 10% Glycerol, 150 mM 
potassium acetate, 1.5 mM MgCl2, 1 mM DTT, 0.5% Nonidet P-40 and protease inhibitor), Chromatin 
extraction buffer (150 mM HEPES, 1.5 mM MgCl2, 150 mM Potassium acetate, 10% Glycerol and protease 
inhibitor) as described previously (40). 
 
Immunoblotting (IB) 
Proteins eluted from co-IP were separated on a NuPAGE 4-12% Bis-Tris Gel. Proteins were electro-
transferred in a nitrocellulose 0.45 μm pore size membrane in 1X NuPAGE transfer buffer. After blocking 
in 5% skimmed milk solution with 1% Tris-Buffered saline with Tween 20 (TBST) buffer, the membranes 
were immunoblotted with appropriate antibodies (For details see SI Appendix, Table S3) was done in 1% 
skimmed milk and washed 3 times with 1% TBST.  
 
Co-immunoprecipitation (co-IP) 
Endogenous TDP-43 co-IP was performed using Protein A/G PLUS agarose beads (Santa Cruz 
Biotechnology). Cells were harvested and lysed with 0.2% NP-40, 150 mM NaCl, 25 mM Tris-HCl and 
0.1% SDS. Lysate was precleared by adding by adding 1 μg of protein of IgG along with protein A/G beads 
incubate at 4 °C for 30 min and collect the supernatant and incubate with the suitable primary antibody. 
After incubation, the protein A/G beads were added, incubated for 1 hour in a rocker platform and centrifuge 
at 2,500 rpm. Posterior to three washes the protein complex was eluted from the beads. 
For co-IP with ectopically expressing FLAG-TDP-43, neuronal cells were transfected with expression 
plasmids using lipofectamine 2000 (Invitrogen) and Opti-MEM I (1X) (Gibco). 48 h post transfection, cells 
were scrape-harvested and lysed in TBS buffer (50 mM Tris-HCl  p.H 7.5, 150 mM NaCl, 1 mM EDTA 
and protease inhibitor cocktail) and centrifuged at 10,000 rpm for 10 min. The extract was treated with 
Benzonase for 30 min at 37 ºC and incubated on a shaking rocker for 3 h at 4 °C and immunoprecipitated 
with FLAG-M2 agarose beads collected by centrifugation. Posterior to three washes with cold Tris-buffered 
saline (TBS) TDP-43-FLAG protein was eluted from the beads. 
 
Recombinant TDP-43 expression and purification 
The human recombinant TDP-43 was purified from the extract of His-tag-TDP-43-pET28a plasmid-bearing 
E. coli by sequential Ni-column and cation exchange chromatography. Briefly, the His-tag-TDP-43-
pET28a plasmid was transformed in BL21-RIPL E. coli strain by heat shock at 42 0C for 45 s and cultured 
in suspension flask until the absorption at 600nm reaches 0.6, followed by induction by IPTG (2 mM) at 



 
 

16 0C for 20 h. His-tag TDP-43 was purified from the bacterial lysate as described elsewhere (24). The 
purity of protein was confirmed by SDS-PAGE analysis. 

Biotin affinity co-elution 
For affinity co-elution assay, a duplex and nicked duplex oligos, distinctly biotinylated at one or both ends 
of complementary oligo were purchased from Sigma.  The oligos were annealed by gradual cooling in a 
boiling water bath to generate a duplex oligo.  Biotinylated oligo at a final concentration of 10 μM was 
mixed with 1 μg recombinant TDP-43 in PBS and incubated at 30 ºC for 15 min with gentle shaking.  The 
affinity pull-down was performed with Streptavidin-coupled DynabeadsTM M-280 (Thermo Scientific) 
following the manufacturer’s protocol.  The eluted protein product was tested by immunoblotting using 
anti-TDP-43 antibody. 
 
Damaged DNA Immunoprecipitation (dDIP) 
Neuronal cells differentiated using a mixture of Retinoic Acid and Brain-derived neurotrophic factor 
(RA/BDNF). To promote DNA strand breaks cells were treated with IR (3 Gy). Damaged DNA 
Immunoprecipitation protocol was followed as previously described (41). DSB sites in genome were 
labeled by terminal deoxynucleotidyl transferase-mediated dUTP-biotin end-labeling (TUNEL) using 
Biotin-16-dUTP (42) as per manufacturer’s protocol. To suppress the TdT reaction 200 mM EDTA was 
added. Cells were harvested with PBS, lysed and sonicated before performing Chromatin 
Immunoprecipitation (ChIP) as described below. The sonicated and cleared lysate using 5 μg of anti-Biotin 
antibody or anti-TDP-43 antibody and Magna ChIP Protein A Magnetic beads (Millipore). Labeled DNA 
was purified using standard Phenol/Chloroform protocol. Purified DNA was dissolved in 10 mM Tris-HCl 
pH 8 and quantification was done using SYBR GREEN-based Real Time PCR (Applied Biosystems, 7500). 
 
Chromatin Immunoprecipitation (ChIP) 
ChIP assay was performed following previously published protocol (39). Briefly, control or TDP-43 siRNA 
transfected cells were treated with DMSO or etoposide (10 μM) for 4 h. Then, cells were crosslinked in 1% 
formaldehyde at room temperature for 20 min. The crosslinking reaction was quenched with 125 mM 
glycine, and cells were harvested with cold 1X PBS/ 1X protease inhibitor buffer. Chromatin was sonicated 
to an average fragment sizes of 250-650 bp.  
For γH2AX ChIP/re-ChIP assay, γH2AX ChIP was performed with cleared lysates by incubating with 5 μg 
of mouse IgG or γH2AX antibody (1:1000) and the Magna ChIP Protein A magnetic beads overnight at 4 
ºC. For re-ChIP assay, γH2AX ChIP products were eluted in 1% SDS and 100 mM NaHCO3 at room 
temperature for 15 min with 1X protease inhibitor cocktail. Re-ChIP was performed with rabbit anti-53BP1 
(1:1000) and mouse anti-XRCC4 (1:200) antibody along with respective IgG controls and the Magna ChIP 
Protein A magnetic beads overnight at 4 ºC. All the ChIP eluates were subjected to reverse-crosslinking, 
purification by phenol/chloroform extraction and finally dissolved in 10 mM Tris-HCl (pH 8). Relative 
occupancy of the target protein at chromosome-wide damage sites was analyzed by qPCR with primers 
(sequences given below) targeting HPRT gene. 
 
HPRT_250F: 5´- TGCTCGAGATGTGATGAAGG -3´ 
HPRT_250R: 5´- CTGCATTGTTTTGCCAGTGT -3´ 
 
To analyze DSB occupancy of proteins at I-SceI cut site, ~ 1 x 106 cells were first transfected with 
pimEJ5GFP NHEJ reporter plasmid with and without KD of TDP-43, followed by a second transfection 
with I-SceI expression plasmid. NHEJ reporter harboring cells with or without I-SceI expression were 
processed, as described before, at 5 h post-I-SceI transfection. Input samples were first normalized with 
primers amplifying 260 bp on GFP coding sequence. ChIP assay was set up with mouse IgG or anti TDP-
43/XRCC4 antibody and Magna ChIP Protein A beads at 4 ºC for 6 h. The relative occupancy at DSB for 
TDP-43 or XRCC4 was measured by qPCR analysis with GFP specific primers flanking the I-SceI 
recognition site.  



 
 

GFP-260_F: 5´- ATGGTGAGCAAGGGCGAGGAGCTGTTCAC -3´ 
GFP-260_R: 5´- GACTTGAAGAAGTCGTGCTGCTTCATGTGG -3´ 
 
In vitro His- affinity pulldown assay 
His affinity pulldown co-elution (pulldown) assay was carried out as previous described (43, 44). Briefly, 
purified XRCC4 and Lig4 protein complex (100 pmole) was mixed with His-tagged TDP-43 (40 pmole), 
which was pre-bound to HisPur magnetic nickel-nitrilotriacetic acid (Ni-NTA) beads and incubated for 1 h 
at 4ºC with continuous rotation in a buffer containing 1X TBS, 5% BSA and 10% glycerol. Beads were 
washed with TBS containing 0.1% Triton X-100 and 300 mM NaCl, and the bound proteins were eluted 
with SDS sample dye and subjected to western blot analysis for presence of XRCC4 and Lig4 proteins 
using respective antibodies. 
 
Immunofluorescence (IF) microscopy 
hNSC-derived motor neurons, neural progenitor and SH-SY5Y cells were cultured in 8 well chamber slides 
(Millicell EZ slides, Millipore) were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 
20 minutes and permeabilized with 0.2% Tween 20 in PBS for 20 minutes at room temperature. Blocking 
was performed with 3% BSA solution in DPBS for 30 minutes. Incubation was done with appropriate 
primary antibodies (For details see SI Appendix, Table S3) overnight at 4 ˚C in 1% BSA solution and 
fluorescent secondary antibodies for 1 h at 37 ˚C in 1% BSA solution. Slides were washed 3 times and 
counterstained with DAPI. Images were captured in AXIO Observer inverted microscope (Carl Zeiss). 
 
Proximity ligation Assay (PLA)  
iPSC-derived motor neurons or neural progenitor cells cultured on 8 well chamber slides (Millicell EZ 
slides, Millipore) were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min and 
permeabilized with 0.2%  Tween 20 in PBS for 20 min at room temperature. In situ protein-protein 
association was analyzed using PLA (Duolink) as per manufacturer’s instructions; PLA is an antibody-
based method that detects molecules in close proximity (~16 nm). Images were analyzed in AXIO Observer 
inverted microscope (Carl Zeiss) (45, 46). 
 
Single Cell Gel Electrophoresis (Comet) Assay 
Alkaline and Neutral Comet assay was performed in motor neurons at 96 h after TDP-43 depletion 
according to manufacturer’s protocol (TREVIGEN). Briefly, NP cells were mixed with low-melt agarose 
(TREVIGEN) and placed in Comet assay slides (TREVIGEN). Slides were immersed in neutral and 
alkaline electrophoresis buffer respectively after immersion in lysis solution (TREVIGEN). For Alkaline 
Comet Assay slides were subjected to electrophoresis at 21 V for 30 min; while for Neutral Comet Assay 
the slides were subjected to electrophoresis at 21 V for 45 min at 4 °C. Slides were fixed with 70% ethanol 
and stained with SYBR® Green and visualized in EVOS FL auto fluorescence microscope (life 
technologies). 
  
ApopTagPeroxidase In situ Apoptosis Detection Kit TUNEL staining 
In situ DNA strand breaks staining in cultured cells or postmortem brain/spinal cord cervical tissue sections 
of ALS patients and control brain tissue by labeling of free 3'OH DNA by terminal deoxylnucleotidyl-
transferase-mediated dUTP-nick end labeling was done following manufacturer’s protocol (Millipore). 
 
Live cell imaging of micro-irradiation based DSB repair 
For live cell imaging of DSB repair in NP cells, cells were seeded on gridded glass coverslips (MatTek) 
followed by transfection with TDP-43-tdTOMATO or Ku70-GFP reporter plasmids. Cells were pre-
sensitized with 100 nM Hoechst 33342 for 10 min. A Zeiss LSM780 laser-scanning confocal microscope 
equipped with a 63X, 1.4 NA Plan-Apo oil-immersion objective was used for all micro-irradiation 
experiments. DSBs were generated in a laser ablation track in the region of interest (ROI) by 405 nm diode 
laser set to 100% transmission output for 150 iterations. Following irradiation, cells were maintained for 



 
 

designated time periods scanning the fluorescence intensity of the laser-track for 30 min with 1 min interval. 
For each assay, data were collected from 5–15 cells and the signal intensities in the irradiated area were 
measured by ImageJ and normalized to the signal of the whole nucleus (20, 47). 
 
Quantitation of DNA strand breaks by Long Amplicon PCR (LA-PCR) based assay 
Genomic DNA was isolated from NPC or SH-SY5Y cells with or without TDP-43 downregulation using 
DNeasy Blood and tissue kit (Qiagen) per manufacturer´s directions. DNA was quantified using SYBR 
GREEN-based Real Time PCR (Applied Biosystems, 7500). To evaluate accumulation of strand breaks 
using LongAmp Taq DNA polymerase (New England Biolabs) a ~10.9 kb genomic DNA region (HPRT 
gene, exons 2-5, Accession number J00205) was amplified using the suitable primers (forward: 5'-
TGGGAT TACACGTGTGAACCAACC-3'; reverse; 5'-GCTCTACCCTGTCCTCTACCGTCC-3') (48). 
Preliminary assays were carried out to ensure linearity of PCR amplification in respect to the number of 
cycles and DNA concentration. As a control, a shorter fragment of 250 bp was also amplified using 
suitable primers (forward: 5'-TGCTCGAGATGTGATGAAGG-3'; reverse: 5'-
CTGCATTGTTTTGCCAGTGT-3') (49).  
For LA-PCR from ALS patient’s spinal cord tissues, snap-frozen spinal cord tissues were ground in liquid 
nitrogen to fine powder form. 20 mg of tissue powder were used for each sample to extract high quality 
genomic DNA using genomic-tip 20/G kit per the manufacturer’s direction. The thermal cycling profile 
and DNA concentrations were optimized prior to setting up the actual reaction. 20 ng of genomic DNA 
were used for each sample for LA-PCR assay using the optimized thermal profile 94 °C for 30 s (94 °C for 
30 s, 59 °C for 30 s, 65 °C for 10 min) for 25 cycles and 65°C for 10 min (50). The primers for pol β gene  
Forward: 5´- TATCTCTCTTCCTCTTCACTTCTCCCCTGG-3´ 
Reverse: 5´- CGTGATGCCGCCGTTGAGGGTCTCCTG-3´  
were used to amplify ~12.3 kb genomic region for LA-PCR assay. Internal primer pair (forward: 5´- 
TATGGACCCCCATGAGGAACA-3´; reverse: 5´- AACCGTCGGCTAAAGACGTG -3´) was used for 
normalization of template DNA across the samples. PCR products were separated in agarose gel and 
visualized using Gel Logic 2200 imagining system (Kodak) and amplified product was quantitated by 
dsDNA Picogreen assay as described elsewhere (45).  
 
Cell death/Survival Assays 
MTT assay: Treated or untreated NPC or SH-SY5Y cells exposed to IR (3 Gy) were seeded in a 96-well 
ELISA plate (Corning) in triplicates and incubated 48 h post treatment. MTT assay was performed 
following manufacturer’s protocol (TREVIGEN). In summary, 10 μl of MTT reagent was add to each well 
and incubated for 2 to 4 h until purple dye is visible then 100 μl of detergent reagent (TREVIGEN) was 
added. After 2 to 4 h of incubation absorbance at 570 nm was measure in a microplate reader (Bio-Rad, 
680 XR). 
 
Annexin V/PIFlow cytometry: The level of apoptosis in inducible TDP-43 KO CRISPR cells was measured 
at 0, 2, 4 and 6 days after Dox induction using the FITC-Annexin V apoptosis detection kit. Flow-cytometric 
analysis of apoptotic cell death was performed as indicated earlier (51).  Briefly, cells were harvested, 
washed with PBS, and incubated with fluorescein isothiocynate (FITC) conjugated Annexin V and 
propidium iodide (PI) according to the instruction of Annexin V apoptosis detection kit. A total of 10,000 
events were acquired per sample by fluorescence activated cell sorting (FACS) and analyzed using Flowjo 
software (Becton-Dickinson Biosciences, San Jose, CA). Unstained and single fluorochrome controls were 
used for background subtraction. 
 
Clonogenic assay: HEK 293 cells were transfected with TDP-43 siRNA or a control siRNA, 24 h post 
transfection cells were trypsinized and splitted onto 60 mm plates. At 48 h post transfection cells were 
treated with IR (3 Gy) in the RS-2000 (RAD-Source). Cells were allowed to grow for 10 days and colonies 
were counted by staining with crystal violet.  
 



 
 

 
 
NHEJ assay for the repair of DSBs 
We employed two plasmid based approach to measure NHEJ-mediated DSB repair proficiency, namely, 
the standard I-SceI based GFP reporter assay and a shuttle plasmid containing an unligatable DSB termini, 
developed in our laboratory.  
I-SceI based GFP reporter assay: For in cell NHEJ repair assays, SH-SY5Y cells were transfected with 
NHEJ reporter plasmid pimEJ5GFP, followed by selection with 10 μg/mL of Puromycin to establish stable 
integration line (52). The differentiated SH-SY5Y-EJ5GFP cells were then transfected with control or TDP-
43 siRNA. At the time-point of 72 h post-transfection, I-SceI expression plasmid pCBASceI was transfected 
to both control and TDP-43 siRNA treated cells (53).  After 12 h post-transfection, cells were trypsinized 
and subjected to FACS analysis using BD LSRII flow cytometer (54). In parallel, similar NHEJ reporter 
assay was performed in dividing HEK293 cells. As a control for NHEJ pathway, HEK293 cells were 
transfected with NHEJ reporter plasmid followed by treatment with DNA-PK inhibitor NU7441 (10 μM) 
for 2 h, prior to I-SceI expression plasmid insertion. GFP expression images were taken using EVOS 
fluorescence microscope before FACS analysis.  
NHEJ reporter assay using a shuttle plasmid containing an unligatable DSB termini: In view of the fact 
that the I-SceI restriction activity mediated clean-ended DSB substrates may not recapitulate physiological, 
in cell DSBs, which invariably contain blocked termini, we designed a plasmid substrate containing DSB 
lesions with blocked termini (dirty ends) mimicking IR- or drug-induced DSBs. Briefly, a 51-mer duplex 
oligo containing an internal UU, was ligated to a GFP plasmid (pNB1-a.; BamH1/EcoR1 sites). Treatment 
of the plasmid with BER enzymes Udg + Fpg creates a linearized plasmid with unligatable 3'P ends and its 
re-circularization via DSB repair in mammalian cells allows GFP expression, as the DSB is located in 
between promoter and GFP coding sequence. Hence, all GFP-positive cells will contain re-circularized 
plasmids on kanr (kanamycin resistance) selection. Hirt supernatants from transfected cells were used to 
recover the repaired plasmids, which were then multiplied in E. coli for sequencing after PCR using primers 
outside the repair target. Because any linear DNA is degraded in WT E. coli and is poorly transcribed in 
mammalian cells, only DSB repair occurring in human cells/extracts will be scored. The plasmid re-
circularization was analyzed in control vs. TDP-43 KD cells. For in vitro repair, the pNB-1 plasmid was 
incubated with nuclear extracts from control or TDP-43 KD cells, in Hepes buffer containing 1 mM ATP 
and the products were analyzed by 1% agarose gel electrophoresis as well as colony formation in E. coli, 
as before (1). 
 
C. elegans DNA damage assay 
The DNA double-strand break repair assay was modified from Craig et al (55). In brief, stage matched 
young adult worms were irradiated for 10 min by a cesium-137 source at 390 rad/min for a total of 40 Gy. 
Irradiated worms were then allowed to lay eggs for 3-4 h on seeded nematode growth medium plates and 
the removed. Plates were scored 24 h later for numbers of dead eggs vs viable hatched larvae. Experiment 
1, N=148 (N2) and 175 (tdp-1/ok803) from three replicate plates.  Experiment 2, N=517 (N2) and 380 (tdp-
1/ok803)) from five replicate plates.  Progeny from non-irradiated control parent worms have >99% 
viability. Statistical analysis was performed using GraphPad Prism software. For etoposide experiments, 
synchronized arrested L1 worms were maintained in M9 buffer with etoposide (250 μM) for 24 h, washed 
3-5 times, and either harvested immediately or allowed to recover for 24 h prior to harvest.   

Total protein extraction from L1 stage C. elegans 
Mixed populations of worms were processed by sodium hydroxide / hypochlorite treatment, as described 
earlier (56) to obtain stage-matched populations of embryos. L1 worms were arrested in M9 buffer in the 
absence of food and pelleted by centrifugation. The compressed pellets were resuspended in 2 volumes of 
lysis Buffer C (50 mM Tris–HCl, pH 7.4, 500 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.5% Triton X-100, 
20% glycerol, two mini-EDTA-free protease inhibitor tablets and phosphatase inhibitor cocktail 1X) (57) 
followed by 5-7 pulses of sonication at 6 amplitude for 10 s each on ice. The lysed nematodes extracts were 



 
 

centrifuged at 13000 rpm for 10 min at 4 ºC. The clear lysates were separated and protein concentrations 
were measured by Bradford method. 
 
Genomic DNA extraction from C. elegans 
Both untreated and treated worms were washed 3-5 times in M9 buffer and pelleted by centrifugation at 
1200 rpm for 4 min at room temperature, and snap-frozen in liquid nitrogen. The genomic DNA was 
extracted following the DNeasy Blood & Tissue Kit’s protocol with minor modifications. The worm pellet 
was digested in 300 μl of ATL buffer with 50 μl proteinase K at 56 ºC, with intermittent pipetting, until the 
tissue is completely lysed. After that, 300 μl of buffer AL and 5 μl of RNAse A (50 mg/mL) were added to 
same tube, mixed well by pipetting and incubated at 56 ºC for another 15 min. Next, 400 μl of 100% ethanol 
were added to the same tube and mixed well by pipetting slowly for 4-5 times. The remainder of the 
extraction procedures were followed as described in the manufacturer’s protocol. 
 
Long Amplification PCR with C. elegans genomic DNA 
Genomic DNA isolated from L1 stage N2 and tdp-1(ok803) worms were used to measure the extent of 
genome damage by long–amplification PCR (LA-PCR) method as described before. 30 ng of genomic 
DNA were used for vehicle treated, etoposide treated, and post-treatment recovery period nematode 
samples. Firstly, these DNA samples were run in 0.8% agarose gel along with 1 kb DNA ladder to check 
the DNA integrity in each sample. Next, the same amount of genomic DNA was used for amplification of 
13.7 kb length of nuclear genomic region with a pair of primers NuF 13.7 / NuR 13.7 using LongAmp Taq 
polymerase in 25 μL reaction volume following the thermal cycling profile: 94 ºC for 2 min; 94 ºC for 30 
sec, 60 ºC for 40 s, 65 ºC for 14 min (repeated for 25 cycles); 65 ºC for 15 min followed by cooling to 4ºC. 
The equal amounts of genomic DNA template were normalized by running a short amplification PCR 
reaction amplifying 225 bp nuclear genomic region using the primer pair NuF 225 / NuR 225 and RedTaq 
DNA polymerase enzyme following the thermal cycling conditions: 94 ºC for 2 min; 94 ºC for 30 s, 57 ºC 
for 30 s, 72 ºC for 30 s (repeated for 30 cycles); 72 ºC for 7 min and then cooling to 4 ºC. The relative band 
intensity of the long range amplicon of desired size reflected the extent of DNA damage in the respective 
samples measured by both running in agarose gel as well as quantitative estimation by dsDNA Picogreen 
quantitation method per the manufacturer’s protocol (58, 59).  
 
In vitro DSB repair assay in C. elegans extract 
DSB repair plasmid substrate was prepared by single digesting circular plasmid (~5.5 kb) with EcoRI, and 
was subsequently treated with shrimp alkaline phosphatase (SAP) to inhibit quick self-ligation. The 
efficiency of SAP treatment was monitored by transforming T4 Ligase-treated EcoRI digested plasmid into 
E. coli and counting bacterial colony number. For in vitro DSB repair assays 100 ng of plasmid substrates 
were incubated with 10μg of either N2 or CK501 nematodes protein extracts in repair assay buffer (50 mM 
Tris-HCl, pH 8.0, 5 mM MgCl2, 50 mM NaCl, 20 mM KCl, 2 mM Aurin tricarboxylic Acid, 1mM DTT, 1 
mM dNTP mix and 50 μg/mL BSA) in a 50 μL reaction volume at 30 ºC for 1 h. The reaction was stopped 
by adding 50 μL EDTA solution. Plasmid DNA was recovered by phenol: chloroform extraction method, 
and dissolved in nuclease free water. 5ng of DNA from each reaction were transformed in to E. coli strain 
XL10 Gold chemical competent cells and spreaded on agar plate with respective antibiotic selection. The 
number of bacterial colonies were counted after overnight incubation (1). 
 
In vitro DSB plasmid re-circularization assay 
DSB carrying plasmid DNA substrate was prepared by digesting pLenti CMV GFP Blast (a gift from Eric 
Campeau & Paul Kaufman) with BamHI restriction enzyme cutting between CMV promoter and GFP 
coding sequence. The digested DNA was gel extracted using Qiagen Gel extraction kit following 
manufacturer’s protocol. The DSB ligation efficiency was tested using (a) IP elution or (b) cell lysates, as 
below: 
a) In this assay, endogenous XRCC4 IP was performed from control or TDP-43 siRNA transfected NP cells 
treated with etoposide (10 μM), using mouse IgG or anti-XRCC4 monoclonal antibody and Protein G 



 
 

magnetic beads for 6 h at 4 ºC. Following IP, beads were sufficiently washed with washing buffer (1X TBS, 
100 mM NaCl and 1X protease inhibitor). Finally, beads were resuspended in 1X PBS with 1X protease 
inhibitor and 1X phosphatase inhibitor cocktail. The 40 μl DSB assay reaction was composed of 100 ng of 
DSB plasmid substrate, 1X T4 ligation buffer (40 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 10 mM DTT, 10 
mM ATP), 100 nM dNTP mix, 5 mM EDTA (pH 8.0), 10 μl of IP beads, 1X protease inhibitor and 1X 
phosphatase inhibitor, with or without 200 fmole of purified recombinant TDP-43. The assay was set up at 
25 ºC for 30 min with continuous rotation. Next, 25 ng of unligated DSB plasmid substrate or 10 μl out of 
40 μl reaction mix were transformed into E. coli XL-10 Gold competent cells and plated on agar plate with 
respective bacterial selection. Next day, number of bacterial colonies were counted in each plate. Colonies 
from unligated plasmid transformation were subtracted from number of colonies in experimental plates.  
b) For assay with cell/tissue extracts, extracts were prepared in 1X RIPA buffer added with 1X protease 
inhibitor and 1X phosphatase inhibitor cocktail. For 40 μL ligation reaction, 100 ng of DSB plasmid 
substrate, 2X T4 ligation buffer (described above), 100 nM dNTP mix, 10 mM EDTA (pH 8.0), 10-15 μg 
of protein extract, 200 fmole of purified recombinant XRCC4/Lig4 complex supplement (in case of post-
mortem/frozen tissue extracts). The reaction was set up at gently shaking condition at 25 ºC for 30 min, 
followed by transformation of 5 μl of the ligation reaction mix in to E. coli Xl-10 Gold competent cells. 
Ligation efficiency was measured by counting number of colonies on agar plate as before. 

DNA Nick-ligation assay 
DNA nick ligation assay was carried out with endogenous XRCC4 IP elution as described before (60). For 
the rescue assay, 200 fmole of purified TDP-43 was added to reaction mixture containing XRCC4 IP elution 
from TDP-43 KD cells. 
Briefly, oligos for nicked duplex DNA substrate were custom synthesized by Sigma.  
p24: 5´-Cy3-GGCACGGTCTACACGGCACACGAG -3´,  
p27: 5´- TGTACATGATACGATTCCAAGCTAAGC -3´  
p51: 5´- CCGTGCCAGATGTGCCGTGTGCTCACATGTACTATGCTAAGGTTCGATTCG -3´  
Following the annealing of 10 pmol of each oligomer with 50 mM NaCl in boiling water, annealed 
oligomers were mixed with IP products with or without recombinant TDP-43 in 1X T4 ligation buffer and 
the mixture was incubated in a water bath for 10 min at 30 °C for ligation. Samples were then mixed with 
2X TBE sample buffer, heated for 3 min at 100 °C, and subsequently cooled down on ice for 3 min before 
loading into denaturing urea polyacrylamide gel for electrophoresis. The band was detected by Typhoon 
FLA 7000 for Ligation Kinetic analysis.  
 
Spinal cord total tissue extract preparation 
Tissues were homogenized in RIPA buffer supplied with protease and phosphatase inhibitors (20 mM Tris-
HCl, pH 7.5; 150 mM NaCl; 1 mM EDTA, 0.5 EGTA; 1% Sodium deoxycholate; 1% Triton-X-100 and 
0.1% SDS). Tissue lysates were sonicated at 8 amplitude for 10 s for 6-7 times with 2 min interval between 
two consecutive pulses and followed by centrifugation at 13,000 rpm for 10 min at 4 ºC. The clear lysate 
was separated into another fresh tube, and centrifuged again at high speed to remove additional fat 
contaminations. 
 
In vitro DSB plasmid re-circularization assay 
DSB carrying plasmid DNA substrate was prepared by digesting pLenti CMV GFP Blast (a gift from Eric 
Campeau & Paul Kaufman) with BamHI restriction enzyme cutting between CMV promoter and GFP 
coding sequence. The digested DNA was gel extracted using Qiagen Gel extraction kit following 
manufacturer’s protocol. For assay with cell/tissue extracts, extracts were prepared in 1X RIPA buffer 
added with 1X protease inhibitor and 1X phosphatase inhibitor cocktail. For 40 μL ligation reaction, 100 
ng of DSB plasmid substrate, 2X T4 ligation buffer (described above), 100 nM dNTP mix, 10 mM EDTA 
(pH 8.0), 10-15 μg of protein extract, 200 fmole of purified recombinant XRCC4/Lig4 complex supplement 
(in case of post-mortem/frozen tissue extracts). The reaction was set up at gently shaking condition at 25 



 
 

ºC for 30 min, followed by transformation of 5 μl of the ligation reaction mix in to E. coli Xl-10 Gold 
competent cells. Ligation efficiency was measured by counting number of colonies on agar plate as before. 
 
Immunohistochemistry of human tissue 
5μm-thick formalin-fixed, paraffin-embedded sections were baked overnight at 60 °C, and deparaffinized 
and redydrated by subsequent changes with xylene and different dilutions of ethanol following rinsing with 
water for 5 min. After that, slides were boiled in 10mM sodium citrate buffer (pH 6.0) for 10 min and 
cooled on ice for 20 min. Endogenous peroxidase was quenched by treating with 3% hydrogen peroxide 
solution in methanol for 10 min at room temperature, followed by rinsing with double distilled water and 
1X TBST for 5 min 3 changes. The processed sections were perfused with 0.2% Triton X-100 in PBS and 
then blocked with 2.5% horse serum for 30 min at room temperature. Afterwards, respective primary was 
diluted in Dako antibody diluent (polyclonal anti-TDP-43, 1:150 and monoclonal anti-γH2AX, 1:150) and 
applied for 1 h at room temperature in a moist chamber. After 3 washes in TBST for 5 min, the sections 
were incubated for 30 min with respective peroxidase-coupled secondary antibodies at room temperature 
in moist chamber. Washed again 3 times and developed with DAB-substrate chromogen mixture followed 
by rinsing 2 times with double distilled water. Each section was counterstained with Hematoxylin for 30-
60 s, and rinsed with water. Then sections were dehydrated with ethanol and xylene, and mounted slides 
with coverslip. 
 
Statistical analysis 
Graphpad prism 6 or Microsoft excel software was used for data analysis. Comparisons of groups were 
generated with two-way Anova followed by Sidak’s or Tukey’s multiple comparison test to compare 
selected pair of means. P-values are indicated in the associated figure legends.  
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Supplementary Table S1. Clinical features of ALS patients and matched controls.  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

VA Biorepository Brain Bank  

 
Case # Cause of Death  

C
on

tr
ol

 

090015 1. Immediate COD: severe, acute abscessing bronchopneumonia (culture positive for Klebsiella 
pneumoniae and Pseudomonas aeruginosa). 

2. Underlying COD: post-surgical repair of gastric ulcer. 

100012 1. Likely immediate COD: early, diffuse alveolar damage (DAD) of the lungs. 
2. Intermediate COD: sepsis. Microbiologic cultures performed at the time of autopsy negative 

for any bacterial or fungal organisms in the blood. Signs and symptoms consistent with sepsis 
including shock, cardiopulmonary failure, renal insufficiency, metabolic acidosis and 
coagulopathy. Treated aggressively with antibiotic therapy.  

3. Underlying COD: acute colitis,. Both infectious and ischemic etiologies of the colon.  

110005 1. Immediate COD: pulmonary edema due to cardiopulmonary dysfunction.  
2. Underlying COD: severe coronary artery disease and hypertensive cardiomyopathy. 
3. Past history significant for hypertension, hyperlipidemia, peripheral vascular disease, diabetes 

type II, and coronary artery disease.  

110006 1. Immediate COD: broncho-pneumonia and pleuritic. 
2. Underlying COD: T-cell lymphoproliferative disorder consistent with T-cell lymphoma, not 

otherwise specified. 
3. Acute renal tubular injury, most likely secondary to bronchopneumonia. 
4. History of asbestosis and COPD 
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100031 1. ALS (rapid onset, progression). 
2. Respiratory insufficiency 

100034 1. Heart failure. 
2. Respiratory failure. 
3. ALS. 

100039 1.    Respiratory failure. 

110007 1. ALS primary 
2. Intercostal Respiratory failure (secondary). 

110009 1.    ALS complications. 

110011 1.    ALS. 

110036 1.    ALS. 

120011 1.    ALS. 

120018 1.    ALS. 

120021 1.   Respiratory failure due to ALS.  

Supplementary Table S2. Clinical features of ALS patients and matched controls.  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Antibody Species Application Ref: / Suppliers 
  WB IF IP Suppliers Cat # 

TDP-43 rabbit 1:1000 1:100  Protein Tech 10782-2-AP 
TDP-43 mouse 1:1000 1:200 1:1000 R&D Systems MAB7778 
SOX2 mouse 1:1000 1:100  R&D Systems AF2018 

GAPDH  mouse 1:2000   Protein Tech  6004-1-IG  

XRCC4 rabbit  1:50  Abcam ab118008 
Ligase IV rabbit  1:50  Abcam ab80514 
XRCC1 rabbit 1:1000   Abcam ab134056 

Ligase III rabbit 1:1000   Abcam ab185815 
ATM rabbit 1:800   Abcam ab32420 

p-ATM (S1981) rabbit 1:600 1:50  Abcam ab81292 
Biotin rabbit   1:1000 Abcam ab53494 

Ubiquitin rabbit 1:250   Abcam ab7780 
Apoptosis Cocktail  1:100   Abcam ab136812 

Histone 3 rabbit 1:1000   Cell Signaling 4499 
Beta-actin mouse 1:2500   Cell Signaling 3700 

DNA-PKcs (3H6) mouse 1:1000 1:50  Cell Signaling 12311 
53BP1 rabbit 1:750 1:50 1:500 Cell Signaling 4937 

p-53BP1 (S1778) rabbit 1:750 1:50  Cell Signaling 2675 
p-H2AX (S139) rabbit 1:1000 1:100  Cell Signaling 9718 
Cleaved-PARP1 rabbit 1:1000   Cell Signaling 5625 

Cleaved Caspase-3 rabbit 1:750   Cell Signaling 9661 
Normal Rab IgG    1:1000 Cell Signaling 2729 

Pol lambda rabbit 1:500 1:50  Thermo Fisher AA526937 
Hb9 rabbit  1:50  Thermo Fisher PA5-23407 

Texas Red-X mouse  1:1000  Thermo Fisher T-862 
Alexa Fluor® 488 rabbit  1:1000  Thermo Fisher A-11008 

Pol Mu rabbit 1:800   GeneTex GTX116332 
βIII Tubulin mouse  1:100  GeneTex GTX631836 

MAP2 mouse  1:100  GeneTex GTX11267 
Nestin mouse 1:1000 1:100  GeneTex GTX30671 

Oct 3/4 rabbit 1:600   GeneTex GTX101497 
p-H2AX (S139) mouse 1:1000  1:1000 EMD Millipore 05-636 

Isl-1 rabbit  1:300  EMD Millipore AB4326 
FLAG-M2-HRP mouse 1:1500   Sigma A8592 

Ku70 mouse 1:500 1:40  Abnova H00002541MOI 
Normal Ms IgG    1:1000 Santa Cruz sc-2025 

XRCC4 (C-4) mouse 1:500  1:200 Santa Cruz sc-271087 
Ligase IV (D-8) mouse 1:500   Santa Cruz sc-271299 

XLF (D-1) mouse 1:500   Santa Cruz sc-166488 

Supplementary Table S3. Lists the antibodies used in this study. WB: Western blot; IF: 
Immunofluorescence; IP: immunoprecipitation. 



Fig. S1. Neuronal differentiation optimization and characterization by motor neuron markers.
(Related to Fig. 1.) (A, Left) Undifferentiated SH-SY5Y cells (left) and their neuronal
differentiation (right). Immunofluorescence with neuronal markers anti-Nestin or anti-MAP2
antibody. The nuclei were counterstained with DAPI. (Scale bars: 200μm.) (B, Right)
Undifferentiated Human neural stem cells (NSC) (left) and differentiated motor neurons (right).
Immunofluorescence with neuronal marker anti-MAP2 antibody and motor neuron marker anti-
Hb9 antibody. The nuclei were counterstained with DAPI. (Scale bars: 100μm.) (C)
Representative image of induction of pluripotent stem cells (iPSC) into neural progenitor cells
(NPC). (Scale bars: 400μm.) (D) Immunoblotting (IB) of total cell lysates from iPSC and NPC
with stem cell marker anti-Oct 4 and neural precursor markers anti-Nestin and anti-SOX2
antibody. (E) Immunofluorescence with neural progenitor markers anti-Nestin and anti-SOX2
antibody. (Scale bars: 40μm.) (F) Immunofluorescence of NPC-derived motor Neurons with
motor neuron markers anti-Isl-1 or anti-βIII-tubulin antibody. (Scale bars: 200μm.)
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Fig. S2. TDP-43 specifically interacts with NHEJ proteins. (Related to Fig. 1.). (A and B) NPCs
were treated with irradiation with 3Gy dose and cells were fixed 30mins post-IR for proximity
ligation assay (PLA) pairwise between anti-TDP-43 vs control IgG or anti-Ku70 or anti-DNA-
PKcs antibody. Quantitation of average PLA foci per cell (N= 25-30 cells). (Scale bars: 20μm.)
Data are presented as means ± s.d. (C and D) Endogenous 53BP-1 IP using anti-53BP1 antibody
(Rabbit) from Etoposide-treated NPC total cell extracts. IP with IgG (Rabbit) served a s control.
Histogram shows quantitation of IB band intensity. (E) Neural progenitor cells (NPC) transfected
with vector control or plasmid expressing FLAG-TDP-43. Total cell lysates were subjected to IP
with anti-FLAG antibody, then immunoblotted with anti-XRCC4, anti-Lig4, anti-XRCC1, anti-
Lig3 and anti-FLAG antibody. (F and G) differentiated SH-SY5Y cells were treated with 10μM
Etoposide or vehicle for 4h. Chromatin extracts from treated and untreated cells were subjected
to immunoprecipitation (IP) with control IgG (mouse) or anti-TDP-43 antibody, (F)
immunoprecipitates were then probed with anti-TDP-43, anti-Ku70, anti-p53BP1(S1778), anti-
pATM(S1981), anti-Lig4, anti-XRCC4, anti-polλ, anti-polμ and anti-H2AX(S139), (G) relative
IB band intensity quantitation. (H and I) Endogenous TDP-43 IP from Etoposide-treated NPCs
shows dose-dependent association of TDP-43 with NHEJ (XRCC4, Lig4 and polλ) and DDR
(pATM S1981, p53BP1 S1778, Ku70 and γH2AX) factors.



Fig. S3. Kinetics of TDP-43’s interaction with DNA damage/repair proteins after damage induction.
(Related to Fig. 1.). (A-D) Differentiated SH-SY5Y cells were subjected to IR with 6Gy dose and harvested
at the indicated time-points. Total nuclear lysates from untreated or treated samples were subjected to IP
with control IgG or anti-TDP-43 antibody, then immunoprecipitates and respective input samples were
probed with anti-Ku70, anti-p53BP1(S1778), anti-53BP1, anti-pH2AX(S139), anti-H2AX, anti-TDP-43 and
anti-β-actin antibody (A and B), quantitation of band intensity (C), (D) quantitation of TDP-43 vs γH2AX
interaction kinetics following IR treatment. (E and F) Validation of anti-TDP-43 antibody. SH-SY5Y cells
were transfected with either control or TDP-43 antisense RNA, followed by Etoposide treatment. Total cell
lysates were subjected to IP with control IgG or anti-TDP-43 antibody, then probed with anti-p53BP1, anti-
pATM, anti-XRCC4, anti-γH2AX and anti-TDP-43 antibody (E). (F) NP cells were similarly transfected
with control or TDP-43 siRNA and treated with Etoposide, then PLA was performed with anti-TDP-43 vs
anti-53BP1 or anti-Ku70 antibody. (Scale bars: 20μm.) (G) Schematic list of DNA DSB repair and response
factors interacting with TDP-43. Data are presented as means ± s.d. (H and I) Time kinetics of TDP-43’s
association with NHEJ factors analyzed by PLA. NSC-derived motor neurons were treated with Etoposide
(5μM, 4h) and subjected to PLA analysis at indicated time-points (H). Quantitation of average number of
PLA foci from >25 cells at each time point (I). Scale bars: 10μm. All values are from three independent
experiments ± s.d.
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Fig. S4. TDP-43 binds to double-strand break sites in the genome. (Related to Fig. 2.). (A)
Real time PCR based quantitation of Re-ChIP assay. First ChIP using anti-Biotin antibody
followed by Re-ChIP with anti-TDP-43 antibody in untreated cells targeting selected
regions of GAPDH and β-actin genes. (B) Representative image of agarose gel separation
of the input DNA fragment size between 250bp and 650bp used in dDIP/ChIP assay. Data
are presented as means ± s.d. (C) In vitro binding of recombinant TDP-43 to a synthetic
duplex oligo biotinylated at one or both termini, mimicking DSB, SSB, or intact duplex
using affinity co-elution analysis (Left), SDS-PAGE image for purified recombinant TDP-
43 (Middle), and IB of biotin co-elutes for anti-TDP-43 antibody (Right).
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Fig. S5. TDP-43 directly interacts with γH2AX after bleomycin treatment in NPC.
(Related to Fig. 2.). (A) PLA foci of anti-TDP-43 vs. anti-γH2AX antibody with or
without bleomycin treatment in NP cells. (Scale bars: 20 μm.). (B) Time kinetics (0-12.5h)
of PLA foci quantitation for anti-TDP-43 vs. anti-γH2AX or anti-p-ATM post Etoposide
(5μM) treatment in NP cells. Data are presented as means ± s.d.
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Fig. S6. TDP-43 depletion induces DNA damage accumulation and apoptosis in neuronal cells.
(Related to Fig. 3.). (A-D) TDP-43 depletion using shRNA correlates to DSB accumulation in motor
neurons genome. NPC-derived motor neurons were transduced with indicated lentiviral TDP-43
shRNA (GFP-tagged) constructs and were analyzed 96h post-transduction to achieve ~80% KD of
TDP-43. (A) Representative IF image for control and TDP-43 shRNA tagged GFP expression (Left),
immunoblotting of total cell lysates with anti-TDP-43 and anti-histone H3 antibody (Right). (Scale
bars: 200μm.). (B) Alkaline (for total amount of DNA breaks) and Neutral (only for DSBs) comet
assays in control or TDP-43 KD motor neurons indicating presence of ~4-6-fold higher DSBs (Top).
(Scale bars: 10 μm.). Quantitation of mean comet tail moment from >25 cells (Bottom). *, p<0.01.
(C) IF of TDP-43 KD motor neurons with anti-γH2AX, anti-p53BP1, and p-ATM antibody (Left),
(Scale bars: 10μm.). Quantitation of cells with >5 IF foci (Right). *, p<0.01. (D) TUNEL analysis for
estimation of DNA fragmentation in motor neurons transduced with indicated plasmids at 24, 72, and
96h time-points (Left). Quantitation of mean TUNEL-positive cells per field (Right). *, p<0.01. Data
are expressed as mean ± SEM. (E-I) Differentiated SH-SY5Y cells were transfected with either
control or TDP-43 siRNA, after 72h cells were collected for immunoblotting (IB), single cell
electrophoresis (Comet) assay and long amplification PCR assay. (E) IB of total protein extracts
probed with anti-TDP-43 and anti-actin antibody. (F) Alkaline comet assay estimating total DNA
damage by measuring fold change of Comet tail moment. (Scale bars: 10μm.). (G) Neutral comet
assay for double-strand break estimation in DNA, measured by Comet tail moment. (Scale bars: 40
μm.). (H) LA-PCR analysis from genomic DNA of treated and untreated cells by amplifying 10.9Kb
region on HPRT gene, histogram shows picogreen quantitation of PCR product. (I) IF of γH2AX
(green) in neural progenitor cells transfected with control or TDP-43 siRNA tagged with Cy3 (red).
The green foci in red stained TDP-43 siRNA but not control siRNA transfected cells confirm DNA
damage after TDP-43 KD. (Scale bars: 20μm.).
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Fig. S7. TDP-43 depletion by conditional CRISPR/Cas9 induces DNA damage and apoptosis in neuronal
cells (Related to Fig. 3.). (A) Immunoblotting with total cell lysates from conditional TDP-43 CRISPR/Cas9
KO cell line for Cas9 expression and TDP-43 KO with anti-FLAG or anti-TDP-43 and loading control anti-
β-actin antibody. (B) IF with anti-TDP-43 antibody at 0 and 6 days post doxycycline induction. Nuclei were
stained with DAPI. (Scale bars: 20μm.). (C) Quantitation of IB band intensity related to Fig. 3B of TDP-43
and p-ATM after Cas9 induction from three independent experiments. *, p<0.01; **, p<0.05. (D and E)
Conditional TDP-43 CRISPR/Cas9 KO SH-SY5Y cells were double-stained with Annexin V/PI at 0, 2, 4
and 6 days post Dox induction of Cas9 and analyzed by flow cytometry. Results are presented in histogram
as percentage of total apoptotic cells (early apoptotic (Q3)+ late apoptotic (Q2)). Error bars represent the
±SEM from N=3 independent experiments. (F) MTT assay for measuring cell viability after TDP-43
CRISPR/Cas9 KO in SH-SY5Y cells. *, p<0.01; **, p<0.05. Data are presented as means ± s.d. P values are
based on two-way ANOVA.
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Fig. S8. TDP-43 is required for DSB repair via NHEJ in neuronal genomes. (Related to Fig. 4.).
(A) IF of 53BP1 foci in control or TDP-43 siRNA treated SH-SY5Y cells at 1h (left) and 5h (right)
after bleomycin treatment. (Scale bars: 10μm.). (B) Neural stem cells were transduced with control
or TDP-43 shRNA producing lentiviral vector, then cell viability was measured following IR
treatment at the indicated time-points. (C and D) I-SceI-based NHEJ assay in HEK293 cells.
Percentage of GFP+ve cells indicating NHEJ repair events measured by flow cytometry in control
and TDP-43 siRNA KD cells using DNA-PKcs inhibitor (NU7441) for positive control (C). (D) IF
for GFP+ve cells for indicated treatments. (Scale bars: 200μm.). (E) TDP-43 KD affects in cell
DSB repair. The DSB containing plasmid substrate pNB-1 was transfected in SH-SY5Y cells 48
h after TDP-43 KD by siRNA. The GFP expression was examined 6h after pNB-1 transfection.
Histogram (Bottom) shows quantitation of GFP positive cells. (Scale bars: 100μm.). (F) Viability
analysis of TDP-43 siRNA-transfected NPCs at indicated doses of bleomycin. (G-I) In vitro
plasmid re-circularization assay with or without TDP-43 using a non-ligatable termini containing
plasmid. (G) Schematic of a DSB repair assay using a pNB1 plasmid with blocked (3'P) termini.
(H) Linearized pNB1 plasmid was incubated with nuclear extracts from control or TDP-43 siRNA
transfected cells for 15min at 25°C, then resolved in 1% agarose gel (Top), and transformed in
E.coli for bacterial colony formation assay (Bottom). (I) Quantitation of plasmid re-circularization
efficiency by colony formation assay. *, p<0.01. Data are presented as mean ± s.d. P values are
based on two-way ANOVA. (J) The re-circularized plasmids were then isolated as Hirt
supernatant, transformed in E. coli. Individual colonies were sequenced, which showed ~85%
error-free repair and ~15% re-circularized sequences with one base deletion. Data are presented
as means ± s.d. P values are based on two-way ANOVA: *, p<0.01.; **, p<0.05.



Fig. S9. Functional mutation of endogenous TDP-1 induces genomic instability in C. elegans.
(Related to Fig. 5.). (A and B) Genomic DNA isolated from WT and mutant worms with or
without Etoposide (250μM/24h) treatment analyzed by 1% agarose gel electrophoresis. The
worms were treated with etoposide for 24h and recovery was measured at 48h (A). Quantitation of
intact genomic DNA band intensity (B). (C) 13.7Kb region of polβ gene was amplified for DNA
integrity measurement by LA-PCR analysis of the indicated genomic DNA samples, resolved in
1% agarose gel related to Fig. 5D.





Fig. S10. DNA damage analyses in sporadic ALS spinal cord tissues. (Related to Fig. 6.). (A)
Representative images showing Thioflavin-S staining of human brain Amyloid aggregates
(reference control, Left), age-matched control (Middle) and ALS-affected spinal cord tissue
(Right). (Scale bars: 200μm.). (B-D) LA-PCR analysis of 12.3Kb genomic DNA region of polβ
gene amplified from genomic DNA of individual control and sporadic ALS spinal cord tissues.
Representative image of 0.8% agarose gel separation of LA-PCR product for Guam (C) and
sporadic ALS spinal cord from VABB (B and D) specimens. (E) Relative band intensity
quantitation of p-53BP1 and γH2AX for IB with indicated antibody. Relative band intensity
quantitation of cleaved-PARP1 (F) or cleaved Caspase-3 (G) for immunoblotting with indicated
antibody. (H) Scatterplot representation for quantitation of IB band intensity for all the sporadic
ALS samples (VABB) related to Fig. 6D. (I) Plasmid re-circularization analysis in control and
VABB-sporadic ALS spinal cord tissue extracts (assayed in two groups; details in Methods &
Results section) shows reduced DSB ligation activity in ALS spinal cord. *, p<0.01.

Fig. S11. Ubiquitination levels in TDP-43 proteinopathy-associated ALS spinal cord tissue.
(Related to Fig. 6.). Representative IB image probed with anti-Ubiquitin antibody against the
spinal cord tissue extracts from control (1-4) and ALS patients (1-10), indicating stronger
ubiquitination in ALS patients.
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Fig. S12. TDP-43 facilitates recruitment and activity of NHEJ ligation complex
(XLF/XRCC4/Lig4) at DSB sites. Related to Fig. 7. (A) γH2AX co-IP from TDP-43 KD NPC cells
(Fig. 7A) and quantitation of IB band intensity from three independent experiments. (B) FLAG-
XRCC4 co-IP from TDP-43 KD NPC cells (Fig. 7B) and quantitation of IB band intensity from
three independent experiments. (C and D) Nuclear lysates from TDP-43-siRNA-transfected NPC
cells were subjected to IP with control IgG or anti-53BP1 antibody, and co-IP elutes were probed
with indicated antibodies. Quantitation of IB band intensity from three independent experiments
(D). *, p<0.01. (E and F) ChIP analysis with anti-γH2AX and re-ChIP with anti-XRCC4 antibody
shows reduced fold enrichment of XRCC4 in TDP-43 KD cells (E). Re-ChIP with anti-53BP1
antibody showed increased fold enrichment of 53BP1 indicating enhanced DSB accumulation (F).
*, p<0.01. (G) PLA of XRCC4 or Lig4 versus p-53BP1 in NPCs show reduced association after
TDP-43 KD by siRNA. Representative images shown. Quantitation in Fig. 7C. (H) NHEJ ligation
activity measured by plasmid re-circularization using XRCC4 co-IP elutes with or without
recombinant TDP-43. *,p<0.01; **, p<0.05. Data are presented as means ± s.d. P values are based
on two-way ANOVA. (I) Schematic model showing how TDP-43 facilitates recruitment and
activity of XLF/XRCC4/Lig4 complex for NHEJ repair in neurons.

Fig. S13. Specific interaction of NHEJ factors. (Related to Fig. 7). (A) In vitro binding of
recombinant TDP-43 with XRCC4/Lig4 complex, tested by His-affinity co-elution assay, then
immunoblotted with anti-TDP-43, anti-XRCC4 and anti-Lig4 antibody. (B) neuronal cells
were transfected with control or TDP-43 siRNA followed by treatment with Etoposide or
vehicle. Total cell lysates were subjected to IP with control IgG or anti-XRCC4 antibody, then
probed for non-NHEJ ligases with anti-Ligase1 and anti-Ligase3 antibody.
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