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Spinal muscular atrophy (SMA), an autosomal recessive neuromus-
cular disease, is the leading monogenic cause of infant mortality.
Homozygous loss of the gene survival of motor neuron 1 (SMNT)
causes the selective degeneration of lower motor neurons and sub-
sequent atrophy of proximal skeletal muscles. The SMNT protein
product, survival of motor neuron (SMN), is ubiquitously expressed
and is a key factor in the assembly of the core splicing machinery.
The molecular mechanisms by which disruption of the broad func-
tions of SMN leads to neurodegeneration remain unclear. We used
an antisense oligonucleotide (ASO)-based inducible mouse model of
SMA to investigate the SMN-specific transcriptome changes associ-
ated with neurodegeneration. We found evidence of widespread
intron retention, particularly of minor U12 introns, in the spinal cord
of mice 30 d after SMA induction, which was then rescued by a
therapeutic ASO. Intron retention was concomitant with a strong
induction of the p53 pathway and DNA damage response, manifest-
ing as y-H2A.X positivity in neurons of the spinal cord and brain.
Widespread intron retention and markers of the DNA damage re-
sponse were also observed with SMN depletion in human SH-SY5Y
neuroblastoma cells and human induced pluripotent stem cell-derived
motor neurons. We also found that retained introns, high in GC con-
tent, served as substrates for the formation of transcriptional R-loops.
We propose that defects in intron removal in SMA promote DNA
damage in part through the formation of RNA:DNA hybrid structures,
leading to motor neuron death.
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pinal muscular atrophy (SMA) is a devastating autosomal

recessive neuromuscular disease characterized by the pro-
gressive loss of a-motor neurons from the medial ventral horn of the
spinal cord (1). The most common form of SMA, type I, manifests
by age 6 mo as an advancing proximal paralysis that leads to re-
spiratory distress, and affected children generally require permanent
ventilation or succumb to the disease by age 2 y (2). Consequently,
SMA is the most frequent monogenic cause of infant mortality, with
a prevalence of approximately 1 in 10,000 live births (1). In recent
years, much progress has been made in understanding the genetic
and molecular underpinnings of the disease.

SMA is caused by homozygous mutation or deletion of the
survival of motor neuron 1 (SMNI) gene (3). In humans, the
paralogous SMN2 gene arose from a gene duplication event and
is located centromeric to the SMNI locus. The two paralogs are
nearly identical but differ by several key nucleotides within and
flanking exon 7 (4). As a result, transcripts arising from the SMN2
locus predominantly splice out exon 7, producing a protein that is
rapidly degraded and thought to be nonfunctional; however, a small
fraction of transcripts include exon 7 and encode a protein identical
to SMN1 (5). Importantly, SMN2 copy number varies across indi-
viduals and is a modifier of disease severity, with a higher copy
number leading to reduced severity. We previously characterized
the function of an antisense oligonucleotide (ASO) that binds and
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blocks an exonic splicing silencer in exon 7 of SMN2 pre-mRNA,
enhancing the inclusion of exon 7 and the production of full-length
protein when delivered to the cerebrospinal fluid in an inducible
mouse model of type I SMA (6, 7). We found that early treatment
with an ASO that promoted SMN2 exon 7 inclusion prevented and
reversed the gene expression changes that occurred on disease in-
duction (6). Recently, nusinersen, an ASO drug that promotes exon
7 inclusion, was approved to treat all forms of SMA.

With the rapid approval of nusinersen for a broad patient pop-
ulation, a molecular understanding of why SMN loss results in motor
neuron death is critical for monitoring therapeutic efficacy and en-
abling further progress. SMN RNA and protein are widely expressed
during development and in adulthood (4, 8, 9); however, particularly
high expression in ventral motor neurons of the spinal cord from the
second trimester of life into adulthood may imply an increased de-
mand for SMN protein in this cell population (10). SMN has been
shown to play both “housekeeping” and cell type-specific roles in
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ribonucleoprotein (RNP) assembly and RNA metabolism. The most
well-understood role of SMN in the cell is in the assembly of the
spliceosomal small nuclear ribonucleoproteins (snRNPs), which are
required for the catalysis of intron removal during pre-mRNA
splicing (11, 12). In vivo, SMN forms a complex composed of
Gemins 2-8 and Unr-interacting protein (Unrip) that can be
found localized to nuclear bodies called “gems” at steady state (13,
14). In its active role in the cytoplasm, the SMN complex assem-
bles a heptameric ring of Sm proteins around each U-rich small
nuclear RNA (snRNA) (U1, U2, U4, U4atac, U5, Ul1, or U12) to
form a mature snRNP (15). These assembled snRNPs can then
catalyze splicing on translocation to the nucleus. Several groups
have suggested a function for SMN beyond a role in splicing, in
the assembly of axonal granules and mRNA transport within
axons (16-18). Although this may partially explain the neuronal
bias of SMA pathology, conclusive evidence of how SMN-
dependent axonal transport contributes specifically to the SMA
motor neuron phenotype remains to be determined.

Previous studies have focused on the link between snRNP as-
sembly and splicing defects, and how missplicing of specific transcripts
from SMN loss can lead to motor neuron dysfunction in SMA.
Consistent with a fundamental role for SMN in snRNP assembly,
Dreyfuss et al. (19) identified distinct patterns of aberrant splicing by
exon array analysis across several tissues of a severe mouse model of
SMA and attributed these defects to tissue-specific alterations in
snRNA levels. Presymptomatic SMA mice exhibit motor neuron-
specific skipping of the agrin Z exons, which are involved in post-
synaptic organization of acetylcholine receptors at the neuromuscular
junction and may contribute to the NMJ defects seen in human pa-
tients (20). Other models have suggested that locomotor defects
arising from SMN loss are independent of defective snRNP bio-
genesis, and that developmental delays in SMN-deficient animals are
responsible for such apparent splicing differences (21, 22).

Inconsistencies in transcriptome changes between models, as
well as evidence that many of these splicing changes are sec-
ondary to SMN loss (23), warrant a closer examination of the
nature of the transcriptomic defects occurring in SMA and their
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relation to the SMA phenotype. Several previous studies, in-
cluding ours, have reported strong up-regulation of Cdknla/p21,
a cyclin-dependent kinase inhibitor and mediator of cell cycle
arrest downstream of p53, as well as other regulators of cell cycle
and DNA repair in SMA models (6, 19, 23-25). Whereas the
Cdknla up-regulation has been attributed to a p53-independent
stabilization of Cdknla transcript in the absence of SMN protein
(26, 27), few other gene expression changes can be explained by
such posttranscriptional regulation.

In an effort to understand the link between RNA processing
changes and gene-level changes in SMA and to further investigate
the Cdknla activation, we characterized spinal cord transcriptome
changes by RNAseq at high depth in an ASO-mediated inducible
mouse model of type I SMA, which bypasses confounding de-
velopmental changes (6, 7). Expanding on the aforementioned
studies showing snRNP assembly defects and splicing changes, we
found that thousands of introns in functionally diverse genes were
retained in a manner correlating with splice site strength, such that
introns with weaker splicing signals were more sensitive to SMN
depletion. Importantly, we found that the p21 activation was part of
a larger p53 response to DNA double-strand breaks that occurred in
the absence of overt apoptosis in both the mouse model and in two
human cell culture systems.

Here we propose a unifying model whereby defects in RNA pro-
cessing, particularly in intron retention, trigger DNA damage and
subsequent neurodegeneration through the formation of transcrip-
tional R-loops. We found increased R-loops over introns retained on
SMN knockdown in SH-SYS5Y cells, as well as downstream of tran-
scription termination sites, extending a recent study suggesting a di-
rect role for SMN in R-loop resolution (28). Our results argue for a
broad role for SMN in the prevention of genome instability and
neurodegeneration through the proper control of RNA processing.

Results

SMN Depletion Induces a Specific Subset of Splicing Changes. The
demonstrated role of SMN in the assembly of spliceosomal snRNPs
suggests that splicing dysregulation may be an early hallmark of
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Splicing changes in inducible SMA mouse spinal cords. (A) Schematic of ASO targeting of SMN2 locus. Administration of the skip ASO (red) leads to a shift to
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SMA. We previously described a mouse model of SMA in which
severe SMA is induced in adult Smn ™~ mice expressing four copies
of human SMN2 by intracerebroventricular administration of an
ASO mediating the skipping of exon 7 from the human SMN2
transgene (6, 7). In the model, 8-wk-old mice were treated with a
control oligonucleotide or the disease-inducing ASO (“control” or
“skip” ASO) for 20 or 30 d. A second cohort of 8-wk-old mice were
injected with the control or skip ASO, then injected with a thera-
peutic ASO to reverse exon 7 skipping at day 20, 25, or 30 and killed
at day 54 (Fig. 1 A and B). RNA was extracted from whole spinal
cord from each cohort and analyzed by exon array as in our previous
study (6).

To obtain higher-resolution splicing and gene expression data
in this model, we generated poly(A)-mRNA libraries from the
same spinal cord samples and sequenced 50-bp paired-end reads
to a depth of ~40 M fragments per sample. The direction of
changes in gene expression was concordant between the RNAseq
and exon arrays, although RNAseq provided a wider dynamic
range of expression changes (Fig. S14). We analyzed tran-
scriptome-wide splicing changes between control and skip ASO
at days 20 and 30 postinjection using the rMATS algorithm (29)
and Gencode version M4 transcript annotations. Of the splicing
categories measured, the largest number of changes occurred in
skipped exons (229 significant changes at day 30), followed by
retained introns (224 changes); however, the proportion of de-
tectable alternative events that was significantly altered in each
class was much greater for retained introns than for skipped
exons (9.45% vs. 0.83%) (Fig. 1C).

Pervasive Retention of Major- and Minor-Class Introns. Owing to the
large proportion of introns showing significant retention at day
30, we next focused on characterizing this subset of splicing
events. We first quantified intron retention transcriptome-wide,
not limited to annotated retained introns, for major- and minor-
class introns. Novel annotations for rMATS were constructed
from Gencode vM4 transcript annotations, allowing the possible
retention of all unique annotated introns. Annotations of mouse
U12 introns were generated similarly from the U12DB (30).
Using these annotations, we found that nearly 4% of all introns
were significantly retained at 30 d after injection of the skip ASO

(Fig. 24). Global intron retention was also confirmed using a second
splicing algorithm, MISO (31), with 1,935 introns (1.2% of detected
introns) showing significantly increased retention on SMN depletion
at day 30 and 211 introns showing increased splicing. Along with
driving the assembly of the major spliceosomal snRNPs, SMN also
has been implicated in assembling the snRNPs that compose the
minor spliceosome, including U11 and U12 (19). Nearly one-third of
all Ul2 introns in the spinal cord of day 30 SMA mice showed
significantly increased levels of retention, consistent with a role for
SMN in regulating the minor spliceosome (Fig. 24). Importantly,
intron retention was reversed or prevented by delivery of the ther-
apeutic ASO, with earlier administration resulting in a greater de-
gree of proper splicing (Fig. 2B).

We also performed a parallel induction experiment to understand
the time course of splicing and gene expression changes using 15-wk-
old mice that were injected with the control or skip oligo and aged
for 10, 20, or 30 d. Spinal cords were then harvested and processed
for RNA analysis as described previously (6). As expected, the levels
of intron retention increased between 10 d and 30 d postinduction
(Fig. S2 A and B). Taken together with the findings from the rescue
experiment, these data demonstrate that intron removal is directly
correlated with SMIN expression.

To understand whether intron retention is a primary effect of
SMN loss, we analyzed various characteristics of introns impacted
by SMN depletion. We hypothesized that direct mRNA targets
arising from splicing dysregulation would be less likely to belong to
specific biological functions and would be structurally similar,
whereas indirect targets might fall within particular pathways and
impact gene expression as a result of activation of a developmental
process or stress response (32-35). Analysis of splice site strength
showed that introns with greater degrees of retention had weaker
5" and 3’ splice sites, as determined by consensus to canonical
5’ and 3’ splice site sequences (36), and retained introns were
significantly higher in GC content compared with expression- and
length-matched control introns (Fig. 2 C and D).

Although genes containing significantly retained introns were
on average more highly expressed than control genes (Fig. S34),
they were not enriched for any gene ontology terms and showed
similar fold changes in gene expression between control and skip
ASO conditions at day 30 as seen in genes containing control
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introns (Fig. S3B). This finding suggests that intron retention on
SMN depletion does not directly function as a coordinated gene
expression response. Furthermore, whereas intron retention is
frequently a characteristic of last introns owing to the kinetics of
splicing and polyadenylation (35), the distribution of SMN-
dependent retained introns was not biased toward any particular
location within transcripts (Fig. S3C). Taken together, these
results suggest that intron retention arising from SMN depletion
is likely to be a direct consequence of disrupted spliceosome
function rather than a result of secondary activation of a gene
regulatory pathway in response to SMN loss.

p53 Activation Occurs Early After SMN Depletion. Gene ontology analysis
using Ingenuity Pathway Analysis (Qiagen; giagenbioinformatics.com)
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of genes with significant expression changes at 20 d postinjection
revealed significant activation of the p53 pathway (Fig. 34). The p53
signature was driven in part by a 5.71-fold increase in expression
of Cdknla, or p21, a cyclin-dependent kinase inhibitor that
mediates cell cycle inhibition. This is in agreement with the
Cdknla up-regulation previously found in microarray analysis
of spinal cord RNA from this model (6) (Fig. S1B). This sig-
nature persisted to day 30 postinduction (Fig. 3B) and was
accompanied by up-regulation of early apoptotic markers, in-
cluding Fas and Pidd1 (Fig. S44), suggesting that p53 induction
was preceding, and likely triggering, the activation of apoptosis.
In addition to the p53 response, components of the complement
cascade, such as C1Qa/b/c, C3AR1, and C5AR1, were up-regulated
at days 20 and 30, as reflected in the significant enrichment of the
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Fig. 3. p53 pathway activation and immune clearance signals over time. (A and B) Enriched gene ontology terms at day 20 (A) and day 30 (B). Benjamini-
Hochberg corrected P value < 0.05; activation/repression absolute z-score >0.5. (C) Brain and spinal cord of mice treated with skip or control (Ctrl) ASO were
harvested at day 30 and fixed and sectioned for immunohistochemistry analysis. Sections were stained with an antibody against y-H2A.X, a marker for DNA
double-strand breaks. Punctate staining in skip day 30 samples represents positive y-H2A.X loci. (D) Quantification of % pyramidal neurons in the hippo-
campus staining positive for y-H2A.X.
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“pattern recognition receptors” ontology class. Although activa-
tion of complement was previously reported in motor neurons
of presymptomatic severe SMA mice and was attributed to
aberrant synaptic pruning (20), our results do not preclude a
contribution of complement secreted from glial cells within the
spinal cord, along with the possibility of endogenous neuronal
complement causing overpruning.

DNA Double-Strand Breaks in Spinal Cord and Brain of SMA Mice. We
next sought to address the nature of pS3 activation by assessing the
various pathways feeding into and resulting from the p53 response.
Intracellular and extracellular stresses, such as hypoxia, oncogenic
stress, and DNA damage, can lead to phosphorylation of p53 and
up-regulation of its downstream transcriptional targets. Depending
on the nature of the insult and degree of cellular damage, this can
result in cell cycle arrest or apoptosis. We first looked for markers of
DNA damage, cell cycle arrest, and apoptosis in the CNS of SMA
mice at 30 d after injection of ASO using immunohistochemistry.
Surprisingly, we found evidence for DNA double-strand breaks as
measured by y-H2A.X foci throughout the hippocampus and in
interneurons in the spinal cord (Fig. 3C). Within the hippocampus,
12.11% of pyramidal neurons showed positive y-H2A. X staining in
SMN ASO-treated mice at day 30 postinjection, whereas only
0.13% of pyramidal neurons stained positive in control ASO-
treated mice (Fig. 3D). Cyclin D1, the activation of which is re-
quired for progression through the G1/S phase transition of the cell
cycle and has been postulated to be reactivated in postmitotic
neurons in response to DNA damage (37), showed a similar
staining pattern in the brain and spinal cord (Fig. S4B).

Despite this DNA damage and the up-regulation of apoptotic
markers at the RNA level, we did not detect any evidence of
apoptosis in either of these tissues, with virtually no cells in brain
or spinal cord staining positive for the apoptotic marker cleaved
caspase-3. This suggests that at day 30, neurons in the brain and

spinal cord had accumulated DNA damage but were not ac-
tively undergoing apoptosis.

Human Cell Culture Models of Acute SMN Depletion Recapitulate
Splicing Defects and DNA Damage. To determine whether the in-
tron retention and DNA double-strand breaks seen in our SMA
mouse model can be translated to humans, we established two
human cell culture models to assess the effects of acute SMN
loss. We stably infected SH-SYSY human neuroblastoma cells
and human induced pluripotent stem cell (hiPSC)-derived motor
neurons (hiPSC-MNs) with lentiviral vectors expressing short-
hairpin RNA (shRNA) targeting SMN1/2 under the control of a
doxycycline-inducible promoter. After 7 and 5 d of shRNA
induction, respectively, both SH-SYS5Y cells and hiPSC-MNs
showed appreciable depletion of SMN protein compared with a
nontargeting control shRNA (Fig. 44 and Fig. S54). SH-SY5Y
cells also showed an accumulation in the G0/G1 phase of the cell
cycle that correlated with activation of p21 (Fig. S4C).

We next performed mRNAseq on these samples in duplicate
and analyzed gene expression and splicing changes between
control and SMN knockdown conditions in both cell lines.
Pathway analysis by Ingenuity Pathway Analysis on significantly
changing genes revealed that for SH-SY5Y and hiPSC-MNs,
transient knockdown of SMN resulted in activation of a DNA
double-strand break response, indicated by activation of targets
of BRCAL, a key player in double-strand break repair (Fig. 4B
and Fig. S5B). Interestingly, we failed to observe the up-regu-
lation of complement components that had been detected in the
SMA mouse model. This suggests that complement activation is
a non—cell-autonomous effect of the interaction between neu-
ronal cells and glia and might not be intrinsic to motor neurons,
and that it may be an indirect effect of SMN depletion.

We next quantified splicing changes, specifically global intron
retention, in SH-SYS5Y cells and hiPSC-MNs depleted of SMN.
Splicing and gene expression changes were of smaller magnitude
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Fig. 4. DNA damage and intron retention in the human neuroblastoma cell culture model. SHSY5Y cells were lentivirally transduced with a doxycycline-
inducible shRNA targeting SMN1/2. RNA and protein were harvested at 7 d after shRNA induction with 1 pg/mL doxycycline. (A) SMN knockdown leads to
activation of y-H2A.X in SHSY5Y cells. (B) Enriched gene ontology terms in SHSY5Y cells after SMN knockdown shows induction of DNA damage response
pathways. Benjamini-Hochberg corrected P value < 0.05; activation/repression absolute z-score >0.5. (C) Median retention of all introns and U12 introns is
significantly higher on SMN knockdown. ***P < 0.001. Ctrl, control.
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in the iPSC-MNs than in the SH-SY5Y cells, perhaps because
of the shorter time point of SMN depletion and the lack of
cell division in the iPSC-MNs. Despite this, consistent with our
observations in the SMA mouse model, all introns, as well as the
U12 subset of introns, demonstrated significantly increased av-
erage retention on SMN knockdown in both cell lines (Fig. 4C
and Fig. S5C). Furthermore, in support of a direct effect of SMN
loss on minor intron retention arising from defects in snRNP
assembly, knockdown of SMN in SH-SY5Y cells resulted in a
significant decrease in minor spliceosomal snRNA U11 (Fig. S6).

Of note, only eight of the significantly retained introns in mouse
spinal cord and human SH-SYSY cells were shared between both
datasets, implying that the conserved DNA damage effect is not
dependent on the identity of the retained introns, but rather that
the global stress of widespread intron retention may be the driving
force in this signature. Considered together, these results suggest
that preventing DNA damage by promoting proper splicing is
likely to be a conserved function of SMN that is disrupted in SMA.

R-Loop Induction on SMN Depletion. Several recent studies have
proposed that defects in mRNA processing can contribute to
genome instability (14, 28, 38). One proposed mechanism for this
effect is through the failure to resolve transcriptional R-loops,
transient RNA:DNA hybrid structures that form during tran-
scription that displace the nontemplate DNA strand and gen-
erate susceptibility to DNA damage if stabilized. R-loop
formation is limited by the rapid association of RNA-binding
proteins with the nascent RNA during transcription and splicing,
preventing hybridization to the DNA template, and is actively

resolved by RNA:DNA helicase activity and RNase H1/H2 ac-
tivity (39, 40). The presence of G-rich nontemplate strands can
stabilize R-loops by folding into G-quadruplexes and further
contribute to double-strand break formation (39, 41). Knock-
down of RNA splicing and transport factors has been associated
with increased R-loop formation and DNA damage (42, 43). Sim-
ilarly, we found that splicing inhibition by the small molecule pla-
dienolide B caused accumulation of y-H2A.X in a time-dependent
manner (Fig. S74). Based on this finding, we hypothesized that
intron retention arising from SMN depletion may lead to DNA
damage through the formation of R-loop intermediates at retained
intron loci, which we had found to have increased GC content.

To test this model, we assayed R-loop formation genome-wide
in SH-SYSY cells expressing the control or SMN shRNA using
DNA-RNA immunoprecipitation (IP) sequencing (DRIPseq),
which enriches for hybrid structures in the chromatin using the
R-loop-specific antibody S9.6 (44). We also performed DRIPseq
on samples immunoprecipitated with mouse IgG as a control for
specific enrichment. Normalizing to this negative control, we
identified 6,315 regions as significantly enriched across two
replicates in nontargeting control (shCtrl) cells, representing the
basal level of R-loop formation in SH-SYSY cells. In shSMN1
cells, 10,163 regions were significantly enriched in both repli-
cates, showing that loss of SMN resulted in a 1.6-fold increase in
global R-loop formation (Fig. 54). Comparing the distribution
of R-loops across genomic regions, we found that R-loops
were significantly enriched in gene-associated regions in SMN
knockdown cells compared with control knockdown cells (P <
2.2e-16, ¥” test) (Fig. S7B).
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Fig. 5.

Increased R-loop induction on SMN depletion. (A) Venn diagrams of shCtrl and shSMN1 replicate $9.6 IPs enriched over IgG IPs. Intersection represents

peak summits overlapping within a 250-bp window. (B) Fold enrichment of peak distribution across genomic regions using overlapping peaks determined
from A, normalized to the genomic distribution of a randomly shuffled set of peaks. R, retained intron; TTS, transcription termination site; UTR, untranslated
region. (C and D) IGV browser images of a major-class intron in the RFNG gene (C) and a minor-class intron in the GPAA1 gene (D) show increased accu-
mulation of RNAseq and DRIPseq reads in SMN knockdown cells compared with controls. (E) Median coverage of normalized R-loop DRIPseq reads across
introns with increased retention on SMN depletion at day 30 (Left) or a length- and expression-matched control set of introns (Right). ***P < 0.001. (F)
Representative Western blot of SH-SY5Y cells induced to express control or SMN1 shRNA for 4 d, then transfected with empty vector or Myc-tagged RNase H1
for 48 h. PladB, SH-SY5Y cells exposed to 1 uM pladienolide B for 4 h before harvesting. Average normalized y-H2A.X quantification across replicates is shown
below the blot.
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We next normalized DRIPseq peak distributions to a set of
randomly distributed peak regions. Although the DRIPseq peaks
were depleted across all introns, in retained introns they were
4.8-fold enriched over the random distribution in shCtrl cells and
5.6-fold enriched in shSMNT1 cells, indicating that R-loops are
specifically enriched over retained introns (Fig. 5SB). Because this
difference in enriched peaks occurring in retained introns between
control and SMN knockdown cells is not statistically significant,
this perhaps reflects a high basal level of R-loop formation in
these regions. However, examination of individual examples of
major and minor introns with significant retention revealed ac-
cumulation of DRIPseq reads in SMN knockdown cells compared
with control cells (Fig. 5 C and D). Furthermore, when we spe-
cifically measured normalized DRIPseq read coverage across re-
gions of interest, we detected significantly higher DRIPseq read
coverage across introns that were retained on SMN depletion
compared with a control set of length- and expression-matched
introns, suggesting that intron retention does indeed correlate
with increased propensity to form R-loops, and that SMN de-
pletion leads to increased R-loop formation (Fig. SE).

It has been observed that R-loops are involved in transcript
termination (45), and a recent study proposed that SMN re-
cruitment of the RNA:DNA helicase senataxin may enhance
R-loop resolution at transcription termination sites (28). Consistent
with these findings, a significantly larger fraction of peaks in SMN
knockdown cells were located within a region 1 kb downstream
of genes compared with peaks in control cells (19.8% vs. 17.9%;
P = 0.002) (Fig. S7B). Specific enrichment flanking transcription
termination sites on SMN depletion was also verified through
metagene analysis (Fig. S7C). Motif analysis of enriched DRIPseq
regions in shSMN cells revealed T-rich motifs, which are found
near transcript termination sites (46). We also detected a G-rich
motif consistent with G-quadruplex—forming regions, suggesting
that these regions are in fact more likely to form stable R-loops
through the formation of G-quadruplexes (Fig. S7D).

We next asked whether the DNA damage signature detectable in
SH-SYSY cells arises from R-loops. To test this, we sought to rescue
DNA double-strand breaks, measured by H2A.X phosphorylation,
by repairing R-loops with RNase H1 overexpression. RNase H1 has
been demonstrated to be sufficient to repair R-loops in cell culture
(42). We overexpressed tagged human RNase H1 in control or
SMN knockdown cells or in cells treated with the splicing inhibitor
pladienolide B and assayed y-H2A.X levels. Indeed, we found that
RNase H1 overexpression partially suppressed the increased
v-H2A X signal seen in SMN knockdown cells, suggesting at least
part of the DNA damage signal arises from the R-loops (Fig. 5F).
Acute treatment with pladienolide B also resulted in activation of
y-H2A X, and this was prevented or suppressed by RNase H1
overexpression. These results support our hypothesis that de-
creases in splicing efficiency, such as those caused by SMN de-
ficiency or direct splicing inhibition, may cause genome instability
and activation of a DNA damage response through R-loop
formation.

Discussion

Here we have characterized a prevalent intron retention and DNA
damage signature in an inducible mouse model of SMA, as well as
in human SMA cell culture systems. As an alternative to the para-
digm in the field attributing motor neuron deficits in type I SMA to
alternative splicing changes in specific target transcripts, we present
a unifying model in which inefficiencies in RNA processing, man-
ifested primarily as intron retention, lead to DNA damage through
the formation of RNA:DNA hybrids (Fig. 6). Although we cannot
formally rule out the possibility that the splicing changes that we
observed are indirect effects of SMN loss (23), our computational
and experimental analyses suggest that SMN depletion causes sys-
tematic defects in intron removal. We found that both U2 and U12
introns were retained in mouse and cell culture models of SMA,
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with a bias toward retention of U12 introns, and that minor snRNAs
showed decreased expression on SMN depletion. This bias may be
explained by the observation that snRNAs of the minor spliceosome
are two orders of magnitude less abundant than snRNAs of the
major spliccosome (47) and may be disproportionately affected by
SMN depletion because of the stoichiometry of major and minor
spliceosome components. Introns preferentially retained on SMN
depletion in SH-SYSY cells were enriched in R-loops compared with
spliced introns. RNA and protein signatures of DNA double-strand
breaks were also detectable in SMA mice and in the human cell lines,
and overexpression of RNase H1, which resolves R-loops, partially
rescued DNA breaks in SH-SYSY cells depleted of SMN. Based on
this evidence, we propose that DNA damage in type I SMA is trig-
gered by R-loop formation resulting from defects in intron removal.
The extent of intron retention and DNA damage is likely correlated
with SMN expression levels, and as a result these observations may be
relevant in intermediate models of type II or type III SMA.

Several previous studies have focused on individual splicing
events as drivers of SMA pathogenesis in motor neurons (19, 20,
48). Although it is likely that the cohort of tissue-specific alter-
native splicing changes in SMA contributes to the sensitivity of
motor neurons to cell death (19), we propose that the phenome-
non of global intron retention is a distinct cause of cellular stress
proximal to SMN loss. We observed that intron retention was
rescued by the therapeutic ASO, indicating that these splicing
changes are directly dependent on SMN expression levels. Unlike
retained introns that trigger NMD on export of the transcript to
the cytoplasm (34), SMN-dependent retained introns in our
mouse model did not have a significant effect on expression of the
genes containing them. This finding suggests that they are ulti-
mately spliced out in the nucleus, perhaps more slowly than other
introns owing to their weaker splicing signals, yet their reduced
splicing kinetics in the absence of SMN may be sufficient to trigger
cellular stress. There was also minimal overlap between the set of
retained introns in the mouse model and the human cell culture
models despite striking concordance in DNA damage response
gene expression signatures. These observations argue for a more
critical role in the process of stochastic intron retention than in the
specific identity of retained introns. Interestingly, Ackerman et al.
(49) recently demonstrated that mutation of one of the multicopy
U2 snRNA genes resulted in retention of short introns across
broad gene ontologies and subsequent neurodegeneration, further
implicating intron retention in neuronal stress.

Numerous hypotheses have been put forth to explain the ac-
tivation of the DNA damage response in neurodegeneration. In
some cases, mutations in DNA damage response and repair

Spliceosome
SMN loss %_ dysfunction

Indirect
effects

Intron retention

‘ DNA DSB
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@/ a})ptosis

Immune mediated clearance

Fig. 6. Intron retention as a mechanism for DNA damage induction. Model
for splicing dysregulation as a modulator of R-loop formation and DNA
damage. Depletion of proteins in green induces DNA double-strand breaks,
and depletion of proteins in blue induces R-loop formation.
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components themselves are the causative factors in DNA damage
accumulation (50). For example, the neurologic disorder ataxia-
telangiectasia is caused by mutations in ATM, the serine-threonine
kinase responsible for coordinating the double-strand break re-
sponse (51). Similarly, mutations in the single-strand break re-
pair gene aprataxin (APTX) cause one of the most common
forms of spinocerebellar ataxia, ataxia with oculomotor apraxia 1
(52, 53). Notably, despite being germline mutations in ubiquitous
DNA damage response genes, both diseases display primarily
neurologic deficits, suggesting a particular sensitivity of the ner-
vous system to defects in the DNA damage response.

Other sources of DNA damage, particularly in age-related neu-
rodegeneration, can be attributed to oxidative stress. The high rate
of oxygen consumption by the brain results in increased production
of reactive oxygen species with age, and oxidative DNA damage is
emerging as a hallmark of both Alzheimer’s disease and Parkinson’s
disease (54, 55). Induction of oxidative stress results in activation of
p38 MAPK and initiates an oxidative stress transcriptional response.
We failed to detect activation of p38 in our human cell culture
models of SMA and detected only a subtle transcriptional signature
of p38 activation in the mouse spinal cord at day 30, suggesting that
oxidative stress is not a prominent player in these systems and is
unlikely to be the cause of DNA damage.

More recently, evidence has been accumulating for the in-
volvement of cotranscriptional R-loops and DNA damage
in several neurodegenerative diseases, perhaps most strikingly in
motor neuron diseases. R-loops form normally in many circum-
stances, including Ig class switch recombination and transcription
termination, and are actively resolved by RNA:DNA helicases and
RNase H1 and H2 (39, 56). Persistent R-loops can become del-
eterious, however. These aberrant R-loops are generally stabilized
by the formation of G-quadruplexes in the displaced, G-rich
nontemplate strand, which can trigger gene down-regulation or
DNA double-strand breaks through as-yet unclear mechanisms
(39, 41). To date, two distinct mechanisms for R-loop formation in
neurodegeneration have been proposed, depending on the genetic
insult. In the case of repeat expansion diseases, such as the c9orf72
G4C, hexanucleotide repeat that is the most common genetic le-
sion in both sporadic and familial amyotrophic lateral sclerosis
(ALS), the repeat itself forms R-loops when transcribed, causing
abortive transcription at the c9orf72 locus (57). The GAA repeats
in frataxin that cause Friedreich ataxia have also been shown to
form R-loops in vitro, and it is likely that other G-rich repeat
expansions also cause gene silencing and potentially form focal
DNA breaks in an R-loop—dependent manner (58).

The other proposed mechanism is widespread aberrant R-loop
formation owing to mutations in components of the R-loop for-
mation or resolution pathways. It was recently shown that SMN
recruits senataxin, an RNA:DNA helicase involved in R-loop res-
olution, to transcription termination sites (28). Intriguingly, sen-
ataxin itself is mutated in a juvenile-onset form of ALS, designated
ALSA4, that bears a striking resemblance to SMA and results in loss
of motor neurons in early childhood (59). An additional RNA:DNA
helicase, IGHMBP2, was initially characterized in the context of
R-loop—dependent class-switch recombination, but it has since been
found that loss-of-function mutations in IGHMBP2 cause spinal
muscular atrophy type I with respiratory distress (60, 61). These two
independent lines of genetic evidence, in addition to our results,
provide strong support for the causative role of unresolved R-loops
in motor neuron disease.

The conspicuous enrichment of mutations in RNA-binding
proteins in neuromuscular disease begs the question of whether
there is a common defect in RNA metabolism across this spec-
trum of illnesses. Mutations in the RNA-binding protein genes
TDP43, FUS, and ATXN2 have been associated with sporadic and
familial forms of ALS. These proteins shuttle between the nucleus
and cytoplasm and have multiple roles in RNA metabolism, in-
cluding transcription, splicing, and mRNA transport. In addition,
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all of these factors, as well as SMN, have been found in cyto-
plasmic stress granules, dynamic sites of translational repression
that form rapidly during cellular stress (62, 63). A hallmark of
ALS pathology is the appearance of cytoplasmic ubiquitinated
aggregates of TDP-43 in the brain and spinal cord. These aggre-
gates occasionally contain FUS protein as well, and FUS muta-
tions can independently lead to FUS aggregate formation. The
identity of these aggregates, and whether they are distinct from
stress granules, remain to be determined (64). In addition, mutant
FUS sequesters SMN in the cytoplasm and causes altered snRNA
levels and splicing changes, some of which are consistent with
SMN loss on its own (65). SMN itself has been shown to induce
stress granule assembly on overexpression (66), and Ataxin2 also
interacts with several RNA-binding proteins, including FUS and
TDP-43, and localizes to stress granules (67).

One potential model for a shared mechanism across these ge-
netic defects is that the induction of aggregates or stress granules
sequesters these shuttling proteins away from their nuclear func-
tions. Consequently, defects in splicing, RNA processing, and
transport would be expected. Perhaps consistent with this idea,
FUS and TDP-43 were recently implicated in the prevention of
R-loop-mediated transcription-associated DNA damage in models
of ALS (68). As we have demonstrated here, changes in RNA
processing due to either to cytoplasmic aggregation or genetic
deletion of splicing factors could initiate the formation of DNA
double-strand breaks in part through R-loops, leading ultimately
to the degeneration of motor neurons in both ALS and SMA.

Several open questions stemming from our observations and
findings of others remain to be addressed. One outstanding issue is
the specificity of the pathology to motor neurons in the face of
mutations in ubiquitously expressed genes. Although the sensitivity
of this cell type to genomic instability owing to inefficient repair
machinery is a tantalizing explanation, it is possible that additional
functions of SMN contribute to the motor neuron specificity. This
possibility has been suggested by SMA models of SMN point
mutations that recapitulate motor neuron degeneration in the
absence of defects in snRNP assembly (69). Alternatively, there
likely is less prominent pathology in other cell types (70).

Second, the relative contributions of intron retention, tran-
scription termination defects, and other RNA processing defects
to R-loop formation in SMA remain unclear. SMN may directly
mediate R-loop resolution through the recruitment of senataxin,
as demonstrated previously (28). Alternatively, we present a
model wherein G-rich retained introns arising indirectly from
SMN loss are putative substrates for R-loop formation. Further
study is needed to elucidate whether intron retention synergizes
with other defects in RNA processing to initiate DNA damage
when SMN is deficient. Most importantly, it will be necessary to
further dissect whether manipulation of R-loop formation and
subsequent DNA damage can be a viable therapeutic option in
SMA. Targeting this pathway in combination with SMN resto-
ration may provide additional benefit to patients beyond the
benefit from SMN restoration alone. If indeed SMA pathogen-
esis and ALS pathogenesis share this mode of DNA damage
induction and neurodegeneration, then such therapeutic mo-
dalities would have broad implications for motor neuron disease.

Materials and Methods

Western Blot Analysis. Protein from SH-SY5Y cells was extracted with RIPA buffer
containing protease and phosphatase inhibitors, resolved on 4-12% Bis-Tris gels
(Novex), and probed with the following antibodies: mouse anti-vinculin (clone
VIN-11-5; Sigma-Aldrich, V4505), mouse anti-SMN (BD Biosciences, 610647),
rabbit anti-y-H2A.X (Abcam, ab11174), mouse anti-RNase H1 (Abcam, ab56560),
rabbit anti-p21 (Cell Signaling Technology, 2947), and rabbit anti-p53 (Cell Sig-
naling Technology, 9282).

Immunohistochemistry. Spinal cord and brain from control and SMA mice

were fixed with 4% (vol/vol) formaldehyde in PBS overnight. Fixed tissue was
soaked in 30% (wt/vol) sucrose overnight at 4 °C and embedded in frozen
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medium. The Ventana XT slide staining system was used to stain 10-um
sections. For detection of y-H2A.X, rabbit anti-y-H2A.X (5139) (R&D Systems,
AF2288) was used at 0.25 pg/mL. Secondary staining was done using
OmniMap anti-Rb HRP (Roche, 760-4311).

Lentiviral Transduction. SMARTchoice lentiviral particles of doxycycline-
inducible shRNAs targeting SMN1 [catalog no. VSH6376: V2IHSPGG_743120
(shSMN1), V2IHSPGG_743128 (shSMN2)] or a nontargeting control [VSC6580
(shCtrl)] under the PGK promoter and constitutively expressing GFP were purchased
from Dharmacon. SH-SY5Y cells were incubated in concentrated viral supernatant
with 4 pg/mL polybrene (EMD Millipore, TR-1003-G) for 5 h, then viral supernatant
was diluted fourfold in fresh Complete Medium. At 24 h postinfection, medium
was changed to fresh medium containing 1 pg/mL puromycin. Selection was
continued for 5 d. Cells were expanded and frozen as pools of infected cells. For
hiPSC-MNs, cells were differentiated in a 12-well format, then infected overnight
without polybrene. The medium was changed daily for 3 d without puromycin
selection. For both SH-SY5Y and hiPSC-MNs, fluorescence microscopy indicated
nearly 100% infection efficiency as assessed by GFP expression.

mRNA Sequencing Sample Isolation and Preparation. Total RNA from spinal cord,
lentivirally infected SH-SY5Y cells induced for 7 d with doxycycline, or lentivirally
infected hiPSC-MN cells induced for 5 d with doxycycline was extracted using TRIzol
(Thermo Fisher Scientific, 15596026) and the Direct-zol RNA MiniPrep Kit (Zymo
Research, R2050). Then 50-500 ng of DNase-treated total RNA, with a Universal
Human Reference RNA as control, were used to construct libraries using the
TruSeq Stranded mRNA HT Sample Prep Kit (lllumina, RS-122-2103) with barcodes
for sample multiplexing. The products were purified and enriched with PCR for 13
cycles to create final cDNA libraries. Libraries were quantified using the HT DNA
Reagent Kit (Caliper Life Sciences, 760435) on a LabChip GX automated gel
electrophoresis system (PerkinElmer). Multiplexed libraries were equimolarly
pooled, diluted to a 2 nM pool for final analysis on Agilent High-Sensitivity DNA
Kit to run on one rapid flow cell per lane, and sequenced using 2 x 50-nucleotide
paired-end runs of the Illumina HiSeq 2500 platform.

Reverse-Transcription and qPCR Measurement of snRNAs. Total RNA was
extracted from lentivirally infected SH-SY5Y cells induced for 7 d with
doxycycline and DNase treated using the Directzol RNA MiniPrep Plus Kit
(Zymo Research). snRNAs were quantified as in Zhang et al. (19). In brief,
cDNAs were synthesized from each sample using gene-specific reverse pri-
mers and 100 ng of total RNA (375 ng of total RNA for minor snRNAs). Real-
time gPCR was performed for each snRNA and normalized to 55 rRNA using
SYBR Green chemistry on an Applied Biosystem QuantStudio 12K Flex Real-
Time PCR system. Triplicate total RNA samples were harvested from each
knockdown sample and propagated through ¢cDNA preparation and qPCR
assays. Details of primer sets are presented in Table S1.

Transfections. SH-SY5Y cells expressing lentiviral sShRNA against control or
SMN cells were induced for 4 d with 1 pg/mL doxycycline. Cells were trans-
fected with pCMV6-Entry (OriGene, PS100001) or FLAG-Myc-tagged human
RNase H1 (OriGene, RC200595) using Lipofectamine 3000 (Thermo Fisher
Scientific, L3000008). Protein was harvested after 48 h using RIPA buffer and
analyzed by Western blot analysis.

DRIPseq. DRIPseq was performed as described (71) with the following changes.
In brief, nucleic acids isolated from ~2 x 10° cells were digested with a re-
striction enzyme mixture (50 units each of BsrGl, Xbal, EcoRl, Hindlll, and Sspl)
overnight at 37 °Cin 1x CutSmart Buffer (New England BioLabs). Digests were
purified by phenol/chloroform extraction, and 8.8 pg of digested DNA per cell
culture condition was treated with 3 uL of RNase H overnight at 37 °C. For each
condition, 4.4 pg of RNase H-treated or untreated DNA was immunoprecipi-
tated with 10 pg of $9.6 antibody (Kerafast, ENH001), washed three times with
IP buffer, eluted, treated with Proteinase K and phenol/chloroform-extracted.
Resulting samples were sonicated using a Bioruptor Pico sonicator (Dia-
genode), with 11 cycles of 15 s on/90 s off. Fragments were prepared for se-
quencing using the NEBNext Ultra Il Library Prep Kit for lllumina (New England
BioLabs) with barcodes for sample multiplexing. Pooled libraries were se-
quenced on the lllumina NextSeq platform.
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Derivation of hiPSCs and Differentiation into Motor Neuron Cultures. Human
iPSCs were derived from lymphoblastoid cell lines (Coriell Biorepository) with the
Epi5 Episomal iPSC Reprogramming Kit (Life Technologies) and propagated in
mTeSR Medium (Stem Cell Technologies) on Matrigel (Life Technologies). The
pluripotency of the hiPSCs was confirmed by staining for pluripotency markers
and in vitro differentiation into three germ layers. Differentiation of hiPSCs into
motor neuron cultures was carried out as described previously (72), with slight
modifications. In brief, hiPSC colonies were dissociated with EDTA and placed in
suspension in low-adhesion flasks (Corning) to form embryoid bodies in medium
consisting of DMEM/F12/ Neurobasal medium (Life Technologies), N2 supple-
ment (Life Technologies), B27 supplement (Life Technologies), ascorbic acid
(20 pM), and B-mercaptoethanol (0.055 mM). The medium was changed every
other day, and small molecules were added for neuronal patterning [0.2 pM
LDN193189, 40 uM SB431542, and 3 uM CHIR99021); motor neuron induction
(1 pM retinoic acid, 0.5 pM agonist of hedgehog signaling (SAG), and 10 pM of
the drug DAPT]. On day 14, EBs were dissociated into single cells with papain
and plated on Matrigel or poly p-lysin/laminin-coated plates in medium con-
taining neurotrophic factors [20 ng/mL brain-derived neurotrophic factor
(BDNF), 10 ng/mL glial cell-derived neurotrophic factor (GDNF), and 10 ng/mL ciliary
neurotrophic factor (CNTF)].

RNAseq Gene Expression and Splicing Analysis. RNAseq reads were mapped
with the STAR algorithm, aligning to the Gencode version M4 transcript an-
notation for mouse spinal cord RNA and the hg38 annotation for SH-SY5Y cells
and hiPSC-MNs. We used parameters—alignintronMin 20-alignintronMax
1000000-outFilterMismatchNmax 999-outFilterMismatchNoverLmax 0.05-
outFilterMultimapNmax 20-alignSJoverhangMin 8-alignSJIDBoverhangMin
1-alignMatesGapMax 1000000-sjdbOverhang 49. Aligned reads were assigned
to transcripts from the aforementioned annotations using RSEM, and resulting
raw read counts were input into DESeq2 for differential gene expression analysis
using default parameters.

For general splicing analysis, BAM files produced from STAR mapping were
input into rMATS, using the Gencode version M4 transcript annotation for
mouse spinal cord RNA and the hg38 annotation for SH-SY5Y and hiPSC-MN
RNA samples. For detection of intron retention, human and mouse anno-
tations were generated containing all consecutive spliced and unspliced
exon-intron-exon triads from hg38 and Gencode vM4. To measure the re-
tention of U12 introns, we generated a second set of annotations by fil-
tering this novel set of annotations for introns that overlapped exactly with
human and mouse U12 introns extracted from U12DB. These annotations
were used to call intron retention in mouse spinal cord, SH-SY5Y, and hiPSC-
MN RNAseq datasets using rMATS. A false discovery rate (FDR) cutoff of 0.05
was used to define significantly differentially spliced regions.

Bioinformatic Analyses. Custom Python and R scripts were used to determine
intronic GC enrichment, expression of genes containing retained introns,
genic distribution of retained introns, and DRIPseq metagene plots. BedTools
(73) was used to determine the genomic distribution of DRIPseq regions.

Cell Cycle Analysis. SH-SY5Y cells stably transduced with a nontargeting
shRNA or shRNAs targeting SMN1/2 were induced to express shRNA for 7 d
with 1 pg/mL doxycycline. Cells were then treated for 4 h with DMSO or
50 uM etoposide. A total of 1 x 10° cells per sample were trypsinized, fixed in
cold 70% EtOH, and incubated in 0.1% Triton X-100 with 200 pg/mL RNase A
and 20 pg/mL propidium iodide. Cells were analyzed by flow cytometry to
determine the proportions of cell populations in distinct stages of the cell
cycle based on DNA content.
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