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Abstract

Dominant mutations in the RNA/DNA-binding protein TDP-43 have been linked to amyotrophic lateral sclerosis (ALS). Here,
we screened genomic DNA extracted from spinal cord specimens of sporadic ALS patients for mutations in the TARDBP gene
and identified a patient specimen with previously reported Q331K mutation. The patient spinal cord tissue with Q331K
mutation showed accumulation of higher levels of DNA strand breaks and the DNA double-strand break (DSB) marker
yH2AX, compared to age-matched controls, suggesting a role of the Q331K mutation in genome-damage accumulation.
Using conditional SH-SY5Y lines ectopically expressing wild-type (WT) or Q331K-mutant TDP-43, we confirmed the
increased cytosolic sequestration of the poly-ubiquitinated and aggregated form of mutant TDP-43, which correlated with
increased genomic DNA strand breaks, activation of the DNA damage response factors phospho-ataxia-telangiectasia
mutated (ATM), phospho-53BP1, yH2AX and neuronal apoptosis. We recently reported the involvement of WT TDP-43 in
non-homologous end joining (NHEJ)-mediated DSB repair, where it acts as a scaffold for the recruitment of XRCC4-DNA
ligase 4 complex. Here, the mutant TDP-43, due to its reduced interaction and enhanced cytosolic mislocalization, prevented
the nuclear translocation of XRCC4-DNA ligase 4. Consistently, the mutant cells showed significantly reduced DNA strand
break sealing activity and were sensitized to DNA-damaging drugs. In addition, the mutant cells showed elevated levels of
reactive oxygen species, suggesting both dominant negative and loss-of-function effects of the mutation. Together, our
study uncovered an association of sporadic Q331K mutation with persistent genome damage accumulation due to both
damage induction and repair defects.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progres-
sive neurodegenerative disease characterized by a complex
pathology. A major subgroup of ALS patients show cyto-
plasmic mislocalization and aggregation of RNA-binding
protein TDP-43 in spinal motor neurons (1). Since the iden-
tification of TDP-43 in 2006 as the ubiquitinated protein in
inclusion bodies found in ALS spinal cord neurons, TDP-
43 inclusions have also been reported in other neurode-
generative diseases, including frontotemporal dementia and
Alzheimer’s disease-related dementia (2-5). TDP-43 inclu-
sions in ALS are composed of hyper-phosphorylated, poly-
ubiquitinated and fragmented forms of TDP-43 (6). TDP-43
protein encoded by the TARDBP gene belongs to the family
of heterogeneous nuclear ribonucleoproteins with a highly
conserved RNA/DNA-binding domain. TDP-43 contains two
RNA recognition motifs (RRM1 and RRM2) and a glycine-rich
C-terminus. The RRMs are necessary for nucleic acid binding,
whereas the C-terminus provides a binding interface for its
protein partners. The C-terminus contains the majority of
the mutational hotspots for several dozen point mutations
identified in both familial and sporadic cases of ALS (1,7).
In mature neurons, TDP-43 is predominantly present in the
nucleus but also shuttles to other cellular compartments.
A unique feature of TDP-43 is its autoregulation property
that maintains its level in neuronal cells by binding to its
transcript, initiating alternative splicing of intron 7 in the
TARDBP 3’ UTR region that leads to the destruction of the TDP-43
mRNA (8).

Several familial and sporadic missense point mutations
in the TARDBP gene have been identified in ALS patients,
many of which are linked to early disease onset and enhanced
disease progression (1). How these mutants affect the function
and toxicity of TDP-43 is not completely understood. In
2008, Sreedharan etal. (7) identified the Q331K mutation in
sporadic ALS patients, which was later shown to affect its
autoregulation in a transgenic mouse, leading to the mutant
protein’s progressive accumulation (9). The C-terminus of TDP-
43 is intrinsically disordered with propensity to assemble
into beta-sheet-rich dynamic oligomers. Furthermore, studies
have suggested abnormal nucleic acid binding by the Q331K
mutant, which results in an increased aggregation rate of the
protein (9).

We recently discovered that TDP-43 is a critical component
of DNA damage response (DDR) in motor neurons and plays
a role in non-homologous end joining (NHE])-mediated DNA
double-strand break (DSB) repair (10). In healthy neurons, TDP-
43 facilitates the optimal recruitment of XRCC4-DNA ligase 4
complex at DSB sites and regulates DSB ligation and repair. In
ALS, nuclear loss of function of TDP-43 causes deficient repair
of DSBs, leading to DSB accumulation, and persistent DDR acti-
vation, contributing to neurodegeneration. It is intriguing to elu-
cidate how mutant forms of TDP-43, which exhibit both loss-of-
function and gain-of-toxicity, impact its genome maintenance
role, which we address in this manuscript with respect to the
Q331K mutation.

We demonstrate that expression of Q331K mutation not
only affects DSB repair by preventing the nuclear translocation
of XRCC4 but also contributes to oxidative genome damage
accumulation via increased reactive oxygen species (ROS)
generation. The cumulative effect of the persistent DNA-damage
accumulation and DDR activation correlated with neuronal
apoptosis.

Results

Elevated genome damage in the spinal cord tissue of an
ALS patient with acquired TDP-43 Q331K mutation

ALS-linked mutations in TDP-43 are clustered in exon 6 of
the TARDBP gene that codes for the nuclear export sequence
(NES)-containing C-terminal domain. We performed Sanger
sequencing of exon 6 of the TARDBP gene from genomic DNA
isolated from spinal cord (cervical) tissue specimens from
10 sporadic ALS patients obtained from the Veterans Affairs
Biorepository Brain Bank, USA. A Q331K mutation was identified
in one specimen from a 83-year-old Caucasian male 0028
(Fig. 1A). This mutation was not present in genomic DNA isolated
from the occipital lobe of the same patient, ruling out a familial
linkage. Immunoblotting analysis of mutant spinal cord tissue
extracts detected decreased levels of the monomeric form of
TDP-43 due to its apparent degradation/aggregation, compared
to age-matched control spinal cord extracts. The mutant spinal
cord also showed increased levels of the DSB marker yH2AX
(Fig. 1B). Long-amplicon polymerase chain reaction (LA-PCR)
analysis of genomic DNA isolated from the mutant spinal cord
showed significantly (~2-fold) decreased amplification of the LA
from the OCT3/4, NANOG, Polg and HPRT gene regions compared
to the controls indicating the presence of higher levels of DNA
strand breaks in the ALS spinal cord (Fig.1C and D). There
was no change in the amplification of 200 bp short amplicon,
which served as control. Immunohistochemistry (IHC) analysis
showed typical TDP-43 pathology with increased cytoplasmic
accumulation, which also correlated with higher staining for
yH2AX and TUNEL staining compared to control spinal cord
sections (Fig. 1E and F). These data suggest that the Q331K
mutation may be linked to increased DNA damage in neuronal
genomes.

Enhanced cytosolic sequestration of the TDP-43 Q331K
mutant

To examine the cellular distribution of mutant TDP-43, we tran-
siently transfected neuroblastoma SH-SYS5Y cells with either
empty vector control or FLAG-tagged TDP-43 wild-type (WT) or
Q331K mutant plasmid (Fig. 2A). After confirming FLAG expres-
sion by immunoblotting (Fig. 2B), we first evaluated the effect
of mutant expression on cell proliferation. In a time-lapse cell
proliferation assay, we observed moderately decreased prolifer-
ation rate in Q331K-expressing cells compared to WT as well
as control cells (Fig. 2C). Immunofluorescence (IF) analysis with
anti-TDP-43 antibody at 96 h post-transfection showed increased
cytosolic TDP-43 in mutant-expressing cells compared to WT
cells (Fig. 2D). The nuclei and cytosol were stained with DAPI
and phalladoin, respectively. Furthermore, the mutant cells also
showed higher levels of yH2AX, compared to WT-expressing
cells (Fig. 2B).

Generation and characterization of
doxycycline-inducible TDP-43 Q331K mutant cell line

The transient transfection of WT or Q331K described in
Figure 2 presented difficulties in obtaining reproducible and
comparable levels of FLAG, particularly after the neuronal
differentiation of SH-SYSY cells. To overcome this limi-
tation, we first generated a stable cell line constitutively
expressing WT and Q331K. These stable lines, however, only
expressed the ectopic TDP-43 up to 2-3 cell passages, then
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Figure 1. Targeted sequencing of exon-6 of the TARDBP gene in spinal cord specimens from ALS patients. (A) Chromatogram showing detection of the Q331K mutation in
genomic DNA isolated from spinal cord tissue from an ALS patient. (B) Immunoblots probed with TDP-43 antibody and yH2AX antibody show reduced monomeric TDP-
43 protein and increased yH2AX in an ALS specimen carrying the Q331K mutation compared to an age-matched control sample. GAPDH served as the loading control.
(C) Analysis of DNA integrity by LA-PCR. Representative agarose gel images indicate reduced DNA amplification of OCT3/4, NONOG, Polg and HPRT gene segments in
TDP-43-Q331K spinal cord compared to control. The 200 bp short amplicon served as control.( D) Quantitation of PCR products by Pico Green-based DNA quantitation
from triplicate experiments. (E) IHC of spinal cord from an ALS patient carrying a Q331K mutation for TDP-43, yH2AX and TUNEL staining. Representative images
acquired at 20x magnification. (F) Quantitation of mean yH2AX signal and mean TUNEL-positive cells per field in ALS spinal cord sample and age-matched controls.

**P<0.05; ****P<0.0001.

gradually showed large variability in FLAG expression, likely
due to the autoregulatory activity of TDP-43 (8). We then
designed doxycycline (Dox)-inducible vectors, pCW-TDP-43
Q331K (Fig. 3A) and pCW-TDP-43 WT, and isolated stable SH-
SYSY clones with comparable FLAG expression for WT and
mutant TDP-43 after Dox induction (Fig. 3B). The conditional
cell lines were differentiated with retinoic acid prior to Dox
induction. Neuronal differentiation prior to induction was
critical to avoid effects of Q331K on differentiation, because
it has been reported that Q331K expression affects axonal
growth and growth cones (11). Furthermore, to avoid robust

overexpression, we optimized the WT and mutant lines
for Dox induction for 24 h, followed by their culture in
media-lacking Dox for 72 h, to obtain a comparable level of
FLAG-TDP-43 with endogenous TDP-43 (Fig. 3B). This condition
was used for most experiments unless otherwise indicated. The
IF with anti-FLAG antibody in these lines showed increased cyto-
plasmic localization of Q331K, consistent with our observation
in transiently transfected cells (Fig. 3C). Cytosolic translocation
of mutant TDP-43 was further confirmed by co-IF with anti-
FLAG antibody and cytosolic marker, phalloidin, which showed
an increased cytoplasmic localization and nuclear loss of the
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Figure 2. Ectopic transient expression of TDP-43-Q331K shows increased cytoplasmic accumulation in SH-SY5Y cells. (
TDP-43-Q331K mutation. (B) Immunoblots of extracts from transiently transfected cells at 48 h, probed with FLAG, TDP-43 and yH2AX antibodies, show increased yH2AX,
in cells expressing Q331K. B-Actin is shown as a loading control. The histogram shows quantitation of band intensity from three independent experiments. *P<0.01.
(C) Cell-proliferation assay reveals reduced cell proliferation in Q331K-expressing cells. (D) IF of Q331K cells shows increased cytosolic accumulation of TDP-43 in cells

expressing the Q331K mutant compared to WT. Left panel shows DAPI staining. Second from the left panel shows TDP-43 staining. Third panel shows Phalloidin staining
as a cytoplasmic marker. Right panel show the merged image. Arrows indicate cytoplasmic localization of TDP-43 in Q331K-expressing cells. Scale bar represents 10 pm.

mutant TDP-43 compared to WT (Fig. 3D). We also performed
fractionation of nuclear and cytosolic extracts. Immunoblotting
of the nuclear extracts with anti-TDP-43 and anti-FLAG
antibodies confirm significant loss of nuclear Q331K compared
to WT TDP-43 (Fig.3E). The ectopic mutant was mostly
excluded from the nucleus as indicated by FLAG levels. In
addition, there is a decrease in endogenous TDP-43 in mutant-
expressing cells, likely caused by autoregulation activity.
However, we could not detect corresponding increase in
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monomeric mutant TDP-43 in the cytosol. This was per-
haps expected due to aggregation/hyper-ubiquitination of
the cytosolic forms as shown in Figure 4. We further con-
firmed nuclear exclusion of the mutant TDP-43 by a modified
proximity ligation assay (PLA) using anti-FLAG versus anti-
TDP-43 antibody, which detects the induced WT or mutant
TDP-43. These data clearly showed an ~2-fold increase in
cytosolic PLA signals for Q331K compared to WT TDP-43
(Fig. 3F).
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Figure 4. Increased poly-ubiquitination and aggregation of Q331K in neuronal cytosol. (A) IF with Thioflavin S shows increased formation of aggregates in the cytoplasm
of Q331K-expressing differentiated neurons (Scale bar, 5 pm). Histogram indicates quantitation of Thioflavin S aggregates. (B) Detection of PLA foci between ubiquitin
and FLAG antibodies and quantitation of PLA foci from 25 cells (Scale bar, 10 um). (C) Immunoblots of ubiquitin Co-IP from neuronal cells expressing TDP-43-Q331K,
using FLAG antibody, show increased ubiquitinated TDP-43-Q331K compared to WT. Histogram represents quantitation of mean band intensity from three independent

experiments. **P<0.05; ***P<0.0005.

Hyper-ubiquitination of mutant TDP-43 correlates with
its increased cytosolic aggregation

Cytoplasmic aggregates of TDP-43 in spinal motor neurons
have been associated with ALS (2,6), and Q331K has been
shown to be more aggregation-prone in vitro than WT (12).
To test the cytosolic aggregation propensity of the Q331K
mutant and WT, cells were stained with Thioflavin S after

Dox induction, a dye that preferentially binds with protein
aggregates to emit green fluorescence at 426 nm. Figure 4A
shows significantly increased Thioflavin S fluorescence in
mutant cells compared to WT, confirming its aggregated state.
The aggregates appear both in perinuclear region and as large
plaque-like cytoplasmic aggregates. Mitchell et al. (13) previously
showed the presence of ubiquitin inclusions in an 8-week-old
human Q331K-expressing mouse model. Here, using PLA of anti-



ubiquitin versus anti-FLAG antibodies, we observed an ~2-fold
higher level of ubiquitination in the Q331K mutant compared to
WT (Fig. 4B). Hyper-ubiquitination of TDP-43 Q331K was further
confirmed by immunoprecipitation (IP) of total cell extracts
with anti-ubiquitin antibody, followed by detection of FLAG
in the immunoblots of the IP eluate (Fig. 4C). Together, these
data demonstrate an increased rate of cytosolic translocation,
aggregation and ubiquitination of the Q331K mutant compared
to WT TDP-43.

Accumulation of genomic DNA strand breaks in
TDP-43-Q331K-expressing cells

Following on our studies that showed that TDP-43 silencingleads
to genome damage accumulation in neurons (10), we tested
the effect of mutant TDP-43 on genome integrity. Amyloido-
genic protein aggregates in neurodegenerative disease have been
linked to increased ROS production (14-16). To test whether the
Q331K mutation with enhanced cytosolic aggregate formation
elevates oxidative stress, we quantitated intracellular ROS levels
in the WT and mutant cell lines, using a Cellular Reactive Oxygen
Species Detection Assay system (17). We observed increased
levels of ROS formation in the Q331K mutant cells compared
to WT or uninduced control (Fig. 5A). We further confirmed
elevated ROS levels by fluorometric microplate cellular ROS
detection assay (Fig. 5B) and observed a significant increase in
cellular ROS levels in Q331K cells compared to WT and unin-
duced control. Increased levels of ROS in cells can cause damages
to cellular macromolecules including genomic DNA, which can
contribute to neurodegenerative diseases (18). We tested genome
integrity by LA-PCR and single-cell comet analysis in differen-
tiated SH-SYSY cells after WT and Q331K induction. LA-PCR
analysis of genomic DNA isolated from the Q331K-expressing
cells showed an ~50-80% reduction in DNA amplification of
the ~12-8 kb genomic regions of NANOG, Polf and HPRT genes
compared to the WT control (Fig. 5C). Quantitation of LA-PCR
products using the PicoGreen dsDNA assay (19) confirmed sig-
nificantly reduced amplification products in the Q331K mutant
compared to WT cells (Fig. 5D). To investigate the accumulation
of DNA strand breaks, we performed single-cell electrophoresis
and compared the comet tail moments under alkaline condi-
tions. The alkaline comet assay is a measure of total alkali-labile
sites in genomic DNA, including single-strand breaks (SSBs) and
DSBs (20). We observed significantly increased tail moments in
Q331K-expressing cells, compared to WT or uninduced control
cells under alkaline conditions, indicating the accumulation of
DNA strand breaks (Fig. 5E). These data cumulatively reveal that
the Q331K mutation induces genomic instability in neurons by
both accumulating DNA damage and inducing oxidative genome
damage via ROS induction.

The TDP-43 Q331K mutation induces DDR

We next tested for DDR markers yH2AX and phospho Ser1981-
ataxia-telangiectasia mutated (ATM) activation in Q331K-
expressing cells. Dox induction of the WT and mutant lines
for 24 h followed by DDR analysis at 72 h by immunoblot-
ting showed the presence of increased levels of yH2AX
and p-ATM in Q331K compared to WT or uninduced cells
(Fig. 6A). IF data confirmed the presence of a higher number
of average foci for yH2AX, p-ATM and p-53BP1 in Q331K cells
(Fig. 6B). Although WT cells also showed a small increase
(~1.5-2-fold) in the levels of activated DDR factors, consistent
with a moderate increase in cytosolic aggregation, the increase
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was significantly profound (>4-6-fold) in Q331K cells. Taken
together, these data link the accumulation of unrepaired, steady-
state levels of DNA strand breaks and DDR activation with
Q331K mutant expression in neurons. DSBs may be produced
by a variety of exogenous or endogenous insults and in general
by cell stress due to abnormal physiological conditions. ROS
can cause secondary DSBs, because single-stranded lesions
caused by ROS are converted to DSBs (21,22). To test the nature of
these DNA strand breaks, we investigated the accumulation of
DSBs and performed neutral comet assay, which exclusively
visualizes DSBs (Fig.6C) (20). We observed a significantly
increased tail moment in Q331K-expressing cells compared to
WT or uninduced control cells, indicating the accumulation of
DSBs.

Q331K mutation affects kinetics of DSB repair

To test the effect of the Q331K mutation in DSB repair, we
performed ionizing radiation (IR)-induced yH2AX foci disappear-
ance analysis (Fig. 7A). Differentiated SH-SY5Y cells were first
induced with Dox for 24 h and allowed to grow for an addi-
tional 72 h as before. The cells were treated with IR (3 Gy), and
YH2AX foci were counted at 0.5, 3 and 6 h post-irradiation by
IF microscopy. Quantitation of the average number of foci per
cell, counted in at least 25 cells, showed that while the foci
gradually disappeared in WT cells at 3 and 6 h, the mutant
cells retained a significant number of foci even at 6 h. This
suggested delayed kinetics of DSB repair in Q331K mutant cells.
These results were further supported by comet analysis at 0.5
and 6 h after damage induction by IR (Fig. 7B). The data showed
persistent comet tails at 6 h after IR treatment in mutant cells,
whereas most of the induced damage was repaired in the WT
cells (Fig. 7B).

The TDP-43 Q331K mutation induces neuronal
apoptosis in the presence of DNA-damaging drugs

Next, we examined neuronal apoptosis using the TUNEL assay
in Q331K cells, with or without the presence of various DNA-
damaging drugs. At steady state, the Q331K cells showed signifi-
cant TUNEL positivity compared to WT following Dox induction
(Fig. 8A). The cells were treated 72 h after Dox induction with a
DNA DSB-inducing topoisomerase II inhibitor etoposide (10 pM),
a DNA SSB-inducing topoisomerase I inhibitor camptothecin
(CPT) (5pmM), or ROS-inducing glucose oxidase (100 ng/mL). After
treatment with DNA-damaging drugs, the cells were allowed
to grow for additional 24 h, before the TUNEL analysis was
performed. The data showed a significantly higher number of
TUNEL-positive cells in the Q331K-expressing line compared
to WT cells (Fig. 8A). An MTT-based cell viability measurement
under similar conditions confirmed the enhanced sensitivity
of mutant cells to DNA-damaging drugs (Fig. 8B). Immunoblot-
ting of total cell extracts with antibodies specific to apoptosis
markers showed the presence of cleaved-caspase 3 and cleaved-
PARP1 products in Q331K cells (Fig. 8C). Taken together, these
data suggest enhanced sensitivity of the neurons with Q331K
mutation to DNA damage stress.

Mutant TDP-43 prevents nuclear translocation of the
XRCC4-DNA ligase 4 complex and inhibits DSB ligation
activity

Cytosolic XRCC4 is translocated to the nucleus in response to
genome damage, and this translocation requires its interaction
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with DNA ligase 4 (23). The formation of the XRCC4-DNA ligase 4
complex is critical for efficient recruitment and stability of DNA
ligase 4 at DNA damage sites (24). Our recent studies showed that
TDP-43 interacts with the XRCC4-DNA ligase 4 complex to reg-
ulate its recruitment at DSBs in the neuronal genome (10). Here
we investigated how the Q331K mutation affects DNA damage-
dependent nuclear translocation of XRCC4 and DNA ligase 4. IF
microscopy with anti-XRCC4 and anti-DNA ligase 4 antibodies
in irradiated WT- or Q331K-expressing cells showed that both
DNA ligase 4 (Fig. 9A) and XRCC4 (Fig. 9B) were predominantly
localized in the nucleus (stained with DAPI) of WT cells. However,
significant immunoreactivity was observed in the cytosol for
XRCC4 and DNA ligase 4 in Q331K cells. Inmunostaining with
anti-FLAG antibody confirmed increased nucleocytoplasmic
mislocalization of the Q331K mutant. These data suggest

that mutant TDP-43 prevents the DNA damage-dependent
nuclear translocation of XRCC4 and DNA ligase 4. We next
confirmed the cytoplasmic sequestration of XRCC4 and DNA
ligase 4 using PLA for anti-FLAG versus anti-XRCC4 or anti-DNA
ligase 4 antibodies and observed more cytoplasmic localization
in the Q331K mutant compared to WT (Fig. 9C). We next isolated
the FLAG IP complex from FLAG-tagged WT- and Q331K mutant-
expressing cells and performed DNA-ligation analysis using a
5'Cy3-labeled nicked oligonucleotide substrate (Fig. 10A). The
ligation activity was markedly reduced in the IP complex from
mutant cells compared to the WT cells. Substrate alone, and T4
DNA ligase-mediated ligation product, served as size controls.
This inhibition in DNA ligase activity was due to the reduced
association of the Q331K mutant with DNA ligase 4 as observed
in immunoblotting analysis of WT and Q331K IP (Fig. 10B). Here,
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while FLAG levels in WT and mutant IPs were comparable,
the level of DNA ligase 4 in the mutant co-IP complex was
significantly reduced compared to WT, both from unstressed
and irradiated cells. To further confirm the reduced interaction
of mutant TDP-43 with DNA ligase 4 and XRCC4, we performed
an in vitro His-affinity co-elution (pulldown) experiment using
purified proteins. Immunoblotting of the co-eluted proteins
confirmed reduced binding of mutant TDP-43 to the XRCC4-
DNA ligase 4 complex, in the absence of DNA (Fig. 10C). Together,
these results demonstrate that the Q331K mutation inhibits
DNA ligase 4 activity by preventing its nuclear translocation in
neuronal cells.

Discussion

Since the discovery that implicated TDP-43 toxicity in ALS in
2006 (2,6), genetic-screening studies have identified several
missense mutations in the TARDBP gene that encodes the TDP-43
protein in both familial and sporadic ALS, which firmly estab-
lished a causal role for TDP-43 in neurodegeneration. Although
several TDP-43 mutations have been identified in ALS patients,
how mutant TDP-43 triggers neuronal dysfunction is unclear. A
common feature of TDP-43 pathology is its nucleo-cytoplasmic
mislocalization in spinal motor neurons, leading to both nuclear
clearance and cytoplasmic sequestration of poly-ubiquitinated
aggregates of TDP-43. The lack of nuclear TDP-43 is consistently
observed in inclusion-bearing neurons (25-28) in the spinal
cord in ALS patients. Most of the mutations are localized in
the C-terminal glycine-rich region encoded by exon 6 (7,28-30).

Cell culture expression of disease-linked mutations replicates a
biochemical profile similar to pathological TDP-43, including its
hallmark nuclear clearance (2,31).

The RNA-binding functions of TDP-43 are well characterized
and involve global regulation of gene expression, including reg-
ulation of transcription and multiple aspects of RNA processing
such as splicing, stability, transport, translation and microRNA
maturation (32-35). Although TDP-43 also binds DNA, its DNA-
binding functions and implications in ALS were not investigated
until our recent report on the involvement of TDP-43 in the NHE]J-
mediated DSB repair pathway (10). TDP-43 regulates the recruit-
ment and activity of the DSB break-sealing ligation complex
XRCC4-DNA ligase 4 in healthy neurons, and its functional loss
leads to DSB repair defects. The resulting persistent accumula-
tion of DSBs and activation of DDR factors contribute to neurode-
generation. These studies raised the question of whether TDP-43
mutations affect its DNA repair functions.

In this study, we investigated the role of the Q331K mutation
in neuronal genome instability. The Q331K mutation, first iden-
tified in sporadic ALS patients (7), was shown to progressively
aggregate in transgenic mice (9). Furthermore, studies have sug-
gested abnormal nucleic acid binding by the Q331K mutant that
results in an increased aggregation rate of the protein (9). The
effect of this mutation on DNA binding by TDP-43 suggested
its likely impact on the DNA repair functions of this protein,
providing the rationale for our study.

We observed significant accumulation of DNA strand breaks,
both in genomic DNA isolated from ALS patient spinal cord
tissue harboring the Q331K mutation and in neuronal cells
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ectopically expressing Q331K. Furthermore, the levels of DDR
markers yH2AX, p-53BP1 and p-ATM were markedly activated
in patient spinal cord tissue and in cell lines. This suggested a
possible role for mutant TDP-43 in promoting DNA damage or
affecting their repair.

Itis important to mention that the mutation was not present
in the genomic DNA isolated from occipital lobe tissue of
the same patient. Furthermore, the mutation was present in

~10-20% of total genomic DNA isolated from the patient spinal
cord. This suggests that the mutation is acquired sporadically,
consistent with previous observations (7).

To gain molecular insights into the effect of Q331K muta-
tion on the integrity of the neuronal genome, we first gener-
ated a conditional neuroblastoma cell line that expresses WT
or mutant TDP-43 upon Dox induction. Although our initial
efforts using transiently expressing cell lines strongly linked the
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mutation to DNA damage accumulation, the reproducibility of
comparable transfection efficiency and expression of WT and
mutant TDP-43 in differentiated neurons was a challenge. We
then generated a stable SH-SY5Y line constitutively expressing
mutant TDP-43, which unexpectedly lost ectopic protein expres-
sion after 2-3 passages. This is likely due to the autoregulatory
activity of TDP-43 and the expansion of surviving cells with
reduced mutant expression.

We finally generated a Dox-inducible neuronal line, which
allowed us to induce controlled expression of WT or mutant
TDP-43. Dox induction for 24 h, followed by cell culture for
72 h reproducibly contained comparable levels of ectopic and
endogenous TDP-43, which is critical to prevent possible robust
toxicity of overexpression. In addition, the conditional line
allowed for induction of TDP-43 expression after neuronal
differentiation, thus preventing any impact of mutant TDP-
43 on the neuronal differentiation process. We recently
generated and characterized a similar cell line model for a-

synuclein to study Parkinson’s disease (36). We believe that
conditional and controlled expression of amyloidogenic proteins
is very critical for physiologically modeling neurodegenerative
disease.

Using this conditional cell line model, we demonstrate that
mutant TDP-43 not only affects DSB repair but also contributes to
damage induction by promoting ROS stress in neurons. Previous
studies have shown generation of ROS by amyloid aggregates
by gain of toxicity. It is likely that TDP-43 aggregates in the
neuronal cytosol contribute to ROS accumulation. Consistently,
mutant cells showed significant sensitization when exposed to
a variety of DNA-damaging drugs, including DSB-inducing IR
or etoposide, and SSB-inducing CPT or ROS stress. These DNA-
damaging drugs induced neuronal apoptosis in mutant TDP-43
cells. TDP-43 has recently been shown to localize in neuronal
mitochondria (37,38). Mutant TDP-43 may thus affect mitochon-
drial function, thereby increasing ROS stress, which needs to
be investigated. The DSB repair defects and damage accumula-
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tion in mutant cells strongly correlates with the nuclear clear-
ance and cytosolic sequestration of poly-ubiquitinated forms of
TDP-43.

Kinetic analysis of repair of DNA strand breaks induced by IR
showed that mutant TDP-43 expression significantly delays the
repair, compared to WT cells. To elucidate the molecular mecha-
nism of delayed repair in Q331K cells, we examined the functions
of the XRCC4-DNA ligase 4 complex, a key factor in sealing DSBs
via NHEJ in neurons. As neurons lack replication-associated
homologous recombination, NHE] is the predominant DSB repair
pathway. It was previously shown that XRCC4, a scaffold for
DNA ligase 4, is largely present in the cytosol in unstressed
cells and is translocated to the nucleus to localize in damaged
chromatin after damage induction (23). This damage-dependent
translocation requires the binding of XRCC4 to DNA ligase 4, as
shown by its reduced translocation in cells lacking DNA ligase 4
(23). Interestingly, the mutant TDP-43, which also mislocalizes to
the cytosol, inhibits the nuclear translocation of XRCC4. This was
shown by two independent methods: IF and immunoblotting
analysis. Our in vitro interaction analysis showed that while
WT TDP-43 binds the XRCC4-DNA ligase 4 complex, the mutant
shows significantly reduced interaction. Thus, it appears that
nuclear TDP-43 is important for the damage-dependent nuclear
translocation of the XRCC4-DNA ligase 4 complex. Consistent
with this, DNA-ligation activity was markedly reduced in nuclear
extracts from Q331K cells compared to those from WT cells.
These data provided an important molecular insight into how
mutant TDP-43 impedes DSB repair by inhibiting the nuclear
translocation of XRCC4-DNA ligase 4 complex. Moreover, the
role of TDP-43 in regulating the function of DSB sealing XRCC4-
DNA ligase 4 complex appears to be specific. A related RNA-
binding protein FUS, which is primarily linked to familial ALS, is
associated with XRCC1-DNA ligase 3 functions but not XRCC4-
DNA ligase 4 (39).

Our studies thus unravel the role of nuclear TDP-43 in facil-
itating the nuclear translocation of the XRCC4-DNA ligase 4
complex for the repair of DSBs via NHE] and the effect of the
Q331K mutation in disrupting this process, causing defective
DSB repair, which may play a critical role in neurodegeneration
(Fig. 10D).

Materials and Methods
Expression plasmids

The FLAG-TDP-43 WT pcDNA 3.1(+) expression plasmid was
a kind gift from Prof. Paul Taylor (St. Jude Children’s Research
Hospital; Memphis, TN). pCW-Cas9 was a gift from Eric Lander
and David Sabatini (Addgene plasmid # 50661). The TDP-
43 coding DNA sequence (CDS) along with the N-terminal
1X FLAG tag sequence was PCR-amplified from FLAG-TDP-
43 pcDNA 3.1 vector using high-fidelity Deep Vent DNA
polymerase (# M0258, NEB, Ipswich, MA). The following primers
were used for PCR amplification: FI-TDP43-F: 5-CGGCGCTA
GCATGGACTACAAAGACGATGACGACAAGTCTGAATATATTCGGG
TAAC-3' and F1-TDP43-R: 5'-CAACGGATCCCTACATTCCCCAGCCA
GAAGACTTAGAATCCA-3'.

Thermal profile: the cycle included an initial incubation at
95°C for 2 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s
and 72°C for 90 s and a final elongation at 72°C for 10 min.

Both the pCW-Cas9 vector and TDP-43 CDS were double
digested with Nhel (#R0131, NEB) and BamHI (#R0136, NEB)
restriction enzymes, and subsequently, 3x FLAG-Cas9 CDS was
replaced with 1x FLAG-TDP-43 by ligation using T4 DNA ligase

(#ELO011, Thermo Scientific, Waltham, MA) to generate Dox-
inducible pCW-FLAG-TDP43 mammalian expression vector.

For the construction of the pCW-TDP-43 Q331K mutant,
the Q331K mutation was introduced in the pcDNA-TDP-
43 plasmid using QuickChange II XL site-Directed Mutage-
nesis kit (#200521, Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s protocol. The following
primers were used for Q331K mutation: TDP43-QK-Sense:
5'-GCCATGATGGCTGCCGCCCAGGCAGCACTAAAGAGC AGTTGGG
GTATGATGGG-3' and TDP43-QK-Antisense: 5'-CCCAT CATACCCC
AACTGCTCTTTAGTGCTGCCTGGGCGGCAGCCATCATGGC-3'.

1x FLAG-TDP-43 Q331K mutant CDS was then PCR amplified,
double digested and cloned into the pCW vector similar to WT
TDP-43 to generate the pCW-TDP-43 Q331K expression plasmid.

Cell culture

SH-SYSY cells were cultured in DMEM/F12 (#11320-033, Gibco,
Waltham, MA) medium supplemented with 10% fetal bovine
serum (FBS) and 1% Penicillin-Streptomycin in a humidified
chamber at 37°C with 5% CO, SH-SY5Y cells were differentiated
using 10 uM retinoic acid (#R2625, Sigma, St. Louis, MO) and
brain-derived neurotrophic factor (#83795, Sigma) (50 ng/mL) for
6 days in DMEM/F12 medium supplemented with 1% FBS and 1%
PS.

Generation of stable inducible cell line

First, SH-SY5Y cells were transfected with 2 pg of either pCW-
TDP-43 WT or Q331K plasmid DNA using lipofectamine 2000
reagent (#11668-019, Invitrogen, Carlsbad, CA) and opti-MEM
(#31985-070, Gibco), per standard protocol in 60-70% confluent
cells. Cells were subjected to antibiotic selection by puromycin
(#ant-pr, Invivogen, San Diego, CA) 24 h after transfection at a
concentration of 5 pg/ml. Following selection, individual discrete
colonies were isolated and cultured individually as independent
clones. Finally, each of clones were induced with Dox (#D9891,
Sigma) (5 pg/ml) for 48 h, and FLAG-TDP-43 expression was
analyzed by immunoblotting.

Human tissue

Sporadic ALS spinal cord tissue specimens and the respective
age-matched controls were obtained from the Department
of Veterans Affairs Biorepository, as de-identified, frozen
specimens. Studies on human tissues were conducted in
accordance with the ethics board standards at the Department
of Veteran’s Affairs and the institutional review boards at the
Houston Methodist Research Institute (Houston, Texas).

Protein extraction

Cells transiently or stably transfected with expression plasmids
were washed with Dulbecco’s phosphate-buffered saline (DPBS)
and harvested with cell scrapers. Cells were pelleted at 1500 rpm
at4°C for 5 min, lysed with whole cell lysis buffer (50 mm Tris-HCl
pH7.5,150 mM NacCl, 1 mm EDTA and protease inhibitor cocktail)
for 15 min on ice and centrifuged for 10 min at 10000 rpm
at 4°C to obtain clear cell lysates. For protein extraction from
tissues, tissues were homogenized in RIPA buffer supplied with
cocktail protease inhibitors (#A32955, Thermo Scientific) and
phosphatase inhibitors (#5870, Cell Signaling Tech, Danvers, MA)
(20 mm Tris-HCI, pH 7.5; 150 mM NaCl; 1 mMm EDTA, 0.5 EGTA;



1% Sodium deoxycholate; 1% Triton-X-100 and 0.1% SDS). Tissue
lysates were sonicated 6-7x at 8 amplitude for 10 s each time,
with 2 min intervals between 2 consecutive pulses, followed
by centrifugation 2x at 13000 rpm for 10 min at 4°C. Protein
concentrations were measured by the Bradford assay method.

Antibodies

The antibodies used in this study were as follows: polyclonal
anti-TDP-43 (ProteinTech, Rosemont, IL, 10782-2-AP), FLAG
M2 (Sigma, A8592, F1804), pSer1981-ATM (Abcam, United
Kingdom, ab81292-100), phospho-H2AX (Cell Signaling, 9718s),
ATM (Abcam, ab32420), phospho-53BP1 (Cell Signaling, 2675),
phospho-di-TDP-43 (Sigma, SAB4200225), Apoptosis Cock-
tail (pro/pl7-caspase 3, cleaved-PARP, muscle actin) (Abcam,
ab136812), Glyceraldehyde phosphate dehydrogenase (GAPDH)
(ProteinTech, 6004-1-1G), Amersham ECL rabbit IgG HRP-linked
(GE Healthcare Life Sciences, Chicago, IL, NA934), Amersham
ECL mouse IgG HRP-linked (GE Healthcare Life Sciences, NA931),
Anti-Mouse IgG Texas Red-X conjugate (Thermo Scientific, T-
862) and Anti-Rabbit IgG Alexa Fluor® 488 conjugate (Thermo
Scientific, A-11008).

Immunoblotting

Proteins were separated on a NuPAGE 4-12% Bis-Tris Gel
(#NP0335, Novex), and gel electrophoresis were carried out
in 1x NuPAGE running buffer (#NP0002-02, Novex). Proteins
were electrotransferred onto a 0.45 pm pore size nitrocellulose
membrane (#1620115, Bio-Rad) in 1x NuPAGE transfer buffer
(#NP0006-1, Novex). After protein transfer, membranes were
blocked in 5% skimmed milk (Millipore, Burlington, MA) solution
in 1% Tris-Buffered saline with Tween-20 buffer (TBST) (#IBB-
775, Boston BioProducts, Ashland, MA). Membranes were
immunoblotted with appropriate primary and secondary
antibodies in 1% skimmed milk and washed three times with
1% TBST.

Co-IP

Endogenous ubiquitin co-IP was performed using Protein A/G
PLUS agarose beads (#sc-2003, Santa Cruz Biotechnology, Dallas,
TX). Cells were harvested and lysed with whole-cell lysis buffer
(0.2% NP-40, 150 mm NaCl, 50 mm Tris-HCI pH 7.5, 1 mm EDTA
and protease inhibitor). Protein A/G beads were incubated with
the appropriate primary antibody for 30 min at 4°C. Lysate was
pre-cleared with 1 pgIgG/mg of total protein and incubated with
A/Gbeads at4°C for 30 min. The supernatant was incubated with
the antibody-bound beads overnight at 4°C. After washing, the
protein complex was eluted from the beads with 2x LDS sample
buffer (#NP0008, Novex).

For FLAG co-IP, cells were harvested and lysed as previously
described. Lysate was incubated with FLAG-M2 agarose beads
(#M8823, Sigma) overnight at 4°C. After three washes with Tris-
buffered saline (TBS), the protein complex was eluted from the
beads as before.

IF Microscopy

Conditionally expressing WT TDP-43 and TDP-43 Q331K mutant
SH-SYSY cell lines were cultured in 8-well chamber slides (Mil-
licell EZ slides, Millipore), fixed in 4% paraformaldehyde in 1x
PBS for 20 min and permeabilized with 0.2% Tween-20 in PBS for
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20 min at room temperature. Blocking was performed with 3%
BSA solution in 1x PBS for 30 min at room temperature. Prob-
ing was done by incubating with appropriate primary antibody
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
three times and counterstained with DAPI. For Figure 2D and 3D,
slides were incubated with the cytoplasmic marker Phalloidin
(2:100 in PBS, Life Technologies, Carlsbad, CA, A22282) for 25 min
at room temperature before washing. Images were captured
using an AXIO Observer inverted microscope (Carl Zeiss, Ger-
many). The 2.5-dimensional images showed in Figures 3C and
9A and B were created by ZEN 2.3 software (Carl Zeiss Microscopy
GmbH). Angle X: 53. Angle Y: 41. Z Scaling: 1.

PLA

In cellulo protein-protein association was analyzed using PLA
(Duolink) according to the manufacturer’s instructions. PLA is an
antibody-based method that detects molecules in close proxim-
ity (approximately 16 nm) and is a standard experiment used in
our lab (40). SH-SY5Y cells were cultured in 8-well chamber slides
(Millicell EZ slides, Millipore), fixed in 4% paraformaldehyde in
PBS for 20 min and permeabilized with 0.2% Tween-20 in PBS for
20 min at room temperature before overnight incubation with
primary antibodies. Secondary antibody probing and subsequent
proximity ligation signal amplification were performed accord-
ing to the manufacturer’s protocol. Images were analyzed using
an AXIO Observer inverted microscope (Carl Zeiss).

MTT assay

Conditionally expressing WT TDP-43 and TDP-43 Q331K mutant
SH-SYSY cell lines were seeded in a 96-well ELISA plate (Corn-
ing, NY) in triplicate. After 4 days of induction with 10 pg/mL
Dox, MTT assay (#4890-25-K, Trevigen, Gaithersburg, MD) was
performed following the manufacturer’s protocol. In summary,
10 pl of MTT reagent was added to each well and incubated for
2-4 h until the purple dye was visible, then 100 pl of detergent
reagent was added. After 2-4 h of incubation, the absorbance at
570 nm was measured using a microplate reader (Bio-Rad, 680
XR).

Single-cell gel electrophoresis (comet) assay

Alkaline and neutral Comet assays were performed in differen-
tiated SH-SY5Y cells after 4 days of induction with 10 pg/mL
Dox, according to the manufacturer’s protocol (Trevigen). Briefly,
SH-SYSY cells were mixed with low-melt agarose (#4250-050-
02, Trevigen) and placed in Comet Assay Slides (#4250-050-03,
Trevigen). Agarose-embedded cells were lysed with lysis solution
(#4250-010-01, Trevigen) in a coupling jar overnight at 4°C, fol-
lowed by incubation in the recommended freshly prepared alka-
line buffer. Comet assay slides were subjected to electrophoresis
at 21 V for 30 min at 4°C, whereas for the neutral comet assay,
the slides were subjected to electrophoresis at 21 V for 45 min at
4°C, followed by 70% ethanol fixation and staining with SYBR®
Green. Images were analyzed using an AXIO Observer inverted
fluorescence microscope (Carl Zeiss).

TUNEL staining

Apoptotic cells in adherent condition were detected using the in
situ BrdU-Red DNA Fragmentation (TUNEL) Assay kit (#ab66110,
Abcam) following the manufacturer’s protocol. Briefly, cells were
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Table 1. List of primers used for LA-PCR analysis and their sequence

Gene target Primer pair

5/-TGGGAT TACACGTGTGAACCAACC-3’
5/-GCTCTACCCTGTCCTCTACCGTCC-3’
5/-CAT GTC ACC ACT GGA CTC TGC AC-3'
5/-CCT GGA GTA GGA ACA AAA ATT GCT G-3/
5/-CTCCGGAATGGTAGTCTGAGAA GAA-3/
5-ATTTAGGGCAGGCACAAGATGG-3/
5/-TCTGTGGCCTCACCCTATGA-3’
5/-CAGACCTGTGGCAGGTATTGAA-3'

HPRT (10.4 kb)
Polp (12.2 kb)

NANOG (8.6 kb)

0CT ¥ (10.1kb)

fixed in 4% paraformaldehyde and washed with washing buffer
supplied with the kit. DNA labeling solution and anti-BrdU-
Red antibody were incubated for 1 h at 37°C under humidified
conditions and washed three times with ddH,0. Cells were
counterstained with DAPI and images were analyzed using an
AXIO Observer inverted fluorescence microscope (Carl Zeiss).

Quantitation of DNA strand breaks by LA-PCR assay

Genomic DNA was isolated from SH-SY5Y cells using the Qia-
gen Blood and Tissue kit (#69504, Qiagen, Germany), and DNA
was quantified using a nanodrop spectrophotometer (DeNovix
DS-11). To estimate the accumulation of strand breaks using
LongAmp Taq DNA polymerase (#M0323, New England Biolabs),
four distinct gene segments (10-12kb) of genomic DNA were
amplified using appropriate primer pairs (Table 1).

To ensure the linearity of PCR amplification with respect
to the number of cycles and DNA concentration, preliminary
standardization was carried out (19,41). As a control, a shorter
fragment (~200 bp length) was also amplified using suitable
primers (forward: 5'-TGCTCGAGATGTGATGAAGG-3'; reverse: 5'-
CTGCATTGTTTTGCCAGTGT-3') (42). PCR products were sepa-
rated on a suitable agarose gel and visualized using the Gel Logic
2200 imaging system (Kodak, Rochester, NY).

IHC of human tissues

Paraffin-embedded sections were deparaffinized and rehydrated
by subsequent xylene immersions in different dilutions followed
by ethanol and rinsing with water for 5 min. Slides were boiled
in 10 mM sodium citrate buffer for 10 min and cooled for 20 min.
A 3% hydrogen peroxide solution in methanol was used to
quench endogenous peroxidase for 10 min at room temperature.
Sections were rinsed three times in ddH,0 and TBST for 5 min
each time. Sections were perfused in 0.2% TritonX-100 in PBS
and blocked in horse serum for 30 min at room temperature.
Primary antibodies were diluted in Dako antibody diluent for 1 h
at room temperature. Sections were incubated for 30 min with
peroxidase-coupled secondary antibody at room temperature
and washed three times before developing in the DAB-substrate
chromogen. Sections were counterstained with hematoxylin for
30-60s. Then, sections were dehydrated with ethanol and xylene
before the slides were mounted with coverslips.

In vitro protein-protein interaction by His-affinity
co-elution

In vitro His-affinity pulldown assay was carried as previously
described (43). Briefly, purified XRCC4/Lig4 complex (100 pmole)
was purified with His-tagged TDP-43 and His-tagged Q331K (40

pmole) pre-bound to HisPur magnetic nickel-nitrilotriacetic acid
beads (Thermo Fisher). After 1 h of incubation at 4°C with con-
tinuous rotation in buffer containing 1x TBS, 5% BSA and 10%
glycerol, beads were washed with TBS containing 0.1% Triton X-
100 and 300 mm NaCl. Bound protein was eluted with SDS sample
dye and subjected to western blot analysis.

DNA nick-ligation assay

DNA-ligation assay was performed via an endogenous XRRC4
IP elution using the stably expressing FLAG TDP-43 and FLAG
Q331K cell line. For the rescue assay, endogenous XRRC4 IP from
SHSY-5Y cell line was incubated with 100 fmole of purified
TDP-43 and Q331K, respectively. Briefly, oligos for the nicked
duplex DNA substrate were custom-synthesized by Sigma,
as follows: p24-5-Cy3-GGCACGGTCTACACGGCACACGAG-3,
p27-5-TGTACATGATACGATTCCAAGCTAAGC-3' and p51-5'-CCG
TGCCAGATGTGCCGTGTGCTCACATGTACTATGCTAAGGTTCGATT
CG-3'.

Following the annealing of 10 pmol of each oligomer with
50 mM NacCl in boiling water, annealed oligomers were mixed
with IP products with or without recombinant TDP-43 and
recombinant Q331K 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 onto a denaturing urea polyacrylamide gel
for electrophoresis. The band was detected by Typhoon FLA 7000
(GE Healthcare) for ligation kinetic analysis.

Statistical analysis

GraphPad Prism 6 or Microsoft Excel software was used for data
analysis. Comparisons of groups were generated with two-way
analysis of variance or Student’s t-test. P-values are indicated in
the associated figure legends.
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