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ABSTRACT

Chronic low levels of survival motor neuron (SMN)
protein cause spinal muscular atrophy (SMA). SMN is
ubiquitously expressed, but the mechanisms under-
lying predominant neuron degeneration in SMA are
poorly understood. We report that chronic low levels
of SMN cause Senataxin (SETX)-deficiency, which re-
sults in increased RNA-DNA hybrids (R-loops) and
DNA double-strand breaks (DSBs), and deficiency of
DNA-activated protein kinase-catalytic subunit (DNA-
PKcs), which impairs DSB repair. Consequently, DNA
damage accumulates in patient cells, SMA mice neu-
rons and patient spinal cord tissues. In dividing cells,
DSBs are repaired by homologous recombination
(HR) and non-homologous end joining (NHEJ) path-
ways, but neurons predominantly use NHEJ, which
relies on DNA-PKcs activity. In SMA dividing cells, HR
repairs DSBs and supports cellular proliferation. In
SMA neurons, DNA-PKcs-deficiency causes defects
in NHEJ-mediated repair leading to DNA damage ac-
cumulation and neurodegeneration. Restoration of
SMN levels rescues SETX and DNA-PKcs deficien-
cies and DSB accumulation in SMA neurons and pa-
tient cells. Moreover, SETX overexpression in SMA
neurons reduces R-loops and DNA damage, and res-
cues neurodegeneration. Our findings identify com-
bined deficiency of SETX and DNA-PKcs stemming
downstream of SMN as an underlying cause of DSBs
accumulation, genomic instability and neurodegen-

eration in SMA and suggest SETX as a potential ther-
apeutic target for SMA.

INTRODUCTION

Spinal muscular atrophy (SMA) is the leading neurode-
generative disease of the early childhood mortality and is
caused by mutation or deletion of the survival of motor neu-
ron 1 (SMNI) gene (1). In humans, another copy SMN2,
similar to SMNI, undergoes alternative splicing due to a
point mutation resulting in a majority of transcript lack-
ing the last coding exon (exon 7) and encoding a truncated
protein, SMNA7 (2). However, SMN2 also produces ~10-
20% full-length SMN protein. The low levels of SMN how-
ever are insufficient and cause manifestation of SMA in hu-
mans carrying the homozygous SMNI mutation. Chronic
low levels of SMN cause motor neuron degeneration, which
leads to muscle atrophy, symmetric limb paralysis and death
in SMA.

SMN is a ubiquitously expressed protein and is essen-
tial for cell viability. Since the discovery of the SMNI
gene over 20 years ago, it has remained enigmatic why
deficiency of a ubiquitous protein causes a neurological
disease (3,4). Molecular events stemming downstream of
SMN-deficiency that lead to predominant neuron degen-
eration in SMA are largely unknown. However, some re-
ports have provided insight into the degenerative and cell
death pathways, including Rho/ROCK (5), Ubiquitin (6)
and the JNK (7) signaling pathways, that are activated by
SMN-deficiency and mediate neuronal cell death in SMA
(8). However, these signaling pathways are known to oper-
ate at the inflection point between cell death and survival
and are downstream of primary biochemical defects caused
by the loss-of-function of SMN. One outstanding question
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in SMA pathogenesis is why spinal cord motor neurons pre-
dominantly degenerate due to deficiency of a ubiquitous
protein, SMN. It has been shown that SMN plays a criti-
cal function in the assembly of spliceosomal small nuclear
ribonucleo proteins (snRNPs), and SMN deficiency causes
splicing defects (9). Studies have tried to identify neuron-
specific molecular targets that might contribute to neurode-
generation but failed to identify any specific targets that
could justify selective degeneration of neurons in SMA (10).
However, downregulation of genes associated with synap-
togenesis, AGRIN and ETVI, and of several genes associ-
ated with the activation of unfolded protein response path-
way that mediates endoplasmic reticulum stress, including
DNAJCI0, is caused by defects in splicing in different tis-
sues and cell types, including spinal cord motor neurons;
these defects may contribute to neurodegeneration in SMA
(11-13). Recent study identified the SMN-ZPR1-HoxAS5
axis, in which ZPR1 transcriptionally regulates HoxAS lev-
els (14). This axis is downregulated in SMA and results in
phrenic motor neuron degeneration, leading to respiratory
failure in SMA mice (14). These studies provided important
insight into possible mechanisms that may mediate neu-
rodegeneration and SMN functions in diverse cellular pro-
cesses, including critical role of SMN in splicing and mRNA
biogenesis (15).

In the current study, we tested the hypothesis that the de-
ficiency of a ubiquitous protein, SMN, may cause a com-
mon biochemical defect in all cell types, but which might
specifically affect a neuron-specific process, leading to selec-
tive degeneration of motor neurons in SMA. We examined
the molecular defects caused by (i) acute SMN-deficiency
(knockdown) in dividing normal (non-SMA) cells and (ii)
chronic SMN-deficiency (SMA) in SMA patient dividing
cells (primary fibroblast) and terminally differentiated cells
(spinal cord neurons) derived from SMA mice. In addi-
tion, we have examined spinal cord tissues from SMA
mice and severe SMA type I patients. We show that SMN-
deficiency causes DNA double-strand breaks (DSBs) and
activation of the DNA damage response (DDR) path-
ways. We uncover that Senataxin (SETX), which is re-
quired for resolving RNA-DNA hybrids (R-loops), colo-
calize with SMN in sub-nuclear bodies and acute (knock-
down) and chronic (SMA) SMN-deficiencies cause down-
regulation of SETX and accumulation of R-loops. In nor-
mal (non-SMA) dividing cells, SMN-deficiency results in
activation of DNA repair mechanisms, homologous recom-
bination (HR) that is dependent on the activation of ataxia-
telangiectasia mutated (ATM) and ataxia-telangiectasia
and Rad3-related (ATR) kinases and breast cancer type 1
susceptibility protein (BRCA1) (16), and non-homologous
end joining (NHEJ) that requires DNA-activated protein
kinase catalytic subunit (DNA-PKcs) activity (17). We
found that chronic low levels of SMN also cause defi-
ciency of DNA-PKcs in dividing SMA patient cells and
non-dividing SMA neurons. In SMA patient dividing cells,
HR (ATM/BRCAL1) is activated for DSB repair, but NHEJ
is impaired due to the lack of DNA-PKcs activity. How-
ever, DSB repair by HR enables SMA patient cells to di-
vide and proliferate. Analysis of spinal cord neurons and
spinal cord tissues from SMA mice and patients show
marked reduction in SETX and DNA-PKcs and activa-
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tion of DNA damage pathway. Notably, defects identi-
fied in SMN-deficient cells, SETX-deficiency, DNA-PKcs-
deficiency, R-loops and DNA damage accumulation were
rescued by restoring SMN levels in SMA patient cells and
spinal cord neurons. Furthermore, SETX overexpression
reduces R-loops and DNA damage accumulation, and res-
cues degeneration of SMA mice spinal cord neurons. Be-
cause neurons predominantly use NHEJ for DSBs repair
(18), our data support a model in which combined defi-
ciency of SETX and DNA-PKcs-deficiency leads to ele-
vated levels of R-loops and DSB formation, and defects in
NHEJ-mediated DSBs repair result in DNA damage accu-
mulation, which may contribute to genomic instability and
predominant degeneration of motor neurons in SMA.

MATERIALS AND METHODS
Mice

The wild-type FVB/NJ and SMA carrier mice on FVB
background [Smn~/*; SMN2*/*; SMNA7'/*] (19), pur-
chased from the Jackson Laboratory, were bred to generate
non-SMA (normal) [Smn*/*; SMN2*/*; SMNA7*/*] and
SMA [Smn~/=; SMN2*/*; SMNA7*/*] littermates. Mice
(7-day-old) were euthanized to collect spinal cord tissues
for culturing motor neuron immunofluorescence (IF) analy-
sis and immunoblot (IB) analysis with average postmortem
interval <30 min. All experiments and procedures were ap-
proved and performed according to the guidelines and poli-
cies set by the Institutional Biosafety Committee. All an-
imals were housed in a facility accredited by the Associa-
tion for Assessment and Accreditation of Laboratory An-
imal Care (AAALAC). All animal experiments were ap-
proved by the Institutional Animal Care and Use Commit-
tee (IACUC) of the Texas Tech University Health Sciences
Center El Paso (TTUHSC EP). Animals were treated hu-
manely and euthanasia was performed using methods ap-
proved by the American Veterinary Medical Association
(AVMA).

SMA patient tissues

Human frozen spinal cord (lumbar region) tissues of (i) nor-
mal (non-SMA) control (GMO083), age 69 days, male, post-
mortem interval 27 h (cause of death asphyxia), (ii)) SMA
type I (GMO04583), age 77 days, male, postmortem inter-
val 4 h (cause of death pneumonia) and (iii) SMA type |
(GM04629), age 169 days, male, postmortem interval 3 h
(cause of death cardiopulmonary arrest) were received from
the NICHD Brain and Tissue Bank for Developmental Dis-
orders, Baltimore, MD 21201, USA (7). The Institutional
Review Board (IRB) of the TTUHSC EP approved the use
of human tissues.

SMA patient primary fibroblast

Primary fibroblast (dividing cells) derived from nor-
mal human (non-SMA), fibroblasts WI-38 (SMNI*/*)
and GMO03814 (SMNI—/"), and derived from patients
with Werdnig-Hoffman disease (SMA type I), fibroblasts
GMO03813 and GM09677 (SMNI~/~), were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
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15% fetal bovine serum (FBS), 2 mM L-glutamine, 100
units/ml penicillin, 100 pwg/ml streptomycin (20). Cells were
maintained at 37°C in a humidified atmosphere contain-
ing 5% CO,. Cell lysates were prepared from cultured cells
using Triton lysis buffer (TLB) for IB analysis (21). Cells
were cultured on glass coverslips (1 x 10° cells/well) in 6-
well plates, transfected with pCMV/mycSMN plasmid (1
pg/well) using Lipofectamine®2000 transfection reagent
according to the manufacturer’s protocol. Cells were in-
fected with Ad-h-SETX (Vector Biolabs) at 200 MOI.
Cells were harvested for IB analysis or fixed at 48 h post-
transfection or infection and processed for IF analysis (20).

Knockdown of SMIN in non-SMA cells by RNAi

Human HeLa and WI-38 (non SMA) cells were cul-
tured in MEM/EBSS supplemented with 10% FBS, 2 mM
L-glutamine, 100 units/ml penicillin, 100 pg/ml strep-
tomycin and 1 mM sodium pyruvate. Cells were main-
tained at 37°C in a humidified atmosphere containing 5%
CO,. Cells (1 x 10° cells/well) were plated on to a 6-
well plate with glass coverslips. Cells were then transfected
with 100 nM SMART pool human SMNI siRNA (M-
011108-02-0050) or scramble siRNA (Dharmacon) using
Lipofectamine®2000. To establish the specificity siRNA,
we tested a single siRNA oligo against human SM NI from
the SMART pool, 5-GAGCAAAAUCUGUCCGAUC-3¥
(D-011108-23) (siSMN-D23). Cells were harvested 30 h
post-transfection and examined by IB and IF analysis (21).

DNA damage analysis

Southern blot analysis. Genomic DNA from cells was ex-
tracted using the DNA easy kit according to the manu-
facturer’s instruction and treated with RNase A. Extracted
DNA (500 ng) was biotin labeled at the 3’-OH end using the
Biotin 3’-end DNA Labeling Kit (Thermofisher Scientific).
Biotin-labeled DNA was separated on 0.8% agarose gel and
transferred overnight to Zeta-Probe GT membrane (Bio-
Rad) by capillary action. DNA on the membrane was UV
cross-linked using Spectrolinker XL-1500 UV crosslinker
(Spectronics Corporation). Biotin-labeled DNA was de-
tected using chemiluminescent nucleic acid detection kit
(Thermofisher Scientific). Chemiluminescent signal was ex-
amined by LAS 4000 biomolecular imager and analyzed us-
ing ImageQuant™ software (GE Healthcare Life Sciences).

TUNEL assay. Cells were fixed with 4% paraformalde-
hyde (PFA), permeabilized with 0.25% Triton-X100 for
20 min and labeled with EQUTP and terminal deoxynu-
cleotidyl transferase (TdT) to detect DNA breaks using
Click-iT TUNEL Alexa-594 kit (ThermoFisher Scientific)
according to the manufacturer’s instruction. After EQUTP
labeling, cells were stained for SMN using mouse anti-
SMN antibody followed by Alexa488-conjugated goat anti-
mouse [gG. Coverslips were processed for IF analysis.

Primary spinal cord motor neurons

Mouse spinal cord explants from 7-day-old normal and
SMA mice were cultured in vitro for 12-14 days in

8-well chamber microscope slides, coated with poly-D-
lysine/laminin using neurobasal medium supplemented
with B-27, 700 mM Glucose, 2 mM L-glutamine, 2.5 mM
KCIl and 1x penicillin/streptomycin with some modifi-
cations as described previously (7,22). Half of the cul-
ture medium was replaced with freshly made neurobasal
medium every 48 h. The identity and morphology of the
spinal cord motor neurons and glial cells were estab-
lished by staining with specific markers, including choline
acetyl transferase (ChAT) and homeobox containing pro-
tein HIxb9 (Hb9) (7,22). Neurons were fixed with 4% PFA
and processed for examination by IF analysis. For res-
cue experiments, cultured neurons were infected with Ad-
GFP and Ad-GFP-SMNI1 (SignaGen laboratories) or Ad-
h-SETX (Vector Biolabs) at 100 MOI in a volume of 200
wl/well of 8-well chamber and 400 wl of medium added
after 4 h incubation and medium was replaced after 12 h.
Neurons were either fixed (4% PFA) or harvested for pro-
tein extraction at 48 h post-infection for IF and IB analysis,
respectively.

Immunoblot analysis

Protein extracts for conventional IB analysis were pre-
pared from cells transfected with siSMN, mouse tissues
and human SMA patient tissues using TLB (20 mM Tris—
HCI, pH 7.4, 137 mM NaCl, 1% Triton-X100, 2 mM
ethylenediaminetetraacetic acid, 10% glycerol, 25 mM B-
glycerophosphate, pH 7.4, 2 mM sodium pyrophosphate)
with following added freshly 1 mM sodium orthovanadate,
I mM phenylmethylsulfonyl fluoride (PMSF), 1 x protease
inhibitor cocktail (Sigma-Aldrich) (23). Protein concentra-
tion was measured using Coomassie (Bradford) protein as-
say. Cell and tissue lysates from normal human and SMA
patient dividing cells, normal (non-SMA) and SMA mouse
tissues and normal (non-SMA) human and SMA patient
spinal cord tissues were prepared and diluted to protein
concentration of 0.2 mg/ml using sample preparation kit
(Protein Simple) for automated capillary western blot sys-
tem, WES System (Protein Simple), which utilizes capillary-
based electrophoretic separation and detection of proteins.
Mouse spinal cord, tissues were isolated from 7-day-old
non-SMA and SMA mice. Cell or tissue extracts with equal
protein concentration were mixed with 0.1x sample buffer
and 5x fluorescent master mix. The protein samples and the
biotinylated ladder were denatured by heating at 95°C for 5
min. Protein samples, biotinylated ladder, primary antibod-
ies (diluted 1:100 with antibody diluent), horseradish per-
oxidase (HRP)-conjugated secondary antibodies, chemilu-
minescence substrate and wash buffer were dispensed into
respective wells of the assay plate and placed in Wes equip-
ment. Signal intensity (area) of the protein was normalized
to the peak area of loading control B-actin or a-tubulin.
Quantitative analysis was performed using Compass soft-
ware (Protein Simple) and statistical analysis of data was
performed as described in below in ‘Statistical Analysis’ sec-
tion.

The following primary phospho and non-phospho
antibodies were used for IB analysis, SMN (610647, BD
Biosciences), yH2AX (pSer 139) (NB100-79967), H2AX
(NBP2-27428) and CHKI1 (NB100-1768) from Novus



Biologicals, ATM and p-CHKI1 (Ser345) (2348) from
Cell Signaling, B-actin (A5316) and «-tubulin (T8203)
from Sigma-Aldrich, CHK2 (AFFN-CHEK2-17D2)
deposited to DHSB by EU Program Affinomics), p-CHK2
(Thr68) (bs-3721R, Bioss Antibodies), p-BRCA1 (Ser1423)
(ab90528), p-DNAPKcs (Ser2056) (ab18192), total-
DNAPKcs (ab53701) and p-ATM (Ser1981) (ab81292)
from Abcam, p-ATR (Ser 428) (sc-109912), BRCA1 (sc-
642) (SantaCruz Biotech), ATR (ab-428) (Genescript) and
SETX (#ab220827, Abcam).

Real-time quantitative PCR analysis

Total RNA was isolated from cultured (i) HeLa cells
that were untransfected (Control) or transfected with
siRNA 100 nM) against SMNI or scrambled siRNA
sequence (Scramble) and incubated for 30 h and (ii) normal
(non-SMA) dividing human cells, WI-38 and GM03814,
and SMA patient cells, GM03813 and GM09677 (SMA)
using RNase Mini Kit (Qiagen). Total RNA (100 ng)
per sample was reverse-transcribed using SuperScript
VILO Kit (Invitrogen). We used SYBR Green PCR Mas-
ter Mix (Applied Biosystems) for real-time quantitative
polymerase chain reaction (RT-qPCR) analysis. The
relative mRNA expression levels were calculated using
log2=2ACT method (14). The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene was used as a positive
control. The primer sequences were as follows: GAPDH
primers: forward, 5- ATAGGCGAGATCCCTCCAA-
3’; reverse, 5- TGAAGACGCCAGTGGAC-3, SETX
primers, forward 5-CTTCATCCTCGGACATTTGAG-
3. and reverse 5-TTAATAATGGCACCACGCTTC-
3 (24) and DNA-PKcs primers, forward 5-
CATCCAGAGTAGCGAATACTTCC-3', reverse 5'-
TTGTTTCGCAACCAGTTCAC-3 (25).

Immunofluorescence analysis

Cells cultured on glass coverslips were washed with
phosphate-buffered saline (PBS) and fixed in pre-chilled
methanol (—20°C) for 5 min followed by 2 min in pre-chilled
acetone (—20°C) at —20°C (20). Cells were also fixed with
4% PFA as described in individual experimental sections.
PFA fixed cells were washed with PBS, permeabilized by in-
cubation with 0.1% Triton-X100 for 5 min and washed 3 x
with PBS. Cells were blocked with 3% BSA in PBS with
0.5% Tween 20 (PBS-T) for 30 min at room temperature
(22). Dividing cells were double labeled by sequential incu-
bation with primary antibody against SMN for 1 h, washed
3x with PBS-T for 5 min and incubated with secondary an-
tibody Alexa488-conjugated anti-mouse IgG, washed 3x
with PBS-T for 5 min and followed by staining with sec-
ond primary antibody against either one of the markers for
nuclear bodies, p80 Coilin (#NBP2-15939, Novus Biologi-
cals), LSM11 (#NBP1-81938, Novus Biologicals) and PML
(#PMO001, MBL) or DDR markers, yH2AX (#ab26350,
Abcam), 53BP1 (#4937, Cell Signaling), p-ATM, p-ATR,
p-CHKI1, p-CHK2, p-DNAPKcs, p-BRCA1 or RNA-
DNA hybrid (Clone #59.6) (#ENHO001, Kerafast) or SETX
(#ab220827) or RNA Pol II (#ab210527), RNA heli-
case A (RHA) (#ab26271) and p-RPA32/RPA2 (Thr2l)
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(#ab109394) from Abcam, for 1 h, washed 3x with PBS-
T for 5 min, incubated with secondary antibody Alexa594-
conjugated anti-rabbit IgG, washed 3x with PBS-T for 5
min. For ribonuclease H (RNase H) enzyme treatment, con-
trol and siSMN transfected cells were extracted with CSK
buffer containing 0.1% Triton X-100 for 5 min followed by
washing with CSK buffer without Triton-X100. Cells were
incubated in RNase H digestion buffer (20 mM HEPES, pH
8.0, 50 mM KCI, 4 mM MgCl,, 1| mM 1, 4-dithiothreitol
(DTT), 50 pwg/ml BSA, ~10U RNase H/ml) for 20 min at
37°C (26). After RNAse H treatment cells were washed with
PBS and fixed in 4% PFA and double stained for SMN and
coilin. Processed coverslips were mounted on microscope
slides with Vectashield mounting medium containing DAPI
and edges sealed with a coat of clear nail polish.

PFA fixed primary spinal cord motor neurons were
washed with PBS, permeabilized with 0.1% Triton-X100 for
5 min, washed 3 x with PBS-T for 5 min, blocked with 3%
BSA in PBS-T for 30 min and double labeled using sequen-
tial incubation with primary antibody against either one
of the DDR markers, yH2AX, 53BP1, p-ATM, p-ATR,
p-CHK1, p-DNAPKcs, p-BRCA1 or RNA-DNA hybrid
(S9.6) or RHA or SETX for 1 h, washed 3x with PBS-T
for 5 min, incubated with secondary antibody Alexa488-
conjugated anti-rabbit IgG, washed 3x with PBS-T for
5 min and followed by staining with second primary an-
tibody anti-B-tubulin class-III neuron-specific antibody
(clone TUJ1, #MAB1195, R & D Systems), washed 3x
with PBS-T for 5 min, incubated Alexa594-conjugated anti-
mouse IgG secondary antibody and washed 3x with PBS-
T for 5 min (7). Immunofluorescence of stained cells was
examined using confocal laser scanning microscope (Leica-
TCS-SP5 equipped with AOBS and UV (405 nm), IR (633
nm) and Visible range lasers). Quantification of IF of R-
loop accumulation in the nucleus of dividing cells and mo-
tor neurons was performed using NIH ImageJ software.

Statistical analysis

The quantitative data is presented as mean =+ s.e.m. Statisti-
cal analysis performed using either one-way analysis of vari-
ance (ANOVA) or Student’s ¢-test (unpaired) with Graph-
Pad Prism (version 5.0d). The value P = 0.05 or less was
considered significant. In all experiments with mice, ‘%’ rep-
resents the number of mice used per group and in experi-
ments with tissues or cells ‘%’ represents the number of times
experiment was performed. A minimum of » = 3 mice or
number of times experiment performed was used in all the
experiments, unless otherwise specified in an experiment.

RESULTS

SMN deficiency causes DSBs and DDR activation in dividing
non-SMA cells

To address the main question of why neurons selectively
degenerate in SMA, we examined the effects of SMN-
deficiency in normal (non-SMA) dividing human cells, fol-
lowed by analysis of dividing cells derived from SMA pa-
tients, spinal cord neurons (non-dividing cells) derived from
SMA mice and spinal cord tissues from SMA mice and pa-
tients.
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We began by examining the effects of acute (knockdown)
and chronic (SMA) SMN-deficiencies on DNA damage
and activation of DDR pathways. Using RNA interference
(RNAI), we examined the effect of SMN knockdown on the
integrity of genomic DNA. HeLa (non-SMA) cells treated
with small interfering RNA against SMN (siSMN) show
~80% reduction in SMN levels compared to control (mock-
treated) and cells treated with scrambled siRNA (Scram)
(Figure 1A). The specificity and efficiency of knockdown
of SMN was established by examining the effect of a sin-
gle oligonucleotide from the SMART siRNA pool. The sin-
gle siRNA nucleotide shows knockdown of SMN similar
to SMART pool (Supplementary Figure Sla). Analysis of
genomic DNA isolated from cells treated with two con-
centrations of siRNA show marked DNA fragmentation
suggesting that SMN-deficiency disrupts genomic DNA in-
tegrity (Figure 1B). Further, analysis of individual cells by
the TUNEL assay, using in situ labeling of open DSB ends
with EAUTP using terminal deoxynucleotidyl transferase,
revealed accumulation of DSBs in SMN-deficient cells (Fig-
ure 1C). These data suggest that acute SMN-deficiency
causes accumulation of DNA damage.

In normal cells, SMN is present in the cytoplasm and
in the nucleus where it accumulates in sub-nuclear bodies
(NBs), including gems and Cajal bodies (CBs) (20). The
function of sub-nuclear bodies, including CBs and promye-
locytic leukemia (PML) bodies, has been associated with
DNA damage and repair (27-29). To gain insight into the
correlation between DNA damage and cellular organiza-
tion of SMN+ nuclear bodies, we examined the effect of
knockdown of SMN on CBs and PML bodies. SMN colo-
calizes with marker proteins p80 coilin (CBs) and PML pro-
tein (PML) in control (mock-treated) and scramble oligo
treated cells (Figure 1D and E, Control)). Knockdown of
SMN with RNAI (siSMN) in HeLa cells results in disrup-
tion of SMN-containing CBs (Figure 1D) that causes mis-
localization and redistribution of coilin in the nucleoplasm.
Moreover, SMN-deficiency causes reduction in the size of
PML bodies, possibly due to disintegration of normal PML
bodies into smaller sub-nuclear foci (Figure 1E). Quantita-
tive analysis of PML bodies show a decrease in the aver-
age size (from 0.55 4+ 0.013 to 0.32 + 0.001 microns, P =
0.000) and number of sub-nuclear bodies in SMN-deficient
cells (Figure 1F). These data suggest that the disruption of
SMN* NBs correlates with DNA damage accumulation in
SMN-deficient cells.

Analysis of DNA damage markers shows that SMN de-
ficiency results in increased phosphorylation of the his-
tone variant H2AX (yH2AX, phospho-H2AX, a marker
for DSBs) (30) (Figure 2A and Supplementary Figure S2a,
low magnification images), ATM kinase (p-ATM), a DNA
damage sensor kinase that phosphorylates H2AX (Figure
2B) and DNA damage checkpoint kinase 2 (CHK?2), re-
quired for cell cycle arrest upon DNA damage, in particular
DSBs (Figure 2C). These data suggest that SMN deficiency
causes DSB accumulation and activation of DNA damage
checkpoints. Further, we examined the activation of mark-
ers of HR and NHEJ DNA repair pathways. In addition
to increased phosphorylation of ATM (p-ATM), usually
induced by DSB detection by the MRE11-RAD50-NBS1
complex (31), SMN-deficient cells show increased BRCA1

phosphorylation (p-BRCA1) (Figure 2D) and accumula-
tion of 53BP1 in sub-nuclear foci (Figure 2E). These results
indicate that the repair of 53BP1-marked DSBs occurs in
part by a BRCA1-dependent HR pathway. For HR to initi-
ate, DSBs are resected to generate single stranded (ss) DNA
ends. Indeed, SMN-deficient cells showed increased phos-
phorylation also of the ATR kinase (Figure 2F), which re-
sponds to ssDNA and is activated following DSB process-
ing (31) and of the ATR-downstream kinase, CHK1 (Fig-
ure 2G) (32). However, increase in the phosphorylation of
DNA-PKcs in SMN-deficient cells (Figure 2H and Supple-
mentary Figure S2b, low magnification images), suggests
concomitant activation of DSB repair by NHEJ. Thus, both
HR and NHEJ pathways are activated by the DSBs formed
in response to SMN-deficiency.

Quantitative and statistical (one-way ANOVA) analysis
of IBs (Figure 21) shows that acute reduction of SMN lev-
els to 18.36 + 2.68% (P = 0.000) results in robust and
significant increase (~4- to 5-fold) in phosphorylation of
DNA damage markers, yH2AX, p-ATM, p-CHK2 and
DNA repair/DDR markers, p-ATR, p-CHK1, p-DNA-
PKcs and p-BRCA1 (Figure 2J). Analysis of correspond-
ing non-phospho-proteins in Control, siSMN and Scram-
ble samples normalized to tubulin did not show any sta-
tistical differences between control and SMN-deficient cells
(siSMN) suggesting that acute knockdown of SMN did not
cause change in expression at protein levels and resulted in
increase of phosphorylation (activation) of the DDR path-
way markers (Figure 2I). In addition to human HeLa (non-
SMA) cancer cell line, we also examined the effect of SMN
deficiency in normal human (non-SMA) fibroblast cells
(WI-38), obtaining similar results for all the above analyzed
markers (Supplementary Figure S3). The consistent results
on multiple DDR and DNA repair markers in the two an-
alyzed normal cell lines suggest that acute SMN-deficiency
causes DSB-related DNA damage that triggers activation
of DDR and DSB repair pathways, HR and NHEJ, in di-
viding non-SMA cells.

SMN-deficiency causes downregulation of SETX and accu-
mulation of R-loops

To further investigate the mechanism of DNA damage
caused by SMN-deficiency, we examined the effect of acute
SMN-deficiency on R-loop accumulation, one of the lead-
ing causes of genome instability associated with defects in
transcription (33,34). We examined the cellular localization
and levels of one of the key components, SETX, which
is required to resolve RNA-DNA hybrids (R-loops) (24).
Control cells show colocalization of SETX with SMN in
sub-nuclear foci [Figure 3A (HeLa) and F (WI-38)]. No-
tably, knockdown of SMN (siSMN) shows loss of SETX
containing nuclear bodies and reduced staining of SETX
in the nucleus, indicating decrease in SETX levels [Fig-
ure 3A (HeLa) and F (WI-38)]. Quantitative and statisti-
cal (one-way ANOVA) analysis of IBs show SETX pro-
tein levels markedly decreased to (41.42 + 4.79%, P =
0.0005) in SMN-deficient HeLa cells (Figure 3B and C)
and (37.18 £ 9.33%, P = 0.0038) in SMN-deficient WI-38
cells (Figure 3G and H) compared to control and scram-
ble (Scram) treated cells. Further, analysis of mRNA ex-
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Figure 1. Acute SMN deficiency (knockdown) causes DNA damage in non-SMA dividing cells. HeLa cells were untransfected (Control) or transfected
with siRNA (100 nM) against SM NI (siSMN) or scrambled siRNA sequence (Scramble) and incubated for 30 h. Cells were harvested to extract proteins
and genomic DNA and fixed for staining with antibodies for IF analysis. (A) IB analysis of SMN and B-actin proteins in Control, siSMN and Scramble-
treated cells. (B) Southern blot analysis of genomic DNA isolated from cells untransfected (Control) or transfected with siRNA, 100 nM (siSMN-1) and
200 nM (siSMN-2). Genomic DNA was isolated from Control and siRNA transfected cells (siSMN), 3/-end-labeled with biotin, separated by agarose
gel electrophoresis, blotted to Zeta probe blotting membrane and detected using streptavidin-HRP-conjugated chemiluminescence kit. (C) Control and
HeLa cells transfected with siRNA (siSMN) and scrambled siRNA (Scramble) were fixed and labeled with modified dUTP (EdU) nucleotide to detect
strand breaks by TUNEL staining (red) and SMN is stained in green. Acute SMN deficiency causes disruption of sub-nuclear bodies known to contribute
to genomic stability. (D) SMN (green) and coilin, marker of CB (red), (E) SMN (green) and PML, a marker of PML bodies (red). (F) Quantitation of
number and size of PML bodies in control and siSMN-treated cells (10 cells/group). The average size of PML bodies in control is 0.55 £ 0.013 microns (»
= 250) and in siSMN-treated cells is 0.32 £ 0.001 microns (n = 220). Immunofluorescence of stained cells was examined by confocal microscopy. Nuclei

are stained with DAPI (blue). Scale bar is 10 pm.

pression using real-time quantitative PCR method shows
a decrease of ~24% (P = 0.000) in SETX transcript levels
in siSMN-treated cells compared to control and scrambled
treated cells (Supplementary Figure S4a), suggesting that
transcriptional downregulation contributes to reduced lev-
els of SETX in SMN-deficient cells.

To examine accumulation of R-loops in SMN-deficient
cells, we stained HeLa and WI-38 cells with an antibody
against RNA-DNA hybrids (S9.6). Control cells show pres-
ence of R-loops in the cytoplasm, which are known to be
associated with mitochondrial replication and transcrip-
tion (35), and low levels of R-loops in the nucleus [Figure
3D (HeLa) and I (WI-38)]. Knockdown of SMN (siSMN)

causes accumulation of R-loops in small foci in the nu-
cleus and large foci in the nucleolus, which may corre-
spond to R-loops generated by highly transcribed riboso-
mal DNA [Figure 3D (HeLa), Supplementary Figure S2¢
(low mag images) and Figure 31 (WI-38)] (36). Quantita-
tive and statistical (one-way ANOVA) analysis of nuclear
IF show marked increase in R-loops accumulation (5.55 +
0.68-fold, P = 0.0003) in SMN-deficient HeLa cells (Fig-
ure 3D and E) and (5.74 4 0.20-fold, P = 0.0001) in SMN-
deficient WI-38 cells (Figure 31 and J) compared to con-
trol cells. To test whether accumulated R-loops can be di-
gested with recombinant RNase H, we treated control and
transfected (siSMN) cells with permeabilization buffer (Fig-
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Figure 2. Acute SMN deficiency causes activation of DDR pathways in non-SMA dividing cells. HeLa cells were untransfected (Control) or transfected with
siRNA (100 nM) against SM NI (siSMN) or scrambled siRNA sequence (Scramble) and incubated for 30 h. Cells were fixed and stained with antibodies
against marker proteins of DDR pathways. Representative images are presented for double-labeled immunostainings: (A) SMN (green) and phospho-
H2AX (yH2AX) (red), (B) SMN (green) and phospho-ATM (p-ATM) (red), (C) SMN (green) and phospho-CHK?2 (p-CHK?2) (red), (D) SMN (green)
and phospho-BRCAI1 (p-BRCAL) (red), (E) SMN (green) and 53BP1 (red), (F) SMN (green) and phospho-ATR (p-ATR) (red), (G) SMN (green) and
phospho-CHK1 (p-CHK1) (red) and (H) SMN (green) and phospho-DNAPKGcs (red). Nuclei were stained with DAPI (blue). Immunofluorescence of
stained cells was examined by confocal microscopy. Scale bar is 10 wm. Data from knockdown of SMN in normal human WI-38 (non-SMA) dividing
cells is presented in Supplementary Figure S3. (I) IB analysis of protein extracts using automated capillary-based western blot system (ProteinSimple) to
determine average levels of activation of DDR markers. Representative capillary-IB images of proteins, using antibodies against phospho-proteins and
non-phospho-proteins are presented (full-length IBs are shown in Supplementary Figure S8). (J) Quantitative (mean =+ s.e.m., n = 3) and statistical analysis
(one-way analysis of variance, ANOVA) of relative levels of proteins normalized to a-tubulin show that the SMN knockdown with RNAi reduced SMN
levels to (18.36 £ 2.68%, P = 0.000) and causes increase in phosphorylation (in folds) of DDR markers as follows: yH2AX (4.74 + 0.37, P = 0.000),
p-ATM (4.77 £ 0.91, P = 0.003), p-BRCA1 (4.24 + 0.55, P = 0.000), p-CHK2 (4.55 £+ 0.22, P = 0.000), p-ATR (4.81 £ 0.41, P = 0.000), p-CHK (3.93
+ 0.34, P = 0.000) and p-DNAPKcs (4.28 + 0.34, P = 0.000) are presented as a bar graph. Analysis of levels of non-phospho-protein in control, siSMN
and Scramble samples normalized to tubulin did not show any statistical differences between control and SMN-deficient cells (siSMN). Marked increase
in levels of phospho-proteins that are components of DDR pathways show that the acute SMN-deficiency causes activation of DDR markers and DSB
repair pathways, HR and NHEJ, in dividing non-SMA human cells.
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Figure 3. Acute SMN deficiency causes downregulation of SETX and accumulation of RNA-DNA hybrids (R-loops) in non-SMA dividing human
cells. HeLa and WI-38 cells were untransfected (Control) or transfected with siRNA (100 nM) against SMNI (siSMN) or scrambled siRNA sequence
(Scramble) and incubated for 30 h. (A) Immunofluorescence analysis show that SMN (green) and SETX (red) colocalize in sub-nuclear foci of (Control,
arrowheads) HeLa cells and knockdown of SMN causes reduction in staining of SETX (red) and (B) IBs for SMN, SETX and Tubulin of cell lysates
prepared from Control and siSMN and Scramble (Scram)-treated HeLa cells, (C) quantitative (mean =+ s.e.m., n = 3) and statistical analysis (one-way
ANOVA) of HeLa cells show knockdown of SMN levels to (22.90 £ 6.71%, P = 0.0003) decreased SETX levels to (41.42 + 4.79%, P = 0.0005) compared
to control and scramble (Scram). (D) Accumulation of RNA-DNA hybrids (R-loops) in SMN-deficient cells. R-loops were detected by monoclonal
antibody (S9.6) against RNA-DNA hybrids (green). Coilin is a control stained in red. (E) Quantitative and statistical analysis (one-way ANOVA) of R-
loop accumulation in cells using IF images and ImagelJ software show cells treated with siRNA (siSMN) have increased R-loops 5.55 £+ 0.68-fold (P =
0.0003) accumulation compared to Control and Scramble-treated cells. (F) Colocalization of SMN (green) and SETX (red) in nub-nuclear foci of WI-38
cells (Control, arrowheads) and knockdown of SMN causes reduction in staining of SETX (red). (H) IBs for SMN, SETX and Tubulin of cell lysates
prepared from Control and siSMN and Scramble (Scram)-treated WI-38 cells, (I) quantitative (mean =+ s.e.m., » = 3) and statistical analysis (one-way
ANOVA) of WI-38 cells show knockdown of SMN levels to (31.87 £ 8.44%, P = 0.0008) decreased SETX levels to (37.18 &+ 9.33%, P = 0.0038) compared
to control and scramble (Scram). (G) Accumulation of R-loops (green) in SMN-deficient cells. (J) Quantitative and statistical analysis (one-way ANOVA)
of R-loop accumulation in cells using IF images and ImageJ software show cells treated with siRNA (siSMN) have increased R-loops 5.74 + 0.20-fold (P
= 0.0001) accumulation compared to Control and Scramble-treated cells. Digestion of R-loops with the RNase H enzyme, but not buffer alone, reduces
R-loop accumulation. R-loops nuclear levels were quantified from three cell culture replicates (30 cells each). Digestion of R-loops with the RNaseH
enzyme, but not buffer alone, reduces R-loop accumulation. Cells transfected with siRNA (siSMN) were permeabilized and treated with (K) buffer only
and (L) RNase H enzyme for 20 min, washed and fixed with 4% PFA. Cells were stained with antibodies and IF was examined by confocal microscopy;
R-loops (green) and coilin (red). Nuclei were stained with DAPI (blue). Scale bar is 10 wm. (Full-length blots are included in Supplementary Figure S9).

ure 3K) or buffer containing RNase H (Figure 3L). Con- Chronic low levels of SMIN cause SETX deficiency, R-loop
trol and siSMN transfected cells show that R-loops in con- accumulation and activation of DDR pathways in primary fi-
trol and SMN-deficient (siSMN) cells can be resolved by broblast (dividing cells) from severe SMA patients

digestion of RNA using exogenous RNase H (Figure 3L).
Together, these findings suggest that acute SMN-deficiency
causes down-regulation of SETX levels leading to accumu-
lation of R-loops that may contribute to DNA damage and
genome instability in SMN-deficient cells.

To test the relevance of defects caused by acute SMN-
deficiency in the context of SMA pathogenesis, we ex-
amined SMA patient-derived primary fibroblast (dividing
cells) that represent a pathophysiological state of chronic
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low levels of SMN. We used two control cell lines, WI-
38 (SMNI*/*) and GMO03814 (SMNI1~/*) derived from
one of the parents (carrier) heterozygous for SMNI~/*
(normal phenotype), and two patient cell lines GM03813
(SMN1~/7) and GM09677 (SMN1~/~) derived from se-
vere SMA type I patients that have SM N/ deletion (20). To
test whether chronic SMN-deficiency causes DNA damage,
we examined DNA damage accumulation in dividing SMA
patient cells, GM03813 and GM09677 using TUNEL as-
say. SMA patient cells show accumulation of DSBs com-
pared to normal cells (WI-38) suggesting that chronic low
levels of SMN cause DNA damage that is similar to the
DNA damage caused by acute deficiency of SMN in non-
SMA cells (Supplementary Figure S5 and Figure 1C). To
find the mechanism and cause of DNA damage, we exam-
ined SETX levels, accumulation of R-loops and activation
of DDR pathways in patient cells. Double staining of con-
trol human cells (Normal) with SMN and SETX show colo-
calization of SETX and SMN in nuclear bodies in WI-38
and GM3814 cells. No differences were detected between
WI-38 (SMNI*/*)and GM03814 (SMNI~/*) cells suggest-
ing that heterozygous SMNI~/" genotype did not affect
cellular phenotype, consistent with previous findings (20).
Comparison of nuclear staining of SETX (Figure 4A) of
SMA patient cells GM03813 and GM09677 with normal
WI-38 and GM03814 shows mislocalization and downreg-
ulation of SETX in SMA patient cells. Comparison of lev-
els of SMN, SETX, yH2AX, p-ATM, p-ATR, p-BRCAI,
p-DNA-PKcs and total DNA-PKcs between normal (non-
SMA) cells, WI-38 and GMO03814, did not show any sta-
tistically significant differences (Figure 4B and C), which
is consistent with IF analysis (Figure 4A, D, F-J). Aver-
age SETX protein levels in GM03813 and GM09677 cells
showed decrease (53.34 £+ 7.20%, P = 0.001) compared
to normal WI-38 and GM03814 cells (Figure 4B and C).
Analysis of mRNA expression also showed decrease of
~25% (P = 0.001) in SETX transcripts in SMA patient
cells GMO03813 and GM09677 compared to normal WI-
38 and GMO03814 cells (Supplementary Figure S4b), sug-
gesting that chronic SMN-deficiency causes transcriptional
downregulation of SETX similar to acute SMN-deficiency
(Supplementary Figure S4a) and contributes to reduced lev-
els of SETX protein in SMA patient cells. Next, we exam-
ined R-loop accumulation using the monoclonal antibody
(S9.6) against RNA-DNA hybrids, which revealed increase
in R-loops foci in the nucleus of patient cells compared to
normal cells (Figure 4D). Quantitative analysis of nuclear
IF shows increased nuclear R-loops in GM03813 (2.09 +
0.04-fold, P = 0.000) and GM9677 (2.01 £ 0.11-fold, P =
0.001) compared to normal cells (Figure 4E). These data
suggest that chronic SMN-deficiency also causes mislocal-
ization and >50% reduction in SETX levels and accumu-
lation of R-loops, but to a smaller extent (~2-fold) com-
pared to acute SMN-deficiency (~5-fold) with ~60% loss
of SETX.

Further, we examined activation of DDR markers in pa-
tient cells. Increased staining of yH2AX and its accumu-
lation in nuclear foci suggests increased DSBs in SMA pa-
tient cells compared to normal cells (Figure 4F and Sup-
plementary Figure S6a, low mag images). Examination of
DDR and DSB repair proteins revealed increased phos-

phorylation (activation) of ATM (p-ATM) and BRCAI
(p-BRCAI1) in SMA compared to normal cells (Figures
4G and H), which is similar to the activation caused by
acute SMN-deficiency in non-SMA cells. However, in con-
trast to acute SMN-deficiency in non-SMA cells, chronic
SMN-deficiency in SMA patient cells showed reduction
in the levels of p-ATR compared to normal cells (Figure
41). Quantification confirmed reduced SMN levels in SMA
cells, GM03813 and GM09677, compared to normal cells,
WI-38 and GMO03814 cells (Figures 4B and C). Loss of
~75% SMN causes (i) decrease in SETX levels in GM03813
(~58%) and GM09677 (~49%) compared to WI-38 cells
and (ii) marked increase in levels of phosphorylated (ac-
tivated) DDR markers, yH2AX, p-ATM and BRCAI1 in
GMO03813 and GM09677 SMA cells compared to normal
cells. Estimation of p-ATR shows its levels reduced (~23%)
in GMO03813 and (~29%) in GM09677 compared to WI38
cells suggesting that ATR, which responds to ssDNA, fails
to be activated in SMA dividing cells. Thus, in SMA cells,
endogenous SSBs may be converted into DSBs prior to
ATR activation, and the DSBs may be less resected. Nev-
ertheless, increased levels of yH2AX and p-ATM indicate
more DSB-related DNA lesions, some of which are marked
and potentially repaired by a BRCA1-dependent HR path-
way. Together, these data suggest that chronic low levels of
SMN cause average decrease of ~54% in SETX levels and
disruption of SETX-containing nuclear bodies, which may
account for partial loss of its function to resolve R-loops.
These defects result in accumulation of R-loops, which lead
to DSB accumulation and activation of DNA damage re-
pair pathways, including HR, in dividing SMA patient cells.

Chronic low levels of SMN cause deficiency of DNA-PKcs in
SMA patient dividing cells

The above data show that the HR pathway is at least in part
activated to repair the DNA damage arising in SMA patient
cells. However, patient cells continue to show DSB accumu-
lation and DDR activation. HR is responsible for the repair
of a subset of lesions during replication and post-replication
repair, whereas NHEJ plays important roles both in G1
and in G2/M. To gain insight into the status of the NHEJ
pathway in SMA dividing cells, we examined the activation
of DNA-PKcs, which is essential for NHEJ. Comparison
of staining of phospho-DNA-PKcs (p-DNAPKcs) between
normal and patient cells shows decrease in staining of p-
DNA-PKcs in patient cells (Figure 4)J and Supplementary
Figure S6b, low magnification images), suggesting reduced
DNA-PKGcs activity in SMA patient cells. To find whether
this is caused by a defect in phosphorylation (activation)
of DNA-PKcs or due to deficiency of DNA-PKcs in pa-
tient cells, we examined the levels of p-DNA-PKcs and to-
tal DNA-PKcs proteins in normal and SMA patient cells.
IBs showed marked reduction in levels of p-DNAPKcs in
SMA, GM03813 and GM09677, compared to normal WI-
38 and GMO03814 cells (Figure 4B), consistent with IF data
(Figure 4J). Moreover, examination of IBs of total DNA-
PKcs revealed severe reduction in detectable amounts of
total DNA-PKcs (DNAPKcs) in SMA patient cells (Fig-
ure 4B). Quantification of IBs showed marked reduction in
phospho-DNA-PKcs and total DNA-PKcs protein levels.
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Figure 4. Chronic low levels of SMN cause deficiency of SETX and phospho-DNA-PKcs, and accumulation of R-loops and DNA damage in dividing
cells derived from SMA patients. Dividing cells derived from human (WI-38, SMNI +/+), non-SMA (Normal), GM03814 (carrier of disease, parent of
GMO03813, heterozygous for SMNI +, control) and SMA type I patients, GM03813 and GM09677 (SMA) were cultured, in petri dishes for IB analysis or on
glass coverslips for IF analysis. Proteins were detected using antibodies against SMN and markers of DDR pathways. Representative images are presented
for double-labeled immunostainings: (A) SMN (green) and SETX (red). (B) Protein extracts were prepared from normal (WI-38 and GM03814) and SMA
patient cells, GM03813 and GM09677, and examined by IB analysis using automated capillary-based western blot system (ProteinSimple). Representative
capillary-blot images of proteins and phospho-proteins are shown (full-length blots are included in Supplementary Figure S10). (C) Quantitative (mean =+
s.e.m., n = 3) and statistical analysis (unpaired z-test) of relative levels of proteins normalized to B-actin in dividing normal and SMA patient cells are
presented as a bar graph. Comparison of levels of different proteins between Normal, WI-38 and GM3814, cells did not show any statistically significant
differences. Quantitative analysis show average of chronic SMN levels (GMO03813 + GM09677) reduced to (24.45 &+ 1.73%, P = 0.000) in SMA patient
cells compared to Normal, WI-38 and GM03814 cells (100.6 £ 3.90%, P = 0.000), decrease in SETX levels to (47.21 £+ 5.78%, P = 0.0018) and average
increase in levels of DDR and HR repair phospho-proteins in SMA patient cells (GM03813 + GM09677), yH2AX (210.30 & 10.25%, P = 0.000), p-ATM
(187.00 &+ 7.08%, P = 0.000), p-BRCA1 (168.80 £ 7.11%, P = 0.000) compared to WI-38 cells. p-ATR levels reduced to (26.09 + 1.17%, P = 0.000).
Levels of phospho-DNAPKcs (p-DNAPKGcs) reduced to (23.48 £ 1.64%, P = 0.000) and total DNAPKcs (DNAPKcs) reduced to (28.38 + 3.01%, P =
0.002) in SMA patient cells compared to non-SMA (Normal) cells. (D) Accumulation of R-loops (green) detected with S9.6 monoclonal antibody and
coilin (red), used as control marker. (E) Quantitative (mean + s.e.m., n = 3) and statistical (unpaired r-test) analysis of R-loop levels in cells using IF
images and ImageJ software show increase in accumulation of R-loops in SMA patient cells, GM03813 (2.09 4 0.04-fold, P = 0.000) and GM09677 and
(2.01 & 0.11-fold, P = 0.001) compared to WI-38 (Normal) cells. IF analysis of DDR markers shows that chronic low levels of SMN result in DNA
damage accumulation and activation of HR repair pathway in SMA patient dividing cells: (F) SMN (green) and phospho-H2AX (yH2AX) (red), (G)
SMN (green) and phospho-ATM (p-ATM) (red), (H) SMN (green) and phospho-BRCAL1 (p-BRCAL1) (red), (I) SMN (green) and phospho-ATR (p-ATR)
(red). IB (B and C) and IF analysis show that chronic SMN deficiency causes decrease in levels of DNA-PKcs and its activation. (J) SMN (green) and
phospho-DNA-PKcs (p-DNAPKcs) (red). Nuclei were stained with DAPI (blue). Scale bar is 5.0 pm.
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The levels of p-DNA-PKcs reduced to (21.36 + 3.82%, P
= 0.000) in GMO03813 and (25.60 &+ 7.06%, P = 0.000) in
GM09677 compared to WI-38 cells suggesting severe loss
of DNA-PKcs activity in SMA patient cells. Notably, lev-
els of total DNA-PKcs were also markedly reduced; specif-
ically, to (26.09 % 4.82%, P = 0.002) and (30.66 & 4.40%,
P =0.003) in SMA patient cells GM03813 and GM09677,
respectively, compared to normal (WI-38) cells (Figure 4B
and C). To determine whether SMN-deficiency has effect
on the transcription levels of DNA-PKcs, we examined the
effect of acute and chronic SMN-deficiencies on mRNA ex-
pression using RT-qPCR method. Acute SMN-deficiency
causes a small decrease ~13% (P = 0.050) in DNA-PKcs
transcript levels in siSMN-treated cells compared to control
and scrambled treated cells (Supplementary Figure S7a),
suggesting that acute SMN deficiency reduces transcrip-
tion of DNA-PKcs however small decrease in mRNA ex-
pression did not affect DNA-PKcs protein levels in HelLa
(non-SMA) SMN-deficient cells (Figure 2I). Analysis of
mRNA expression in SMA patient cells shows decrease of
~35% (GMO03813) and ~31% (GMO09677) in DNA-PKcs
transcripts in SMA patient cells compared to normal WI-38
cells (Supplementary Figure S7b), suggesting that chronic
SMN-deficiency causes transcriptional downregulation of
DNA-PKcs ~3-fold greater than acute SMN-deficiency and
contributes to reduced levels of DNA-PKcs protein in SMA
patient cells. Comparison of data from acute and chronic
SMN deficiencies suggest that acute SMN deficiency results
in activation of NHEJ pathway by activating DNA-PKcs, in
contrast, chronic SMN-deficiency causes marked decrease
in DNA-PKcs levels and its activation, resulting in ineffi-
cient NHEJ-mediated DNA repair in patient cells. How-
ever, DNA repair by HR may be sufficient to support the
proliferation and growth of dividing SMA patient primary
fibroblast cells. The potential for DNA repair in dividing
SMA cells is supported by previous finding that showed cul-
tured SMA mouse primary skeletal myocytes were compe-
tent of repairing DNA damage induced by y-radiation and
etoposide treatment (37).

Rescue of SETX and DNA-PKcs deficiencies and DNA dam-
age phenotype in SMA patient cells complemented with SMN
or SETX

To test whether defects in SMA patient primary fibrob-
last (dividing cells) can be reversed by restoring SMN lev-
els, we performed a rescue experiment and transfected pa-
tient cells with a plasmid containing recombinant human
SMN (hSMN) for transient expression. Ectopic expression
of SMN increases SMN levels (~7-fold) and its accumu-
lation in the nucleus of GMO03813 and GM09677 cells as
indicated by IF (Figure 5A, SMN) and IB and quantita-
tive analysis (Figure 5G-I). Notably, restoration of SMN
levels rescued SETX-deficiency by causing >2-fold increase
in SETX levels (Figure SH and I) and sub-cellular colo-
calization of SETX with SMN in nuclear bodies in trans-
fected cells (arrows) compared to non-transfected (aster-
isks) cells (Figure 5A and G). Overexpression of SMN also
up-regulated levels of p-DNA-PKcs (~3-fold) and rescued
deficiency of DNA-PKcs by increasing levels of total DNA-
PKcs (~3-fold) in patient cells (Figure 5B, G-I). To test

whether elevation of SETX levels would reduce R-loop ac-
cumulation, we examined SMN overexpressing patient cells
stained with antibodies against R-loops and p-DNA-PKcs
that show decrease in R-loop accumulation in cells with re-
stored levels of DNA-PKcs (or SMN) (arrows) compared
to non-transfected (asterisks) cells, suggesting that restora-
tion of SETX levels by SMN overexpression rescues R-loop
accumulation phenotype in SMA patient cells (Figure 5C).
Further, to test whether increase in SETX and DNA-PKcs
and decrease in R-loop levels would rescue DNA damage
accumulation in patient cells, we examined SMN overex-
pressing cells stained for yH2AX that show marked reduc-
tion in yH2AX foci in transfected cells (arrows) compared
to non-transfected (asterisks) cells (Figure 5D) and the lev-
els of yH2AX were reduced by ~6-fold (Figure 5G-I). To-
gether, the rescue of SETX and DNA-PKcs levels and DNA
damage phenotype in patient cells suggest that chronic low
levels of SMN are responsible for SETX-deficiency that re-
sults in accumulation of R-loops and DNA damage, and
for DNA-PKcs-deficiency that may reduce NHEJ-mediated
DNA repair and contribute to DSB accumulation in patient
cells.

Furthermore, to test whether SETX-deficiency found in
patient cells is a critical cause of DNA damage phenotype
in SMA, we performed another rescue experiment and in-
fected patient cells with Ad-hSETX virus expressing recom-
binant human SETX (38). Analysis of patient cells double-
stained with SETX and R-loop antibodies show that cells
overexpressing SETX (arrows) display reduced staining for
R-loops compared to non-infected (asterisks) cells (Figure
5E), suggesting decrease in R-loops accumulation by direct
restoration of SETX levels. This result is consistent with the
rescue of phenotype by indirect restoration of SETX lev-
els using SMN overexpression in patient cells (Figure SA
and G). Further examination of cells double-stained with
SETX and yH2AX show that cells overexpressing SETX
(arrows) contain reduced numbers of yH2AX foci com-
pared to non-infected (asterisk) cells (Figure 5F). Rescue of
DNA damage phenotype by restoration of SETX levels in
patient cells suggests that SETX-deficiency may be central
to DNA damage accumulation caused by chronic low levels
of SMN in SMA.

Chronic low levels of SMN cause down regulation of SETX
and DNA-PKcs, accumulation of R-loops and activation of
DDR pathways in spinal cord neurons from SMA mice

To gain insight into the mechanism of neurodegeneration,
we tested if chronic low levels of SMN cause similar DNA
damage accumulation in neurons (non-dividing cells). We
examined cultured primary neurons isolated from the spinal
cords of 7-day-old normal and SMA mice using a method
that we previously developed (7). We have shown that cul-
tured spinal cord neurons stain positive for known motor
neuron markers, such as choline acetyltransferase (ChAT)
and HIxb9 (Hb9), suggesting that cultured neurons may
have characteristics similar to motor neurons (7,22). In the
control experiment, IF analysis of neurons double-stained
with SMN and neuron-specific B-tubulin-I1I1 antibodies
show reduced staining for SMN in SMA neurons compared
to control neurons (Normal) from non-SMA mice (Fig-
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Figure 5. Ectopic expression of either SMN or SETX reduce R-loop accumulation and rescue DNA damage phenotype in SMA patient cells. Dividing
SMA patient dividing cells, GM03813 and GM09677 (SMA) were transfected with pPCMV/mycSMN or infected with Ad-h-SETX virus and stained with
antibodies against SMN, phospho-H2AX (yH2AX), phospho-DNA-PKcs (p-DNAPKcs) and SETX. (A-D) Transient expression of SMN restores levels
of SETX and p-DNA-PKcs and reduces R-loop and DNA damage accumulation in SMA patient cells. (A) SMN (green) and SETX (red), (B) SMN (green)
and p-DNAPKGcs (red), (C) R-loops (green) and p-DNAPKGcs (red) and (D) SMN (green) and yH2AX (red). (E and F) Transient expression of SETX also
reduces R-loops and DNA damage accumulation, and rescues phenotype of SMA patient cells. (E) SETX (red) and R-loops (green) and (F) SETX (red)
and yH2AX (green). Nuclei were stained with DAPI (blue). Scale bar is 5.0 pm. Arrows show transfected cells and asterisks indicate non-transfected cells.
(G) Effect of SMNN overexpression on changes in the levels of SETX, yH2AX, p-DNAPKGcs, total DNAPKcs in SMA patient cells GM03813 and GM09677
examined by IB analysis (full-length blots are included in Supplementary Figure S11). Quantitation and comparison of SMN, yH2AX, SETX, p-DNA-
PKcs and DNA-PKcs levels in (H) GM03813 and GM03813+hSMN cells show rescue of DNA damage in SMN complemented cells (GM03813+hSMN)
by marked reduction in yH2AX levels to (29.55 + 4.22%, P = 0.000) compared to control GM03813 cells (120.5 £ 7.85%) that is supported by increase
in levels of SETX (64.87 + 15.37%, P = 0.013), p-DNA-PKcs (71.97 + 20.83%, P = 0.025) and total DNA-PKcs (69.50 £ 18.91%, P = 0.021) and (I)
analysis of GM09677 and GM09677+hSMN cells show rescue of DNA damage in SMN complemented cells (GM09677+hSMN) by marked reduction in
vyH2AX levels to (21.63 £ 5.76%, P = 0.002) compared to control GM09677 cells (124.3 & 13.99%) that is supported by increase in levels of SETX (64.12
+ 15.97%, P = 0.015), p-DNA-PKcs (61.52 £ 7.62%, P = 0.001) and total DNA-PKcs (83.77 & 18.93%, P = 0.011).
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ure 6A). Notably, chronic SMN-deficiency causes loosen-
ing, bending, retraction and degeneration of axons that are
indicated by arrowheads, which are known to be associ-
ated with SMA pathogenesis (7), compared to neurons from
non-SMA mice (Normal) (Figure 6). Next, we examined
the status of SETX and accumulation of R-loops in SMN-
deficient neurons derived from SMA mice. Examination of
double-stained neurons with SETX and tubulin antibod-
ies revealed marked reduction in the staining of SETX in
neurons derived from SMA mice compared to normal mice
(Figure 6B). Further, analysis of neurons stained with anti-
body against R-loops shows increased accumulation of R-
loops in the nucleus of neurons derived from SMA mice
compared to normal mice (Figure 6C). Quantification of
nuclear IF shows (7.62 4+ 0.97-fold, P = 0.002) higher ac-
cumulation of R-loops in SMA neurons compared to nor-
mal neurons and suggests that the SMN-deficiency causes
accumulation of R-loops irrespective of a cell type (Figure
6D). Comparison of the increase in R-loop accumulation in
dividing SMA patient cells (~2-fold) and SMA motor neu-
rons (~7.6-fold) shows a larger accumulation of R-loops in
SMA neurons. It is possible that greater accumulation of R-
loops in neurons may result in increased genome instability
in SMA neurons (non-dividing cells) compared to dividing
SMA patient cells and may represent one of the factors that
contribute to predominant degeneration of motor neurons
in SMA.

Accumulations of R-loops in SMN-deficient neurons
prompted us to further investigate its potential association
with DNA damage and activation of DDR pathway that
may contribute to neurodegeneration in SMA. Examina-
tion of DNA damage markers revealed increased yH2AX
staining (Figure 6E) and accumulation of 53BPI in foci
(Figure 6F) in SMA neurons compared to normal neu-
rons, suggesting accumulation of DSBs in SMN-deficient
neurons. ATR and its downstream target CHK1 play es-
sential roles in maintaining genome integrity and in the
survival of neurons (32,39). SMA neurons show increase
in phospho-ATR (p-ATR) and phospho-CHK 1 (p-CHK1)
staining compared to normal neurons (Figures 6G and H).
These data suggest that the ATR/CHKI1 pathway is acti-
vated to support genome integrity and survival of SMA
neurons, but neurons continue to degenerate in SMA. To
find the cause of neurodegeneration, we examined the ac-
tivation of factors required for DSB repair by HR. Analy-
sis of p-ATM and p-BRCA1 shows decreased intensity in
SMA neurons compared to normal neurons indicating re-
duced or no activation of ATM/BRCAL (Figures 61 and J).
These data suggest that DDR markers associated with HR
are not activated in motor neurons derived from SMA mice,
a finding consistent with the fact that neurons are terminally
differentiated cells that do not undergo DNA replication.
Moreover, as the HR pathway is predominately activated
to repair DNA damage during S and G2 phases of the cell
cycle in dividing cells (40), it is not surprising that this path-
way is not activated in spinal cord neurons regardless of the
SMA disease status.

DSB repair in neurons (non-dividing, differentiated cells)
is predominantly mediated by the NHEJ pathway, which re-
lies on the activation of DNA-PKcs (17). Examination of
SMA neurons shows marked reduction in staining for p-

DNA-PKcs compared to control (Normal) neurons (Fig-
ure 6K). These results are consistent with the findings from
SMA patient dividing cells and suggest that the loss of
DNA-PKcs activity may impair NHEJ-mediated DSB re-
pair and contribute to DNA damage accumulation in SMA
neurons.

Combined deficiency of SETX and DNA-PKcs in SMA mice
and patient spinal cords tissues causes DNA damage accumu-
lation and activation of DDR pathways

Findings from in vitro cultured SM A patient cells and spinal
cord neurons from SMA mice suggest that combined de-
ficiency of SETX and DNA-PKcs deficiency may be a
cause of gradual accumulation of unrepaired DNA dam-
age in neurons leading to neurodegeneration in SMA. To
test whether in vitro findings are consistent with in vivo SMA
pathogenesis, we examined levels of SETX and DNA-PKcs
and other critical components of DNA repair pathways,
HR and NHEYJ, in the spinal cord tissues from SMA mice
and severe SMA type I patients. IB and quantitative analysis
of spinal cords from normal and SMA mice show decrease
in SETX (55.22 £ 7.99%, P = 0.002) levels in SMA com-
pared to normal mice (Figures 6. and M). Comparison of
SETX levels in human spinal cords from age matched non-
SMA, GMO083 (Normal) and SMA patients show decrease
in SETX levels GM04583 (59.53 £ 11.67%, P = 0.007) and
GMO04629 (52.52 + 12.90%, P = 0.015) in SMA patients
compared to normal human (Figures 6N and O). Decrease
in SETX levels in the spinal cord tissues from SMA mice
and patients is consistent with cultured SMA patient cells
that suggest a partial loss of SETX function due to mislo-
calization and reduced levels might be a cause of R-loop
accumulation in SMA.

Analysis of activation of DNA damage marker H2AX
shows robust increase in levels of yH2AX (3.21 + 0.27-
fold, P =0.001) in SMA compared to normal mice (Figures
6L and M). Analysis of human spinal cords shows increase
in levels of yH2AX in GM04583 (2.01 £ 0.22-fold, P =
0.011) and GM04629 (2.46 + 0.05-fold, P = 0.000) in SMA
patients compared to normal human (Figures 6N and O).
Analysis of critical components of DDR, ATR and CHK 1
show >2-fold increase in p-ATR and p-CHKI Ilevels in
SMA mice spinal cord tissue and SMA patient spinal cord
tissues (GM04583 and GM04629) suggesting activation of
the ATR/CHKI1 pathway due to increased SSB or ssDNA-
associated DNA damage in SM A neurons. Analysis of DSB
repair components, ATM and BRCA1, showed that p-ATM
and p-BRCAI1 levels were reduced to (42.35 4+ 6.94%, P =
0.004) and (37.85 + 6.50%, P =0.011), respectively, in SMA
mice compared to normal mice indicating that HR pathway
is not activated in spinal cord tissues (Figures 6L and M).
SMA patient spinal cord tissues also show that levels of p-
ATM and p-BRCAT1 are markedly reduced in SMA patients
(GMO04583 and GM04629) compared to GM083 (Normal).
These data are consistent with data from SMA neurons and
support previous findings that DSB repair by HR pathway
may be restricted to actively dividing cells (40). At last, we
examined the activation and levels of DNA-PKcs that is es-
sential for NHEJ-mediated DNA repair in neurons. Lev-
els of phospho-DNA-PKcs (p-DNA-PKcs) were reduced to
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(37.47+4.86%, P=0.000) and total DNA-PKcs levels were
reduced to (30.54 4 6.74%, P = 0.004) in the spinal cords of
SMA mice compared to normal mice (Figures 6L and M).
Analysis of DNA-PKcs activation in human spinal cord tis-
sues also shows p-DNA-PKcs levels reduced to (33.33 +
4.51%, P = 0.000) in GMO04583 and (30.06 + 3.59%, P =
0.000) in GM04629 compared to GMO083 spinal cords (Fig-
ures 6N and O). Further, our analysis revealed marked re-
duction in levels of total DNA-PKcs (DNA-PKcs) protein.
Levels of total DNA-PKcs were reduced to (38.52 £ 3.91%,
P =0.000) in GM04583 and (41.76 £ 4.19%, P = 0.001) in
GMO04629 compared to GMO083 spinal cords (Figures 6N
and O). Together, these data from SMA mice and patient
spinal cord tissues are consistent with the data from SMA
spinal cord neurons and suggest that the chronic low lev-
els of SMN cause combined deficiency of SETX and DNA-
PKcs that may be a major cause of R-loop accumulation,
DSB formation and accumulation of DNA damage due to
inefficient NHEJ-mediated DSB repair leading to neurode-
generation in SMA.

sion of SMN and examined phenotype of stained neurons
and levels of SMN, SETX, DNA-PKcs, p-DNA-PKcs and
vyH2AX in neurons. Control SMA neurons expressing GFP
show degeneration, including bending, retraction and fold-
ing (indicated by arrowheads) that is similar to degenera-
tion found in experiments shown in Figure 6 and consistent
with previous findings (7), suggesting that the expression of
GFP did not change the phenotype of SMN-deficient spinal
cord neurons from SMA mice (Figures 7A-D, Ad-GFP
panels). Complementation of neurons with virus AAGFP-
SMN increases SMN levels and rescues neurodegenerative
phenotype by reducing degenerative features such as ax-
onal bending, swelling, ballooning, retraction and folding
in SMN expressing SMA neurons compared to GFP ex-
pressing SMA neurons (Figures 7A-D, AAGFP-SMN pan-
els and Figure 7G). Notably, restoration of SMN levels by
~6-fold increase (Figures 7A, E and F) reduced yH2AX
levels by ~4-fold (Figures 7B, E and F) and upregulated
levels of SETX (~2.5-fold), p-DNA-PKcs (~5.4-fold) and
total DNA-PKcs (~5.2-fold) (Figures 7A-C, E and F), sug-

gesting reduction in DSB accumulation and downregula-
tion of DDR. Further, examination of neurons stained with
antibodies against R-loops show reduction in staining of
R-loops suggesting that restoration of SMN levels recuse
SETX levels that reduce accumulation of R-loops (Figure
7D). These data show that the restoration of SMN levels in
SMA neurons rescues SETX and DNA-PKcs levels, which
reduce R-loop accumulation, DNA damage and rescues
neuron degeneration phenotype (Figure 7G). Thus, these
results suggest an important role for SMN in maintaining

Rescue of DNA damage and degeneration of SMA neurons

To test our emerging hypothesis that combined deficiency of
SETX and DNA-PKcs is a major cause of DNA damage ac-
cumulation and neurodegeneration in SMA, we performed
two rescue experiments using ectopic expression of either
SMN or SETX in cultured spinal cord neurons from SMA
mice. In the first rescue experiment, we infected neurons
with adenovirus containing GFP (Ad-GFP) and recombi-
nant human SMN (Ad-GFP-SMN1) for transient expres-

from 7-day-old wild-type (Normal) and SMAA7 mice (SMA). The spinal cord ex-plants were cultured in vitro for 12-14 days to allow differentiation and
growth of motor neurons in laminin-coated 8-well chambers, fixed with 4% PFA and stained with antibodies and IF examined by confocal microscopy.
(A) Low levels of SMN (green) in SMA neurons causes axonal defects as shown by staining with neuron-specific -tubulin-I1I (clone TUJ1) (red). Axonal
defects include bending, folding, retraction and ballooning of axons (arrowheads) that indicate degeneration of SMN-deficient neurons. Insets show a
magnified view of a neuron cell body with the nucleus. (B) Staining for SETX (green) and B-tubulin-III (red) show reduced staining of SETX. (C) Staining
of neurons with antibody (S9.6) against RNA-DNA hybrids (R-loops) (green) and B-tubulin-III (red) show increased accumulation of R-loops in SMA
neurons compared to normal neurons. (D) Quantitative (mean =+ s.e.m., n = 3) and statistical analysis (unpaired z-test) shows marked increase (7.62 + 0.97,
P = 0.002)-fold in accumulation of R-loops in SMA neurons compared to non-SMA (Normal) neurons. Staining for markers of DDR and DNA repair
pathways: (E) B-tubulin-1III (red) and phospho-H2AX (yH2AX) (green) and (F) B-tubulin-III (red) and 53BP1 (green) show increase in phosphorylation
of H2AX and accumulation of 53BP1 foci in SMA neurons compared to normal neurons that suggest accumulation of DSB-related DNA damage in
SMA motor neurons. (G) Staining of neurons with B-tubulin-III (red) and phospho-ATR (p-ATR) (green); (H) B-tubulin-III (red) and phospho-CHK 1
(p-CHK1) (green), downstream target of ATR. (I) Neurons stained with B-tubulin-1I1I (red) and phospho-ATM (p-ATM) (green); (J) B-tubulin-III (red)
and phospho-BRCA1 (p-BRCA1) (green); (K) phospho-DNA-PKcs (p-DNAPKcs) (green) and B-tubulin-III (red). Scale bar is 20 pm. (L) Protein extracts
were prepared from the spinal cords isolated from 7-day-old non-SMA (Normal) and SMA mice, and examined by IB analysis using automated capillary-
based western blot system (ProteinSimple). Representative capillary-blot images of proteins and phospho-proteins are shown (full-length blots are included
in Supplementary Figures S12 and 13). IB analysis of proteins in tissue lysates of the spinal cords isolated from 7-day-old non-SMA (Normal) and SMA
pups shows increase in levels of phospho-H2AX (yH2AX) and phospho-ATR (p-ATR) in SMA mice compared to normal mice. (M) Quantitative (mean
+ s.em., n = 3 mice/group) and statistical analysis (unpaired z-test) of IB data from mouse spinal cords show that SMN and SETX levels reduced to
(27.67 £ 1.870%, P = 0.000) and (45.30 £+ 7.66%, P = 0.002), respectively, in SMA mice (SMA) compared to non-SMA (Normal) mice. Analysis of
DDR markers shows increase in levels of yYH2AX (3.21 £ 0.27-fold, P = 0.001), p-ATR (2.58 £ 0.24-fold, P = 0.003) and p-CHK1 (2.08 £ 0.17-fold, P
= 0.004). DSB repair markers of HR, p-ATM is reduced to (42.35 £ 6.94%, P = 0.004) and p-BRCA1 reduced to (37.85 + 6.50%, P = 0.011) in SMA
mice (SMA). DSB repair marker of NHEJ, phospho-DNA-PKcs (p-DNAPKcs) reduced to (37.47 + 4.86%, P = 0.000) and total DNA-PKcs reduced to
(30.54 £ 6.74%, P = 0.004) in SMA mice. (N) IB analysis of proteins in tissue lysates of human spinal cords (lumbar region) isolated from age matched
non-SMA, GMO083 (Normal) and severe SMA type I patients, GM04583 and GM04629 (SMA). (O) Quantitative and statistical analysis of IB data from
human spinal cords show low levels of SMN in SMA patients, GM04583 (22.43 + 1.07%, P = 0.000) and GM04629 (26.63 &+ 2.91%, P = 0.000) compared
to normal (non-SMA) human (100.4 £ 5.221%, P = 0.000) (GM083). SMA patient spinal cords show decrease in SETX levels GM04583 (59.53 £ 11.67%,
P =0.007) and GM04629 (52.52 + 12.90%, P = 0.015) compared to normal (non-SMA) human (GMO083). Analysis of DDR markers shows increase in
levels of yH2AX in SMA patients (2.01 £ 0.22-fold, P = 0.011) in GM04583 and (2.46 + 0.05-fold, P = 0.000) in GM04629, p-ATR (2.10 + 0.14-fold,
P =0.001) in GM04583 and (1.75 £ 0.10-fold, P = 0.002) in GM04629, and p-CHK1 (2.04 + 0.04-fold, P = 0.000) in GM 04583 and (1.87 + 0.04-fold,
P = 0.000) in GM04629. Analysis of DDR and HR markers shows p-ATM reduced to (29.65 & 2.18%, P = 0.000) (GMO04583) and (36.63 +4.95, P =
0.000) (GM04629), and p-BRCAL1 (47.09 + 6.63, P = 0.001) (GM04583) and (35.17 & 2.717, P = 0.000) (GM04629). Analysis of NHEJ pathway shows
phospho-DNA-PKcs (p-DNAPKGcs) reduced to (33.33 + 4.512%, P = 0.000) (GM04583) and (30.06 £ 3.590, P = 0.000) (GM04629), and total DNA-
PKcs (38.52 4+ 3.910, P = 0.000) (GM04583) and (41.76 £4.193, P = 0.001) (GM04629) suggesting that low levels of SMN cause deficiency and the loss
of DNA-PKcs activity.



Nucleic Acids Research, 2018, Vol. 46, No. 16 8341

___SMA B SMA SMA SMA

O

Ad-GFP  AdGFP-SMN Ad-GFP AJGFP-SMN Ad-GFP  AdGFP-SMN Ad-GFP AdGFP-SMN

p-DNAPKcs Tubulin

GFP

SMA

SMA
E H Ad-GFP Ad-hSETX I
SMA Neurons 150+ N )

AdGFP- -

Ad-GFP ESMA (n=130)
SMN 2 ESMA+hSMN (n=151)
SMN

_— 2 00

— yH2AX £
(o]

SRS s (SETX é -

- p-DNAPKcs 2

S — FP
A A 7Dl

F
2001 [ Ad-GFP
[ Ad-GFP-SMN

1 504

N
o
?

[$))
o
T

Relative protein levels (%)

o
T

Figure 7. Rescue of DNA damage and neuron degeneration of SMA spinal cord neurons by ectopic expression of SMN and SETX. Ectopic expression
of recombinant SMN restores SETX and DNA-PKcs levels, reduces DDR activation and rescues SMA neuron degeneration. Cultured primary spinal
cord neurons were infected adenovirus Ad-GFP and Ad-GFP-SMNI1 or Ad-GFP and Ad-h-SETX at 100 MOI for 48 h, fixed with 4% PFA and stained
with antibodies and IF examined by confocal microscopy. Low levels of SMN in SMA neurons causes axonal defects, bending, folding, retraction and
ballooning (arrowheads), as shown by staining with neuron-specific 3-tubulin-1III, (clone TUJ1) (red) that lead to degeneration of SMA motor neurons.
GFP positive neurons are pseudo-colored as cyan (GFP). Staining for markers of DDR and DNA repair pathways shows restoration of SMN levels,
increased levels of DNA-PKcs, rescue of DNA damage and axonal degeneration in SMA neurons. (A) B-tubulin-11I (red) and SMN (green), (B) B-tubulin-
111 (red) and phospho-H2AX (yH2AX) (green), (C) B-tubulin-III (red) and p-DNAPKcs (green) and (D) B-tubulin-III (red) and R-loops (green) show
reduced staining for yH2AX and increased staining for p-DNA-PKcs, reduced staining for R-loops and rescue of axonal growth defects. (E) Neurons
infected with adenovirus Ad-GFP and Ad-GFP-SMNI1 were also harvested at 48 h post-infection to make total cell lysate for protein analysis using
automated Wes System (ProteinSimple). Representative capillary-blot images of proteins and phospho-proteins are shown (full-length blots are included
in Supplementary Figure S14). Tubulin and GFP blots are shown as loading controls. IB analysis shows restoration of SMN levels in SMA neurons
(Ad-GFP-SMN), increased SETX, phospho-DNA-PKcs and total DNA-PKcs levels and reduction of phospho-H2AX (yH2AX) levels compared to
control SMA neurons (Ad-GFP). (F) Quantitation and comparison of SMN, yH2AX, SETX, p-DNA-PKcs and DNA-PKcs levels in SMA+Ad-GFP
and SMA+AdGFP-SMN neurons show rescue of DNA damage in SMN complemented neurons (SMA+ AdGFP-SMN) by marked reduction in y H2AX
levels to (29.08 £ 6.44%, P = 0.013) compared to control SMA neurons (116.1 £+ 19.53%) that is supported by increase in levels of SETX (85.19 +
13.76%, P = 0.003), p-DNA-PKcs (113.0 £ 22.55%, P = 0.007) and total DNA-PKcs (88.55 £ 14.68%, P = 0.003) in (SMA+hSMN) neurons compared
to Control (SMA+Ad-GFP) neurons. (G) Analysis of morphological features that represent neurodegeneration such as bending (that includes swelling
and ballooning), thickening, folding and retraction of axons show reduction in neuron degeneration and improvement in axonal growth after rescue of
DNA damage phenotype in neurons. Neurons stained for (H), SETX (red) and R-loops (green) and (I) SETX (red), phospho-H2AX (yH2AX) (green)
show reduced staining for yH2AX and R-loops and rescue of axonal growth defects. Scale bar is 20 pm.
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optimal levels of SETX, critical for resolving R-loops and
of DNA-PKcs, essential for NHEJ-mediated DNA repair,
to avert genomic instability and prevent neurodegeneration.

Furthermore, to test whether SETX-deficiency found in
SMA patients is critical for DNA damage accumulation
and neurodegeneration in SMA, we performed a second
rescue experiment and infected neurons with Ad-hSETX
virus. Comparison of neurons double-stained with SETX
and R-loop antibodies shows rescue of neuron degenera-
tive phenotype and reduction in R-loop accumulation in
neurons overexpressing SETX (Figure 7H), suggesting that
direct restoration of SETX levels is sufficient to resolves
R-loops and rescue neurons with chronic SMN-deficiency.
This result is consistent with the rescue of phenotype by in-
direct restoration of SETX levels using SMN overexpres-
sion in SMA neurons (Figure 7E). Further analysis of neu-
rons stained with SETX and yH2AX showed that SETX
overexpression reduces y H2AX foci compared to GFP ex-
pressing neurons (Figure 7I). Together, these data show that
the SETX-deficiency may be one of the major causes of
DNA damage stemming downstream of chronic low lev-
els of SMN in SMA and the restoration of SETX levels
alone can rescue DNA damage accumulation and degen-
erative phenotype of SMN-deficient neurons suggest that
SETX represents a potential therapeutic target to reduce or
prevent neurodegeneration in SMA.

DISCUSSION

SMA is an autosomal recessive neurodegenerative disease
caused by chronic low levels of SMN starting from the stage
of conception of a child. Low levels of SMN are sufficient
for embryonic development and survival but result in spinal
motor neuron degeneration during embryonic and postna-
tal development, leading to muscle atrophy, respiratory fail-
ure and death in SMA patients. SMN is an ubiquitously ex-
pressed protein that plays critical roles in mRNA biogenesis,
including snRNP assembly and splicing (15). However, one
of the most intriguing and outstanding questions in SMA
is why deficiency of a ubiquitous protein predominantly
causes neuron degeneration and results in a neurological
disease (4). Our study provides insight into the molecu-
lar mechanism of neurodegeneration associated with SMA
pathogenesis by uncovering that chronic low levels of SMN
cause combined deficiency of SETX and DNA-PKcs, which
results in DNA damage accumulation leading to genome in-
stability and predominant degeneration of motor neurons
in SMA (Figure 8).

SETX deficiency causes R-loop accumulation and DNA dam-
age in SMA

We show that the low levels of SMN cause downregulation
of SETX levels in SMA patient cells and neurons. Our data
show transcriptional downregulation of the SETX gene un-
der acute and chronic low levels of SMN. SMN plays a
critical role in the assembly of spliceosomal snRNPs and
SMN deficiency causes defects in pre-mRNA splicing of
genes with large number of introns in SMA (10). The hu-
man SETX gene is large (~95 kb) and contains 33 exons
(41), and therefore it is possible that splicing defects result

in alternatively spliced transcripts with exon skipping, in-
tron retention causing frameshift or nonsense coding, which
fail to translate and may contribute to downregulation of
SETX levels in SMA. Alternative splicing of the SETX
gene is reported in AOA?2 patients (42). In addition, dis-
ruption of SMN-SETX protein complex due to low levels
of SMN may cause destabilization followed by degradation
of SETX that may also contribute to overall downregula-
tion of SETX. The SETX is an RNA/DNA helicase that
is critical for resolution of RNA-DNA hybrids (R-loops)
and SETX deficiency is known to causes R-loop and DSB
accumulation leading to genome instability (33,43). Muta-
tions in the human SETX gene are associated with neu-
rodegenerative disorders, a recessive form of ataxia oculo-
motor apraxia type 2 (AOA2) characterized by the loss of
Purkinje cells resulting in cerebellar atrophy and periph-
eral neuropathy (44,45) and the dominant juvenile form of
amyotrophic lateral sclerosis type 4 (ALS4) characterized
by progressive degeneration of motor neurons in the brain
and spinal cord, leading to muscle weakness and atrophy
(46). There are ~120 mutations, including missense, non-
sense, splice site, frameshift and insertion/deletion reported
in the SETX gene that are associated with AOA?2 (47-49).
About 46 missense mutation, 20 in the NH,-terminal and 26
in the helicase domain of SETX that are reported in AOA2
are summarized in references (49-51). In AOA2 patients,
the loss of function SETX mutations results in inefficient
resolution of R-loops that are accumulated because of de-
fects in transcription leading to activation of DDR path-
ways (52-54). SMA and ALS have similar characteristics
such as degeneration of the spinal cord lower and upper mo-
tor neurons, respectively, and muscle weakness and atrophy.
Several missense mutations, T3I, L389S, T11181, C1554G,
K2029E, R2136H and 12547T in the SETX gene have been
reported to be associated with ALS4 (55). Two mutations,
L389S and V891A (in trans), in the SETX gene are also re-
ported in patients with autosomal dominant proximal SMA
(ADSMA) (56).

Knockout of the Setx gene in mouse results in accumu-
lation of R-loops and DSBs, which causes defects in dis-
assembly of RADS] filaments (43). The SMN interacting
protein GEMIN2 binds to RADS51 and SMN-GEMIN? fu-
sion protein complex has been reported to enhance RADS1-
mediated HR (57,58). SETX is required to maintain the in-
tegrity of replication fork during the collision with RNA
polymerase II (RNAPII)-dependent transcription to pre-
vent DNA damage, and it promotes BRCAl-mediated
DNA repair (59,60). Interestingly, SETX knockout causes
R-loop accumulation in mice, but SETX-deficient mice did
not show neurodegenerative phenotype suggesting that de-
ficiency of SETX alone is not sufficient to cause neuron
degeneration (43). Our data show that SMA neurons have
combined deficiency of SETX and DNA-PKcs; SETX defi-
ciency causes accumulation of R-loops and DNA damage,
and DNA-PKcs deficiency impairs NHEJ-mediated DNA
repair leading to genomic instability and progressive degen-
eration of motor neurons in SMA. Together, these findings
suggest that the loss of function mutations in SETX may be
coupled with a deficiency or the loss of function of another
cell-specific factor that may contribute to Purkinje cells and
motor neurons degeneration in AOA2 and ALS4, respec-
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Figure 8. Graphical summary of the molecular mechanism of neurodegeneration in SMA. Chronic low levels of SMN cause deficiency of SETX that results
in accumulation of RNA-DNA hybrids (R-loops). Accumulation of R-loops causes DSBs and activation of DDR. In dividing cells, DSBs are repaired by
HR and NHEJ, but neurons predominantly use NHEJ that requires DNA-activated protein kinase catalytic subunit (DNA-PKcs) activity. Chronic low
levels of SMN cause deficiency of DNA-PKcs in neurons. In SMA dividing cells, HR pathway is active and repairs DNA damage that supports cellular
proliferation. In SMA neurons, HR-mediated DNA repair is inactive and DNA-PKcs-deficiency causes defects in NHEJ-mediated DSB repair that leads
to genome instability and predominant degeneration of motor neurons in SMA.

tively. Our study opens a new door for investigation of the
molecular mechanisms of pathogenic neurodegeneration in
human diseases associated with SE7X mutations.
Transcription, R-loop resolution, splicing, DNA damage
and DNA repair are tightly coupled nuclear processes that
require precise temporal coordination. SETX interacts with
many proteins, including RNAPII, SMN and BRCAI that
are involved in transcription, splicing and DNA repair, re-
spectively (60-63). SMN is shown to interact with RNAPII
and may play a role in transcription (64,65). Disruption of
SMN-RNAPII interaction by mutation in RNAPII causes
defects in transcription termination that result in R-loop ac-
cumulation (65). The precise function of SETX-SMN com-
plex in R-loop biogenesis is unclear. However, it is pos-
sible that RNAPII, SMN and SETX proteins form com-
plexes and collaborate to perform sequential functions re-

quired for RNA biogenesis, such as RNAPII-SMN com-
plex may control transcription termination and the SETX-
SMN complex may play a role in splicing where SETX re-
solves RNA-DNA hybrids, which is required prior to splic-
ing, and the SMN-snRNPs complex initiates pre-mRNA
splicing (24,61,65).

R-loops are naturally occurring RNA-DNA hybrids
consisting of three nucleic acid strands, RNA-DNA hy-
bridized strands and a complementary DNA strand, which
are generated during transcription. R-loops may play roles
in gene expression, DSB repair and contribute to genome
instability (34,66). Defects in splicing result in transcrip-
tional defects (67) that are associated with R-loop accu-
mulation (68). Moreover, inactivation of the splicing fac-
tor ASF/SF2 results in genomic instability (10,69). SMN-
deficiency causes defects in splicing and correlates with in-



8344 Nucleic Acids Research, 2018, Vol. 46, No. 16

crease in R-loops but why R-loops are not resolved in SMN-
deficient cells was unclear (70). Our data show SETX defi-
ciency is the cause of accumulation of R-loops that results
in DSBs and activation of DDR pathways in SMA. No-
tably, R-loop accumulation was ~5.6-fold higher in SMA
spinal cord neurons compared to dividing patient cells, sug-
gesting that R-loop accumulation may gradually increase in
terminally differentiated neurons compared to dividing cells
where R-loops may be cleared /resolved during each mitotic
cycle. Higher levels of R-loops in neurons compared to di-
viding cells suggests increased secondary DSBs that may
contribute to predominant degeneration of motor neurons
in SMA. Together, these findings support the idea that ac-
cumulation of R-loops in dividing and non-dividing SMA
cells may be a cause of DSBs and genomic instability that
may contribute to neurodegeneration associated with SMA
pathogenesis.

Contribution of DNA-PKcs deficiency to neurodegeneration
and SMA pathogenesis

Accumulation of R-loops and DSBs followed by activation
of DDR pathways revealed that DSB repair by HR and
NHE]J is triggered in normal dividing cells upon inducing
SMN deficiency. Acute SMN-deficiency caused a small de-
cease (~13%) in DNA-PKcs transcript levels that did not
affect the DNA-PKcs protein levels and the DNA-PKcs was
phosphorylated, suggesting activation of the NHEJ path-
way for DNA repair is triggered by SMN-deficiency. In-
terestingly, chronic low levels of SMN in patient dividing
cells caused ~35% decrease in DNA-PKcs transcripts and
marked reduction (~70%) in total DNA-PKcs protein lev-
els resulting in the loss of activated phospho-DNA-PKcs
and impairment of the NHEJ pathway in SMA. It is es-
tablished that SMN-deficiency causes defects in the pre-
mRNA splicing of genes with large number of introns (10),
and the human PRKDC (DNA-PKcs) gene is very long
~187 kb and the mouse Prkdc gene is ~250 kb long and
contains 86 exons (71). Alternative splicing of the DNA-
PKecs gene is reported in cancer (72,73). Therefore, it is likely
that the defects in pre-mRNA splicing of the DNA-PKcs
gene might also contribute to DNA-PKcs protein deficiency
in SMA cells. Rescue of DNA-PKcs levels by restoration
of SMN levels in patient cells and SMA neurons suggests
that SMN is critical for maintaining normal levels of DNA-
PKcs. NHEJ-mediated DSB repair is dependent on DNA-
PKcs activity. Neurons and other post-mitotic cells pre-
dominantly use NHEJ for DNA repair (18). DNA-PKcs
deficiency and reduced DNA repair activity by NHEJ is re-
ported in the brain tissue of Alzheimer’s disease patients
(74). Because DNA-PKcs is required for NHEJ-mediated
DNA repair in neurons and plays a critical role in main-
taining genome integrity in neurons (75), our data suggest
that DNA damage caused by SETX deficiency gradually in-
creases due to inefficient NHEJ-mediated DNA repair in
neurons, leading to genome instability that may contribute
to predominant neuron degeneration in SMA.

In addition to neurodegeneration, DNA-PKcs deficiency
may contribute to immune system defects in SMA. Muta-
tions in DNA-PKcs that results in the loss of its activity
or genetic inactivation of the Prkdc gene cause severe com-

bined immune deficiency (76). Defects in immune system
are reported in SMA, including abnormalities in spleen and
pulmonary infection such as pneumonia, which are com-
mon in SMA patients (77). These findings call for further
investigation of immune complications in SMA and provide
basis for pre-emptive elimination of potential risk of infec-
tion in SMA patients, which would be extremely important
for the success of ongoing and future clinical trials.

Mechanism of neurodegeneration in SMA

In this study, we have uncovered that the low levels of SMN
disrupt colocalization of SETX with SMN in sub-nuclear
bodies and causes downregulation of SETX levels in pa-
tient cells, SMA mice neurons and spinal cord tissues from
SMA mice and patients. SETX-deficiency leads to genera-
tion of excessive amounts of unresolved R-loops. Accumu-
lation of R-loops is one of the major causes of genomic in-
stability (34), which results in DNA damage, particularly
DSBs and activation of DDR pathways. In dividing cells,
HR and NHEJ mechanisms repair DSBs, but neurons pre-
dominantly use NHEJ that is dependent on DNA-PKcs ac-
tivity (17,78). Further, we uncovered that chronic low lev-
els of SMN is also a cause of DNA-PKcs deficiency in
SMA mice, patient cells and spinal cords tissues suggest-
ing that DSB repair may be insufficient due to impaired
NHEJ-mediated DNA repair in patient cells and SMA neu-
rons. However, activation of ATM/BRCAI in patient cells,
suggests that HR may repair the majority of DSBs in di-
viding cells. In SMA neurons, deregulation of p-ATM and
p-BRCAL1 levels indicate non-active HR, which is consis-
tent with the experimental evidences that DSB repair by
HR pathway may exclusively occur in dividing cells (40),
suggesting HR may not contribute to DSB repair in neu-
rons. Therefore, neurons may primarily rely on DSB repair
by NHEJ. Thus, deficiency of DNA-PKcs may cause de-
fects in NHEJ-mediated DSB repair and result in gradual
increase in DNA damage accumulation in neurons lead-
ing to genomic instability and neurodegeneration in SMA.
The mechanism of neurodegeneration caused by chronic
low levels of SMN in SMA is presented as a graphical sum-
mary in Figure 8. Rescue of SETX and DNA-PKcs defi-
ciency, DNA damage and neurodegeneration by restoring
SMN levels suggests that normal levels of SMN are re-
quired for optimal levels of SETX and DNA-PKcs. Fur-
thermore, overexpression of only SETX rescues DNA dam-
age by reducing R-loop accumulation and degeneration of
SMA neurons, supporting the idea that SETX deficiency
stemming downstream of the low levels of SMN may be cen-
tral to causing DNA damage phenotype in SMA. Together,
these findings identify SETX as a new potential therapeutic
target for the treatment of SMA.
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