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Defects in DNA repair pathways are a major cause of DNA damage accumulation
leading to genomic instability and neurodegeneration. Efficient DNA damage repair
is critical to maintain genomic stability and support cell function and viability. DNA
damage results in the activation of cell death pathways, causing neuronal death in an
expanding spectrum of neurological disorders, such as amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), Alzheimer’s disease (AD), and spinal muscular atrophy
(SMA). SMA is a neurodegenerative disorder caused by mutations in the Survival Motor
Neuron 1 (SMNT) gene. SMA is characterized by the degeneration of spinal cord motor
neurons due to low levels of the SMN protein. The molecular mechanism of selective
motor neuron degeneration in SMA was unclear for about 20 years. However, several
studies have identified biochemical and molecular mechanisms that may contribute to
the predominant degeneration of motor neurons in SMA, including the RhoA/ROCK,
the c-Jun NH»-terminal kinase (JNK), and p53-mediated pathways, which are involved
in mediating DNA damage-dependent cell death. Recent studies provided insight into
selective degeneration of motor neurons, which might be caused by accumulation of
R-loop-mediated DNA damage and impaired non-homologous end joining (NHEJ) DNA
repair pathway leading to genomic instability. Here, we review the latest findings involving
R-loop-mediated DNA damage and defects in neuron-specific DNA repair mechanisms
in SMA and discuss these findings in the context of other neurodegenerative disorders
linked to DNA damage.

Keywords: R-loops, NHEJ, genomic instability, SMA, neurodegeneration, ALS, ZPR1, senataxin

INTRODUCTION

The maintenance of genomic integrity is critical for the survival and propagation of life on earth.
All cells must protect their genomes from the normal wear and tear caused by DNA replication,
gene transcription, ongoing metabolic reactions that produce DNA damaging compounds, as well
as physical and chemical stresses from the external environment. As a result, cells have evolved
a dizzying array of proteins that function in all aspects of nucleic acid metabolism and evolved
DNA repair pathways to manage different types of genomic insults. The accumulation of DNA
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damage that leads to genomic instability is toxic for cells,
triggering downstream reactions which can result in cell death
if the damage is not repaired in a timely manner. The discovery
of DNA damage and endogenous DNA repair pathways in living
organisms in the last century introduced a new milestone in the
field of cellular and molecular biology. These advances allowed
examining and understanding the molecular basis of human
diseases caused by DNA damage, including neurological and
neurodegenerative illnesses (Branzei and Foiani, 2008; Saini,
2015; Chatterjee and Walker, 2017).

Neurons are complex and can be physically massive cells:
the longest neurons in the human body span the length of
the leg. Neurons are terminally differentiated cells that do not
replicate their genomes and must survive the life of the organism.
Neurons with long and branching axons such as motor neurons
require constant maintenance and specialized structural upkeep
and require the expression of large amounts of highly specialized
protein products. The high levels of transcription and translation
of proteins require increased levels of energy expenditure and
metabolism, which produces DNA damaging compounds such
as reactive oxygen species (ROS). An increase in transcription
levels directly correlates with the increase in DNA damage
accumulation that could result in unmanageable genomic
instability (D’Alessandro and d’Adda Di Fagagna, 2017).

In this review, we will discuss two major causes of genomic
instability leading to neurodegeneration: R-loop accumulation,
and defects in DNA damage response (DDR) pathways. We
will briefly introduce the spectrum of neurodegenerative and
neurological illnesses that are associated with defects in R-loop
homeostasis and DNA repair pathways. We then focus on
the advances made in the field of spinal muscular atrophy, a
neurodegenerative disease of early childhood, and discuss in
detail how and why altered R-loop resolution and impaired
DNA repair pathways contribute to genomic instability and
predominant degeneration of motor neurons. Further, we will
discuss studies that have provided insight into R-loop resolution
complexes and the mechanism of R-loop resolution, including
studying using two motor neuron disease models SMA and
amyotrophic lateral sclerosis 4 (ALS4) with opposite alterations
in R-loop metabolism.

R-LOOP ACCUMULATION, GENOMIC
INSTABILITY, AND DISEASES OF THE
CENTRAL NERVOUS SYSTEM

High levels of transcription in neurons increase the levels of R-
loops, which increase the risk of DNA damage if these are not
promptly resolved. R-loops are naturally occurring RNA:DNA
hybrids that form during transcription and are composed of
three nucleic acid strands, a DNA coding (transcribing) strand
hybridized to nascent pre-mRNA, and a displaced non-coding
(complementary) DNA strand (Figure 1). R-loops are one
potential avenue of DNA damage in an expanding spectrum of
disorders (Groh and Gromak, 2014; Garcia-Muse and Aguilera,
2019) including neurological and neurodegenerative disorders
such as ataxia telangiectasia (AT; Shiloh and Rotman, 1996),

ALS (Salvi and Mekhail, 2015), ataxia oculomotor apraxia 2
(AOA2; Fogel et al., 2014; Becherel et al,, 2015), and spinal
muscular atrophy (SMA; Kannan et al., 2018; Hensel et al,
2020). Additionally, R-loop mediated genomic instability and
downstream DNA damage may be implicated in other disorders,
including Fanconi anemia and related illnesses, which display
neurological symptoms but are not classified as neurological
disorders (Okamoto et al., 2019b). R-loops are also considered a
hallmark of cancer, present in various leukemias, and thought to
aid in tumor progression in breast cancer (Richard and Manley,
2017).

R-loops are formed during transcription, the non-coding
DNA strand is displaced as the coding strand is transcribed
and forms a hybrid with the nascent pre-mRNA. The nascent
pre-mRNA must be released from the transcribing DNA strand
to be processed and spliced into mRNA. However, alterations
in the timely processing of R-loops could affect the splicing
or alternative splicing of pre-mRNA (Li and Manley, 2005).
R-loops are a ubiquitous feature of transcription and form
across the genomes of most known living prokaryotic and
eukaryotic organisms (Crossley et al., 2019). Much effort has
gone into contextualizing R-loops: these inherent byproducts of
transcription can play physiological as well as pathological roles
(Richard and Manley, 2017; Garcia-Muse and Aguilera, 2019;
Hegazy et al., 2020; Mackay et al., 2020).

R-loops may regulate transcription at promoter sequences,
block transcription factor binding in a potential negative
feedback loop mechanism (Skourti-Stathaki and Proudfoot,
2014; Grunseich et al,, 2018; Niehrs and Luke, 2020), and
contribute to DNA repair (Ohle et al., 2016; Lu et al., 2018;
Marnef and Legube, 2021). Whether there is a structural, or
sequence-specific difference between beneficial or regulatory
R-loops and pathological R-loops remains to be investigated.
Another hypothesis that has been proposed is that cells can
tolerate R-loop accumulation up to a certain threshold, after
which the R-loop accumulation becomes pathological and leads
to genomic instability.

In dividing cells, collisions between replication and
transcription machinery can cause single-stranded breaks
(SSBs) and double-stranded breaks (DSBs), and trigger the
DNA damage response through activation of proteins ataxia
telangiectasia mutated (ATM), and ataxia telangiectasia-related
(ATR). In cycling cells (including neural progenitor cells in the
developing nervous system), these collision damages can be fixed
by homologous recombination (HR) and non-homologous end
joining (NHEJ; Orii et al., 2006). Another source of DNA damage
is R-loop accumulation during transcription. Accumulation of
unresolved R-loops or DNA damage ahead of the transcription
machinery can lead to stalling of RNA Pol II (RNAPIL; Sepe
et al, 2013; Lans et al., 2019). The stalling of RNA Pol II in
response to DNA lesions may also result in further accumulation
of R-loops. Accumulation of R-loops in response to the loss or
inhibition of RNA biogenesis factors such as Aquarius (AQR),
SETX, and topoisomerase I result in DSBs by the recruitment
of transcription-coupled nucleotide excision repair (TC-NER)
factors XPF and XPG. In addition, R-loop-dependent DSB
formation requires TC-NER factor Cockayne Syndrome group
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FIGURE 1 | Schematic representation of formation of transcription-coupled R-loops and possible DNA lesions that occur during transcription and related DNA
repair pathways in the cell. R-loops are 3-strand nucleic acids structures formed during RNA Pol Il (RNAPII)-dependent gene transcription. R-loops are composed of
a nascent mMRNA transcript hybridized to the transcribing DNA strand, and the displaced complementary DNA strand. Persistent pathogenic R-loops can result in
DNA lesions such as single-stranded breaks (SSBs) and double-stranded breaks (DSBs) by various mechanisms. From left to right, DSBs can be repaired via
homologous recombination (HR; in dividing cells), or non-homologous end-joining (NHEJ; in dividing and terminally-differentiated cells). Single stranded breaks (SSBs)
can be repaired by base excision repair (BER). Transcription blocking lesions (broadly) are repaired through transcription-coupled nucleotide excision repair (TC-NER).

B (CSB) but not global genome repair (GG-NER) factor XPC
suggesting that TC-NER factors may play a negative role and
promote DSB formation (Sollier et al., 2014; Hamperl et al., 2017;
Cristini et al., 2019).

R-loop-mediated DNA damage may contribute to the
pathogenesis of different forms of ALS caused by mutations
in the superoxide dismutase 1 (SODI), open reading frame
72 at chromosome 9 (C9ORF72), fused in sarcoma (FUS), and
transactivation response DNA binding protein, 43kDa (TDP-43)
genes. However, further studies are required to gain mechanistic
insights into the correlation between DNA damage, impaired
DNA repair, and ALS pathogenesis (Salvi and Mekhail, 2015;
Wang et al., 2015; Perego et al., 2019). Notably, recent studies
have shown that deficiency or loss-of-function of TDP-43
results in an increase of R-loops and accumulation of DNA
damage, due to defects in DNA-PKcs-mediated NHE] repair in
cells/neurons lacking TDP-43 or ALS10 patient cells that have
TDP-43 mutations (Mitra et al., 2019; Giannini et al., 2020;
Konopka et al., 2020).

The low levels of R-loops found in ALS4, an autosomal
dominant disease caused by mutations in the senataxin (SETX)
gene (Chen et al., 2004), present an interesting contrast with
diseases like SMA, which are characterized by high levels
of R-loops. SETX is an ATP-dependent RNA/DNA helicase
that unwinds RNA:DNA hybrids and contributes to R-loop
resolution (Skourti-Stathaki et al., 2011; Bennett and La Spada,
2018; Cohen et al.,, 2018). Autosomal dominant characteristics
of ALS4 and studies with patient-derived fibroblasts that have
L389S mutation in SETX show reduced R-loop accumulation,
suggesting a SETX-dependent gain-of-function in R-loop
resolution (Fogel et al., 2014; Grunseich et al., 2018). How exactly
the low levels of R-loops contribute to neurodegeneration in
ALS4 is unclear. Based on findings from ALS4 patient-derived
mitotic cells, it is proposed that R-loops promote transcription
by blocking DNA methylation at promoters (Grunseich et al.,
2018). Reduced R-loops cause downregulation of BMP (bone
morphogenic protein) and activin membrane-bound inhibitor
(BAMBI), which is a negative regulator of transforming growth
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factor-p (TGF-B) signaling pathway. Previous studies have also
suggested the role of SMN-dependent BMP/TGF-b signaling
in the formation and growth of neuromuscular junctions in
ALS and SMA (Chang et al., 2008; Bayat et al., 2011). These
findings suggest that increased TGF-p signaling may contribute
to neurodegeneration in ALS4 (Grunseich et al., 2018). Studies
with two ALS4 mouse models with mutations in SETX (L389S
and R2136H) and spinal cord tissues from patients show
nuclear exclusion as well as cytoplasmic mislocalization of TDP-
43. TDP-43 mislocalization to the cytoplasm is a hallmark
pathology reported in ALS patients, suggesting that impaired
nucleocytoplasmic trafficking in ALS4 may be a cause of motor
neuron degeneration in ALS4 (Bennett et al.,, 2018). Another,
not mutually exclusive, possibility is that due to the regulatory,
feedback, repair, and other potential roles played by both
sequence-specific and R-loops writ large, a tissue-specific basal
level of R-loops must be maintained for cellular homeostasis. The
reduced R-loop levels could contribute to transcription-related
cellular stress in post-mitotic neurons, causing a deregulation
of the DNA repair axis and leading to selective degeneration of
motor neurons in ALS4, but this hypothesis warrants further
studies.

The cellular threat associated with R-loop accumulation to
long-lived, non-dividing (post-mitotic), and transcriptionally
“high maintenance” cells such as neurons, could stem from
a progressive accumulation of R-loops leading to SSBs and
DSBs. Existing SSBs and DSBs in highly transcribed genes can
generate transcriptional stress and increase the accumulation
of R-loops caused by RNA Pol II stalling. TC-NER-mediated
R-loop processing used to minimize transcriptional stress can
create further DNA damage and R-loop accumulation (Lin and
Wilson, 2012; Lans et al., 2019; Nakazawa et al., 2020). R-loops
seem to beget more R-loops, and DNA damage, creating a
cascade effect which results in a greater load of DSBs to repair.
Notably, neurons must rely primarily on NHE]J-mediated DSB
repair, which, as discussed, may not be effective enough to repair
the DNA damage encountered by neurons under cellular and
genomic stress. The NHEJ-mediated DNA repair pathway also
gradually loses efficiency with aging, highlighting the potential
contribution of age-related DNA damage accumulation and
inefficient DNA repair to neurodegenerative disorders such as
Alzheimer’s disease (AD; Lin et al., 2020).

DEFECTS IN DNA REPAIR AND
NEUROLOGICAL DISORDERS

Defects in genomic integrity and downstream DNA repair
are implicated in a spectrum of neurodegenerative disorders,
including amyotrophic lateral sclerosis (ALS; Walker and El-
Khamisy, 2018; Konopka et al., 2020; Wood et al., 2020) and
Alzheimer’s disease (AD; Kanungo, 2013; Hegde et al., 2017;
Wang et al., 2017; Rao et al., 2018). Genomic instability caused
by defects in DNA repair is implicated in the downstream
neurological consequences of disorders such as Fanconi anemia
and Nijmegen Breakage Syndrome, which are known to result
in congenital microcephaly (Kastan, 2008; van der Lelij et al,
2010; Okamoto et al, 2019a). Dozens of genes, including

Nijmegen Breakage Syndrome 1 (NBS1), ATM, ATR, xeroderma
pigmentosum (XP), and CSB (among others, reviewed in Barzilai
et al., 2008; O’Driscoll and Jeggo, 2008), which have functions
in DNA damage signaling, activation of DDR pathways, and SSB
and DSB repair pathways, have been characterized only as a result
of their association to neurological diseases, including early and
late onset.

Evidence suggests that DDR pathway factors and other genes
that function in the maintenance of genome integrity play
key roles in the early development of the CNS. Disruption of
core proteins (XRCC4 or Ligase IV) in the NHE]J-mediated
DNA repair pathway results in embryonic lethality due to
increased neuronal apoptosis, but only in the presence of
P53 (reviewed in Barzilai et al, 2008; McKinnon, 2009).
This interaction suggests that P53-dependent cell death may
contribute to neurodegeneration. Ligase IV/P53 knockout
mice, which accumulated DNA damage and developed a
neurodegenerative phenotype later in life, suggest that the
accumulation of DNA damage led to different consequences
depending on the stage of neural differentiation. Neurons
that would normally have been pruned due to high levels
of DNA damage were able to differentiate and live in the
absence of P53-mediated signaling but eventually succumbed to
degeneration later in life, as the load of DNA damage increases
(Barnes et al., 1998; Frank et al., 2000).

Efficient DDR is crucial for the survival and homeostasis
of terminally differentiated neurons as well (Hegde et al,
2017; Walker and El-Khamisy, 2018). As discussed, terminally
differentiated neural cells have limited double-stranded break
repair options (Rass et al, 2007; Kannan et al, 2018).
When DSBs arise in neurons, whether as a result of R-loop-
mediated DNA damage, or other causes, these must be repaired
efficiently to make genomic DNA ready for the next round of
transcription. Terminally differentiated cells, such as neurons,
have limited DNA DSB repair options, and must rely on mistake-
prone NHEJ-mediated DSB repair, focused primarily on highly
transcribed genes. By contrast, proliferating cells, such as neural
progenitor cells can ensure error-free DSB repair using the HR
pathway in the S-phase of the cell cycle (Mao et al, 2008).
The efficiency of NHEJ-mediated DNA repair declines with
aging, and defects in various factors in the pathway result in
an increased risk of DNA damage accumulation leading to
genomic instability and varying severities of neurodegenerative
phenotypes (Barzilai, 2007; Rao, 2007; Rass et al, 2007;
Kannan et al., 2018; Konopka et al., 2020). One critical factor
required for NHEJ-mediated DNA repair is the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs). Downregulation
of DNA-PKcs levels or catalytic activity may contribute to
the pathogenesis of neurodegenerative diseases such as AD
(Kanungo, 2016; Lin et al., 2020) and motor neuron disorders
ALS and SMA as discussed below.

Neurons are not only more vulnerable to DNA damage
accumulation due to oxidative and transcriptional stress but are
also challenged by inefficient repairing of DNA lesions that arise
and accumulate during their lifespan. In long-lived neurons,
this causes genomic instability leading to neurodegeneration
and eventually the activation of cell death pathways. This
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connection may shed light on the link between genomic
instability and age-related neurodegeneration. Higher levels of
DNA damage and defects in NHEJ-mediated DNA repair have
been reported in AD, PD, and ALS as compared to age-matched
controls, indicating a strong association between age-related
neurodegenerative diseases and accumulation of DNA damage
(reviewed in Madabhushi et al., 2014; Walker and El-Khamisy,
2018). Accumulation of DNA damage in the developing nervous
system leads, on the other hand, to many of the early onset
congenital microcephalies. The common factor seems to be the
accumulation of DNA damage leading to genomic instability
and resulting in neurodegeneration and cell death, or early cell
death leading to microcephaly. SMA, as a genomic instability-
mediated neurodegenerative illness of early childhood provides
particularly useful insights.

SPINAL MUSCULAR ATROPHY

SMA is the most common genetic cause of death in early
childhood and the second most common autosomal recessive
disorder in humans (Wirth, 2021). SMA is an autosomal
recessive neurodegenerative disease caused by mutations of the
survival motor neuron 1 (SMNI) gene located at 5q13. The
SMN2 copy in humans produces a truncated version of the SMN
protein (SMNA7) and a small amount (~10%) of full-length
SMN protein which is insufficient and results in degeneration
of motor neurons leading to the development of muscle atrophy
(Lorson et al., 1999; Ahmad et al., 2016). The number of SMN2
copies present is inversely correlated with disease severity and
positively correlated with age of onset, and patients with six
or more copies of SMN2 do not experience neurodegenerative
symptoms until their 30s (Markowitz et al., 2012). Chronic low
levels of SMN, a multifunctional protein with a variety of roles
in mammalian cells, result in the degeneration of spinal motor
neurons, causing muscle atrophy that is followed by symmetric
limb paralysis and respiratory distress (Ahmad et al., 2016;
Singh et al., 2017).

Clinical investigations of patients have suggested that SMA
is a systemic disorder, affecting many other cell and tissue
types in addition to the spinal cord motor neurons. Insurance
claims filed by SMA patients and families that have received
treatment report complaints involving various body systems,
implying that a true SMA disease rescue would target cells
outside the central nervous system and reduce global defects
caused by SMN insufficiency (Shababi et al., 2014; Lipnick et al.,
2019). Studies with mouse models also support the idea that
SMA is not simply a motor neuron disease (Kim et al., 2020).
That SMA is a systemic disorder is evidenced by the fact that
SMN is ubiquitously expressed in all cell types and chronic
SMN-deficiency may contribute to cell type-specific defects in
SMA. Why SMA neurons (especially motor neurons) seem to
be “selectively or predominantly” vulnerable to the effects of
SMN deficiency has been a topic of intense research and debate.
The initial hypothesis on the selective degeneration of motor
neurons in SMA was based on the role of the SMN complex
in the assembly of spliceosomes and pre-mRNA splicing, and it
was thought that defects in the splicing of neuron-specific genes

may contribute to selective degeneration (Gubitz et al., 2004;
Monani, 2005; Burghes and Beattie, 2009). However, neuron-
specific genes that were not also altered in other tissues were not
identified, leaving the question open in the SMA field (Zhang
et al., 2008). Interestingly, downregulation of genes AGRIN and
ETV1, associated with synaptogenesis, a neuron-specific process,
may contribute to the degeneration of neurons in SMA (Zhang
etal., 2013). With no neuron-specific candidate genes identified,
a new hypothesis was proposed: defects in cellular processes on
which neurons depend may be the underlying cause of selective
or predominant motor neuron degeneration in SMA (Kannan
etal., 2018).

DNA DAMAGE IN SMA

DNA damage was initially reported in SMA patient muscle
tissues and fibroblasts using simple experiments such as TUNEL
assay and electrophoretic analysis of genomic DNA for the
presence of DNA lesions/fragmentation (Tews and Goebel,
1996; Stathas et al., 2008; Fayzullina and Martin, 2014). Studies
with chemical or radiation-induced DNA damage proposed
that faulty DNA repair was unlikely to contribute to SMA
pathogenesis (Fayzullina and Martin, 2016). The early notion
that SMA is a motor neuron disease, and the lack of convincing
biochemical data on the involvement of DNA damage and
repair pathways contributed to the paucity of research on the
role of genomic instability in SMA pathogenesis. However,
convincing experimental evidence has emerged in the past
5 years demonstrating the critical role of DNA damage in
SMA pathogenesis. These findings include: the presence of
P53-mediated DNA damage via dysregulation of P53 repressors
Mdm?2 and Mdm4 (Jangi et al., 2017; Simon et al., 2017; Van
Alstyne et al., 2018), R-loop accumulation and R-loop-mediated
DNA damage (Zhao et al.,, 2016; Jangi et al., 2017; Kannan et al,,
2018), rescue of R-loop-mediated DNA damage (Kannan et al.,
2020) and defects in the assembly of R-loop resolution complexes
(RLRC) as a cause of nuclear/nucleolar R-loop accumulation
and DNA damage in SMA (Kannan et al, 2022). A recent
study shows that the knockdown of DDX21 may contribute to
nucleolar R-loop accumulation and ribosomal DNA damage in
SMN-deficient cells (Karyka et al., 2022). A timeline for the
involvement of DNA damage and impaired DNA repair in SMA
pathogenesis is shown in Figure 2.

The cellular signaling pathways that are activated in response
to DNA damage and are reported to be involved in mediating
neuronal cell death or apoptosis in neurological disorders,
including SMA are shown in Figure 3. The c-Jun NH,-terminal
kinase (JNK) pathway has been implicated in neurodegeneration
associated with diseases such as ALS, AD, PD, and SMA
(Schellino et al., 2019). The JNK pathway may mediate the
DNA damage response in P53-dependent and independent
ways (Fuchs et al., 1998; Picco and Pages, 2013). Two signaling
modules, ASK1/MKK4/7/JNK and MEKK1/MKK4/7/JNK
leading to JNK activation were identified in SMA patient and
mice spinal cords (Genabai et al., 2015). Knockdown of zinc
finger protein 1 (ZPR1), which is downregulated in SMA
(Helmken et al., 2003; Ahmad et al., 2012), causes JNK-mediated
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degeneration of cultured primary spinal cord motor neurons
derived from mice (Jiang et al., 2019). DNA damage-mediated
JNK activation results in the phosphorylation of H2AX and
initiation of the DNA damage response. JNK interacts with
P53 and directly phosphorylates P53 resulting in P53-mediated
apoptosis. Interestingly, DNA damage-mediated activation
of ATM results in P53 phosphorylation at Ser-15 (human)
and Ser-18 (mouse) and disruption of Mdm2-P53 complexes
resulting in P53-mediated cell death (Chao et al., 2000; Picco
and Pages, 2013). In SMA, phosphorylation of P53 (Ser-18) and
dysregulation of Mdm2 and Mdm4, repressors of P53, results in
induction of P53-mediated neuron degeneration (Simon et al.,
2017; Van Alstyne et al., 2018). In addition, other signaling
pathways, including RhoA/ROCK pathway may also contribute
to stress-fiber mediated DNA damage pathogenesis in SMA but
requires further investigations (Bowerman et al., 2007; Nolle
et al., 2011; Cheng et al, 2021; Magalhaes et al., 2021). The
evidence above indicates that DNA damage accumulation in
SMA neurons leads to the activation of cell death pathways, but
the source of the DNA damage remained unclear.

R-LOOP-MEDIATED DNA DAMAGE IN SMA

Accumulation of R-loops has been reported in several
neurological disorders, including ALS, SMA, SMARDI1, SCA2,
and AOA2 (Figure 3) suggesting that R-loop mediated DNA
damage may contribute to the pathogenesis of different genetic

diseases. However, the pathogenic mechanisms associated with
R-loop accumulation in many of these neurological diseases
remain unclear. Nevertheless, some progress has been made
towards understanding the cause of R-loop accumulation and
the mechanism of R-loop resolution in SMA.

Downregulation of critical factors that may be components
of the R-loop resolution complex (RLRC) such as SETX, SMN,
and ZPRI, due to SMN-related splicing defects may contribute
to R-loop accumulation in SMA (Kannan et al., 2022). Another
factor, DEAD/H box protein 9 (DHX9), an RNA helicase,
has been shown to contribute to R-loop metabolism but the
precise mechanism remains to be examined. DHX9 promotes
R-loop accumulation in cells lacking splicing factors and
displays defects in pre-mRNA splicing (Chakraborty et al.,
2018). DHX9 suppresses defects in RNA processing caused by
the Alu-element invasion of the genome (Aktas et al., 2017).
Knockdown of DHX9 has been shown cause accumulation
of circular RNA (circRNA) for GC- and Alu-element-rich-
containing genes, including the SMN gene (Ottesen et al., 2019;
Shao et al., 2020). Interestingly, circRNA accumulation inhibits
DNA repair, which could increase the accumulation of DNA
damage caused by R-loops (Xu et al., 2020). This suggests that
high levels of circRNA produced by SMN genes may be a
confounding variable contributing to genomic instability in SMA
(Ottesen and Singh, 2020). A recent study identified nucleolar
DEAD/H BOX RNA helicase 21 (DDX21) downregulation in
SMA patient-derived IPSC motor neurons. DDX21 knockdown
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FIGURE 3 | Schematic representation of biochemical signaling mechanisms involved in mediating pathogenic effects of R-loop-mediated DNA damage in
neurodegeneration associated with neurological disorders. SMA and various disorders (blue ellipse) are associated with increased R-loops (green ellipse) and DNA
damage. R-loop accumulation, UV irradiation, and presence of reactive oxygen species (ROS) are among other causes of DNA damage. ALS4 (yellow ellipse)
represents a special example of neuromuscular disorder caused by decrease in levels of R-loops, which is in contrast to SMA caused by increase in R-loop levels
compared to controls. DNA damage response is mediated by activation of the JNK, ATM, and P53-mediated signaling pathways. ATM mediates phosphorylation of
H2AX (yH2AX) and BRCA1 leading to activation of DNA damage and repair response. Both ATM and JNK phosphorylate P53, which may independently or
synergistically contribute to P53-mediated cell death in response to DNA damage. Activation of the JNK pathway contributing to neurodegeneration has been
reported in SMA, various forms of ALS, AD, and PD.
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results in R-loop accumulation in the nucleolus, which may
be a cause of ribosomal DNA damage in SMN-deficient cells
(Karyka et al., 2022). Extensive mitochondrial pathology has also
been reported in SMA, including mitochondrial DNA (mtDNA)
damage, raising the question of whether mtDNA damage in
SMA is R-loop mediated (Miller et al., 2016; James et al., 2021).
Nevertheless, recent analyses of SMA patient and mouse cells
and tissues have provided insight into the mechanism of R-loop-
mediated DNA damage and genomic instability in SMA.

Analysis of SMN deficiency was done in non-SMA cells
with SMN knockdown (acute) and SMA patient cells (chronic).
Acute SMN-deficiency (knockdown) results in DNA damage
and activation of DDR pathways in dividing non-SMA
SMN-deficient cells. Notably, chronic low levels of SMN protein
also result in increased accumulation of DSBs in SMA patient
dividing cells as indicated by accumulation of yH2AX and
53BP1 foci compared to control cells. Further analysis showed
that the DNA damage caused by either acute or chronic
SMN-deficiency was caused by the accumulation of R-loops in
dividing non-SMA and SMA patient cells (Kannan et al., 2018).
Complementation with ectopic expression of recombinant SMN
rescued DNA damage caused by chronic low levels of SMN
in SMA patient cells. These findings suggested that the low
levels of SMN may also contribute to R-loop accumulation and
DNA damage in motor neurons. Further investigation using
primary cultured spinal motor neurons derived from SMA mice
demonstrated that chronic low levels of SMN indeed resulted
in R-loop accumulation, causing DNA damage and leading
to the activation of the NHEJ-mediated DNA repair pathway
(Kannan et al., 2018). Interestingly, the accumulation of R-loops
in SMA motor neurons (non-dividing cells) was higher (~8-
fold) compared to (~2-fold) in SMA patient (dividing) cells. This
finding suggests an increased accumulation of DNA damage in
post-mitotic (non-dividing cells) neurons compared to mitotic
cells (Kannan et al, 2018). Higher levels of R-loops in SMA
were found to correlate with the downregulation of SETX in
SMA patient cells and motor neurons derived from SMA mice.
Decreased levels of SETX result in poor efficiency of R-loop
resolution and accumulation of DNA damage (Kannan et al,
2018, 2020).

These observations identified SMA as a neurological
disorder characterized by R-loop mediated DNA damage and
simultaneously opened the door to investigate the consequences
of genomic instability on the survival of motor neurons and
raised important questions: why were SMA motor neurons
showing increased levels of R-loop accumulation as compared
to dividing cells? Is an increase in R-loop accumulation making
SMA motor neurons “selectively” vulnerable to genomic
instability?

INEFFICIENT DNA REPAIR CAUSES
SELECTIVE DEGENERATION OF MOTOR
NEURONS IN SMA

SMA is characterized by the selective degeneration of spinal
motor neurons (Ahmad et al., 2016). This is not to say

that other neurons/non-neural cell types are unaffected by
the underlying slow burn of R-loop accumulation and NHE]
pathway downregulation in SMA: but why are spinal motor
neurons lost while other cell types survive? SMN is a ubiquitously
expressed protein and is essential for viability (Schrank et al.,
1997). The question of the specific vulnerability of spinal motor
neurons to low levels of the SMN protein in SMA remained
enigmatic for researchers in the SMA field for more than two
decades (Monani, 2005; Burghes and Beattie, 2009). Recent
studies have contributed to understanding the molecular basis
of selective degeneration of spinal motor neurons in SMA by
providing insight into the impact of impaired DNA repair
leading to genomic instability in neurons, but not in dividing
patient cells (Kannan et al., 2018, 2020).

As discussed previously, defects in DNA repair result
in the accumulation of DNA damage that could lead to
genomic instability, therefore, cells must efficiently repair DNA
lesions, including DSBs to survive. Experiments involving
SMA patient (mitotic) cells and SMA motor neurons (post-
mitotic) demonstrated that the HR pathway is intact in mitotic
cells but NHE] pathway is deregulated (Kannan et al., 2018).
However, the higher levels of DNA damage in SMA dividing
cells compared control cells suggest that HR-mediated DNA
repair may also be affected. For example, Gemin2, SMN
interacting protein, promotes the accumulation of RAD51 at
DSBs and contributes to HR-mediated DNA repair (Takizawa
et al, 2010; Takaku et al, 2011). Of note, Gemin2 levels
are downregulated in SMA dividing and differentiated cells
(Helmken et al., 2003; Wu et al, 2011) suggesting that
HR-mediated DNA repair may not be optimal in SMA.
SMA patient fibroblasts compensate for higher levels of DNA
damage by activating the HR pathway, and to a lesser extent
the NHE] pathway, to repair DNA damage. SMA patient
fibroblasts shield themselves from DNA damage using the
HR repair pathway during each cell cycle and continue to
proliferate. This is consistent with the fact that the bodies
of SMA patients continue to grow, while motor neurons
unable to sustain growth, innervate rapidly growing skeletal
muscle to support normal neuromuscular function (Ahmad
et al., 2016; Kannan et al, 2018; Gollapalli et al, 2021).
These findings are also consistent with systemic dysfunction of
terminally differentiated tissue types such as skeletal muscle,
liver, and kidney tissues in SMA patients and mice (Fayzullina
and Martin, 2014; Lipnick et al, 2019; Nery et al, 2019;
Kim et al., 2020).

Spinal motor neurons bear the bulk of a dual burden
in SMA. Importantly, as mentioned above, neurons are high
maintenance cells and may be more vulnerable to ROS and
transcription-mediated DNA damage due to high rates of
oxidative phosphorylation and transcription. In SMA neurons,
SMN-deficiency results in the downregulation of SETX causing
the accumulation of unresolved co-transcriptional R-loops and
leading to increased levels of DSBs. Neurons must rely on
the NHE] pathway for DSBs repair. However, chronic SMN
deficiency (unlike acute SMN deficiency, as demonstrated by
Kannan et al, 2018), results in the downregulation of DNA-
PKcs, a key factor in NHEJ-mediated DNA repair. Thus, the
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deficiencies of SETX, which results in R-loop accumulation
and DNA damage, and DNA-PKcs which partially impairs
NHE]-mediated DNA repair, cause gradual accumulation of
irreparable DNA damage that leads to genomic instability and
motor neuron degeneration in SMA (Kannan et al, 2018).
Overexpression of SMN rescues DNA damage in patient cells
and motor neurons from SMA mice by increasing levels of
SETX and DNA-PKcs. Of note, ectopic overexpression of
SETX in SMA neurons decreases R-loops and rescues DNA
damage and prevents degeneration of SMN-deficient motor
neurons. These results suggest that pathogenic accumulation of
SETX-dependent R-loops may be a major cause of genomic
instability and neurodegeneration in SMA (Kannan et al,
2018). These findings raised a hypothesis that SETX might
be a protective modifier for the rescue of SMA phenotype
and remains to be tested. Notably, these findings establish the
importance of NHE]J-mediated DSBs repair in the pathogenesis
and the rescue of SMA phenotype in motor neurons. The
mechanism of selective degeneration of motor neurons in SMA
is illustrated in Figure 4.

ROLE OF ZPR1 IN SMA PATHOGENESIS
AND RESCUE OF R-LOOP MEDIATED DNA
DAMAGE

The human ZPRIgene is located on Ch11q23.2, is ubiquitously
expressed, and is evolutionarily conserved among eukaryotes
(Gangwani et al.,, 1998). ZPR1 binds to inactive receptor kinases
(RTKs) and mediates intracellular signaling (Galcheva-Gargova
etal., 1996, 1998). ZPR1 is essential for cell viability in yeast and
mice (Gangwani et al., 1998, 2005). ZPR1 contains two C4-type
zinc fingers with helix-loop-helix motifs that may mediate its
interactions with nucleic acids, RNA and DNA, and proteins
(Mishra et al, 2007). ZPRl forms endogenous complexes
with SMN and is required for the accumulation of SMN in
subnuclear bodies, SMN containing gems and CBs, in the nucleus
(Gangwani et al., 2001, 2005). The interaction of ZPR1 and SMN
is disrupted in cells derived from SMA patients (Type I) and
in the spinal cords from severe SMA mouse models (Gangwani
et al., 2001; Ahmad et al., 2012). Reduced Zprl gene dosage
results in neurodegeneration and the development of a mild
SMA-like phenotype in mice (Doran et al., 2006). Further, the
inactivation of Zprl in motor neurons results in phrenic nerve
degeneration causing respiratory failure leading to perinatal
lethality in mice (Genabai et al, 2017). Poor innervation of
diaphragm due to axonal degeneration of ZPR1-deficient phrenic
motor neurons results in the loss of synapse and collapse of
diaphragmatic rhythm, and respiratory failure. Analysis of SMA
mice with chronic low levels of ZPR1 also shows loss of phrenic
motor neurons that regulate respiration (Genabai et al., 2017).
These observations are in line with clinical reports that show the
death of SMA patients is caused by respiratory failure (Ahmad
et al., 2016; Genabai et al., 2017). These studies demonstrate that
ZPR1 is critical for the growth, maintenance, and survival of
the spinal cord motor neurons, including phrenic nerve motor
neurons, and suggest that the low levels of ZPR1 observed in

SMA patients may contribute to the severity and pathogenesis
of SMA.

ROLE OF ZPR1 IN PREVENTING R-LOOP
ACCUMULATION AND THE RESCUE OF
SMA

It is demonstrated that SMN, ZPR1, and SETX interact and
form endogenous complexes with RNAPII, and are critical
for resolving R-loops. SMN is known to play a role in the
assembly of snRNPs and mRNA splicing, SETX in unwinding
RNA-DNA helices, and ZPR1 may play a role in regulating
pre-mRNA transcription by contributing to the resolution of
co-transcriptional R-loops (Gubitz et al., 2004; Bennett and La
Spada, 2018; Kannan et al, 2018). The key molecular steps
involved in R-loop resolution are unclear, and the role of ZPR1 in
regulating transcription remains to be examined. ZPR1 has been
known to associate with the SMN 5q13 locus, but whether
ZPRI1 is a specific trans-acting transcription factor regulating
SMN, and has a specific DNA binding site, or has broad
specificity for nucleic acids, acting as a part of core transcription
complexes and thereby regulating transcription itself remains to
be examined (Gangwani, 2006; Kannan et al., 2020). However,
in mitotic cells, ZPR1 knockdown is shown to cause defects
in transcription and cell cycle progression (Gangwani, 2006).
ZPR1 interacts in vitro and forms endogenous complexes with
RNAPIIL, and may act as a part of transcription complexes
(Kannan et al,, 2020). SMN has also been shown to bind to
RNAPII and the disruption of RNAPII-SMN complexes causes
defects in transcription termination and R-loop accumulation
(Zhao et al., 2016). Both RNAPII and SMN are shown to bind
to SETX, and these protein complexes may be involved in
mRNA biogenesis, including transcription, R-loop resolution,
and splicing (Ursic et al.,, 2004; Suraweera et al., 2009; Yuce
and West, 2013). These studies suggest that ZPR1, SMN, SETX,
and RNAPII collaborate and contribute to the transcription
and resolution of nascent pre-mRNA from the transcribing
DNA strand, resulting in the resolution of co-transcriptional R-
loops. However, the precise role/contribution of each protein in
mRNA biogenesis, specifically in R-loop resolution, remains to
be studied.

Some progress has been made to uncover the role of
ZPR1 in R-loop metabolism. A recent study demonstrated that
the knockdown of ZPR1 in mammalian cells results in the
accumulation of R-loops and DNA damage as indicated by the
formation of yH2AX and 53BP1 foci in ZPR1-deficient cells
suggesting that ZPR1-dependent R-loop accumulation induces
DNA damage (Kannan et al, 2020). This is consistent with
the finding that SMA patient cells have low levels of ZPR1
(Gangwani et al, 2001), and accumulate R-loops and DNA
damage at higher rates than normal cells (Kannan et al,
2020). Interestingly, ZPR1 has been shown to be a protective
modifier in SMA, reducing R-loops and ameliorating disease
phenotype in a severe SMA mouse model (Kannan et al., 2020).
There are indications that ZPR1 may function upstream of
SMN, which is downregulated in response to ZPR1 knockdown,
and SMN levels are elevated in SMA mice and SMA patient
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end joining (NHEJ) DNA repair pathways. (C) Chronic SMN-deficiency in SMA patient dividing cells causes activation of DDR and HR to repair double-strand breaks
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cells in response to ZPR1 upregulation (Ahmad et al, 2012;  that: (i) ZPR1 deficiency contributes to SMA pathogenesis via
Kannan et al.,, 2020). In addition to SMN, ZPR1 overexpression ~ R-loop-mediated DNA damage leading to genomic instability
upregulated levels of SETX and DNA-PKcs in the CNS of SMA  and neurodegeneration; and (ii) ZPR1 rescues DNA damage by
mice. An increase in SETX levels correlates with a decrease  preventing the accumulation of pathogenic R-loops and may act
in R-loop levels and an increase in DNA-PKcs correlates with  as a protective modifier of SMA (Kannan et al., 2020; Cuartas and
reduced DNA damage as indicated by the decrease in yH2AX  Gangwani, 2022).

levels. Basically, ZPR1 provides a two-fold protection and

rescues DNA damage by: (i) decreasing R-loop levels and (Orii MECHANISM OF R-LOOP RESOLUTION

et al., 2006) increasing the efficiency of DNA-PKcs-dependent

NHEJ-mediated DNA repair (Kannan et al,, 2020). Further,  Several protein factors, SETX, DHX9, ZPR1, and XRN2 have
the overexpression of ZPR1 in SMA mice (Z-SMA) shows a  been identified that may contribute to R-loop metabolism
rescue of disease phenotype in mice with severe SMA, increasing  (Bhatia et al., 2017; Cristini et al., 2018; Wang et al., 2018;
survival of Z-SMA mice ~3.5-fold compared to littermates  Kannan et al., 2020). One of the important proteins is SETX, an
without ZPR1 (SMA; Kannan et al., 2020). These findings suggest ~ RNA/DNA helicase that unwinds RNA:DNA hybrids and helps
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resolve R-loops (Skourti-Stathaki et al., 2011; Cohen et al., 2018;
Rawal et al., 2020). The unwinding of RNA:DNA hybrids by
SETX may be one of the key steps in the separation of RNA from
DNA. How specific factors may contribute to the separation of
newly synthesized RNA from DNA and the resolution of R-loops
remains unclear.

A recently published work has helped clarify the molecular
mechanism of R-loop resolution and provided insight into the
putative key steps of R-loop resolution (Kannan et al., 2022).
This study utilized two patient cell-based model systems: (i)
SMA with higher levels of R-loops; and (ii) ALS4 with lower
levels of R-loops compared to normal human cells. Briefly, the
findings of this investigation show that SETX interacts in vitro
and in vivo with ZPR1. Notably, ZPR1 binds to R-loops and
is required for the recruitment of SETX onto R-loops. The
downregulation of SETX and ZPR1 proteins in SMA is due to
reduced mRNA expression of SETX and ZPR1 because of likely
defects in splicing caused by chronic SMN-deficiency in SMA
(Helmken et al., 2003; Kannan et al., 2020). The low levels of
SETX-ZPR1 complexes correlate with reduced assembly of the
RLRC resulting in inefficient resolution of R-loops leading to the
accumulation of higher level of R-loops in SMA compared to
control (Kannan et al., 2022).

Interestingly, the mutation in SETX (L389S) that causes
autosomal dominant ALS4, results in disruption of SETX-ZPR1
interaction and lower levels of R-loops (Chen et al., 2004;
Kannan et al,, 2022). The recruitment of SETX by ZPR1 onto
R-loops was markedly reduced in ALS4 resulting in the low
levels of SETX-ZPR1 complexes in RLRCs. The heterozygous
L389S mutation results in 50% mutant SETX, which ZPRI1 fails
to recruit onto R-loops in ALS4. Notably, the expression
levels of SETX, ZPRI1, and SMN proteins and mRNA were
not altered in cells derived from ALS4 patients, suggesting
that ZPR1 was unable to recruit mutant SETX onto R-loops.

Another notable aspect of these findings is that the ability
of SETX to form dimers was not affected by the L389S
mutation (Bennett et al., 2013). This suggests that ZPR1 may
be able to recruit heterodimer of SETX wild-type and mutant
proteins (SETX-SETX"*). The analysis of R-loop resolution
complexes (RLRCs) shows reduced levels of ZPR1 and SETX
on R-loops in ALS4 cells, a similar situation to SMA. The
low levels of SETX-ZPRI complexes in SMA are caused by
the downregulation of these proteins and result in R-loop
accumulation. In contrast, ALS4 patient cells show lower levels
of R-loops compared to normal cells, supporting the idea
of gain-of-function in R-loop resolution, which aligns with
the characteristics of an autosomal dominant ALS4 (Kannan
et al, 2022). In summary, findings from this study suggest
that SETX-ZPR1 complexes are critical for R-loop resolution
and ZPR1 may regulate the activity of SETX. The disruption
of SETX-ZPR1 complexes may be a cause of gain-of-function
because ZPR1 may function as a molecular brake and regulate
SETX-dependent R-loop resolution activity, and the impairment
of the molecular brake may result in increased speed of R-loop
resolution in ALS4 (Figure 5).

Identification of ZPR1 as a molecular factor with the
potential to modulate R-loop levels under normal and disease
(ALS and SMA) conditions, raises an attractive hypothesis:
ZPR1 may be a critical player in guarding the integrity of
the genome by regulating R-loop homeostasis. It is possible
that ZPR1 deregulation or disruption of ZPR1 protein-protein
complexes may be a common contributing factor in the
pathogenesis of neurodegenerative diseases caused by R-loop-
mediated genomic instability but remains to be investigated.

Together, recent findings open a new chapter in
understanding the roles that R-loop mediated DNA damage and
impaired DNA repair play in the pathogenesis of neurological
disorders. Several studies, including the effect of ALS causing
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mutations on alteration of SMN function, loss of SMN
containing gems in ALS patient cells, and the disruption of
common protein networks in SMA and ALS have pointed to
overlaps in the patho-mechanisms associated with two genetic
neuromuscular disorders, ALS and SMA (Veldink et al., 2005;
Achsel et al., 2013; Cauchi, 2014; Sun et al., 2015; Kubinski
and Claus, 2022). One of the common links between different
neurodegenerative disorders highlighted here is the gradual
accumulation of DNA damage leading to genomic instability
as one of the hallmarks of neurodegeneration. To parse out the
common molecular mechanisms that are involved in genomic
instability-mediated neurodegeneration, further research that
utilizes multiple neurodegenerative disease models will be
enlightening.
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