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DNA damage accumulates and responses
are engaged in human ALS brain and
spinal motor neurons and DNA repair is
activatable in iPSC-derived motor neurons
with SOD1 mutations

Byung Woo Kim'?, Ye Eun Jeong®?, Margaret Wong' and Lee J. Martin'#*"

Abstract

DNA damage is implicated in the pathogenesis of amyotrophic lateral sclerosis (ALS). However, relationships between
DNA damage accumulation, DNA damage response (DDR), and upper and lower motor neuron vulnerability in human
ALS are unclear; furthermore, it is unknown whether epigenetic silencing of DNA repair pathways contributes to ALS
pathogenesis. We tested the hypotheses that DNA damage accumulates in ALS motor neurons along with diminished
DDR, and that DNA repair genes undergo hypermethylation. Human postmortem CNS tissue was obtained from ALS
cases (N =34) and age-matched controls without neurologic disease (N = 15). Compared to age-matched controls,
abasic sites accumulated in genomic DNA of ALS motor cortex and laser capture microdissection-acquired spinal
motor neurons but not in motor neuron mitochondrial DNA. By immunohistochemistry, DNA damage accumulated
significantly in upper and lower motor neurons in ALS cases as single-stranded DNA and 8-hydroxy-deoxyguanosine
(OHAG) compared to age-matched controls. Significant DDR was engaged in ALS motor neurons as evidenced by
accumulation of c-Abl, nuclear BRCAT, and ATM activation. DNA damage and DDR were present in motor neurons at
pre-attritional stages and throughout the somatodendritic attritional stages of neurodegeneration. Motor neurons with
DNA damage were also positive for activated p53 and cleaved caspase-3. Gene-specific promoter DNA methylation
pyrosequencing identified the DNA repair genes Oggl, Apex1, Pnkp and Aptx as hypomethylated in ALS. In human
induced-pluripotent stem cell (iPSC)-derived motor neurons with familial ALS SOD1 mutations, DNA repair capacity was
similar to isogenic control motor neurons. Our results show that vulnerable neurons in human ALS accumulate DNA
damage, and contrary to our hypothesis, strongly activate and mobilize response effectors and DNA repair genes. This
DDR in ALS motor neurons involves recruitment of c-Abl and BRCAT to the nucleus in vivo, and repair of DNA double-
strand breaks in human ALS motor neurons with SOD1 mutations in cell culture.
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Introduction
DNA damage contributes to the mechanisms of aging
and has broad relevance to many human cancers, aging,
premature aging syndromes, and some neurological dis-
orders [52, 66]. Phenomena involving DNA damage are
so important that more than 125 genes in the human
genome encode products involved directly in DNA re-
pair [104, 136]. DNA damage, abnormalities in DNA re-
pair, and other nuclear abnormalities are implicated in
the pathogenesis of human amyotrophic lateral sclerosis
(ALS) [7, 47, 48, 61, 65, 66, 102]. ALS is fatal; patients
will die from skeletal muscle paralysis, wasting, and re-
spiratory failure typically 3 to 5years after diagnosis
[107, 141], and it is the third most common adult-onset
neurodegenerative disease. Aging is a major risk factor
of ALS [67, 107, 141], and human brain aging is associ-
ated with increased oxidative damage to DNA [59, 85].
8-hydroxy-deoxyguanosine (OHdG) levels, a signature of
oxidative damage to DNA [27], are elevated in postmor-
tem CNS tissue extracts from individuals with ALS [26].
DNA damage in ALS is caused possibly by oxidative
stress from mitochondrial or superoxide dismutase-1
dysfunction [3, 6, 78]. DNA damage as an upstream
pathogenic event in human ALS is supported by p53 ac-
tivation and its import into the nucleus of motor neurons
[64], widespread brain activation of poly (ADP-ribose)
polymerase [48], and hyperactivation and nuclear accumula-
tion of apurinic/apyrimidinic endodeoxyribonuclease-1 [111].
Some causal genetic factors related to DNA mainten-
ance and repair biology have been suggested in human
ALS. Dominant missense mutations in the senataxin gene,
encoding a DNA/RNA helicase, link to juvenile ALS
(ALS4) [13, 91]. Missense mutations in the apurinic/apyri-
midinic endodeoxyribonuclease-1 (Apex1) gene have been
identified in sporadic and familial ALS [97], though other
studies have not identified prominent contributions of
Apex] mutations to ALS [39, 119]. A Ser326Cys poly-
morphism in 8-oxoguanine DNA glycosylase (Oggl), the
enzyme responsible for excision of 8-oxoguanine, is asso-
ciated with sporadic ALS [16] but not with Alzheimer’s
disease [17]. This gene polymorphism is meaningful etio-
logically to human disease because this isoform of OGG1
has diminished capacity to repair oxidatively damaged
DNA [127]. More recently, DNA damage is a possible
mechanism of disease in familial ALS linked to C9orf72
repeat expansions in cell culture [23]. In mice, enforced
DNA repair can strongly protect against spinal motor
neuron degeneration caused by axonal injury [83]. How-
ever, the different forms of DNA damage that accumulate
in human ALS are not characterized fully and the specific
neural cell types vulnerable to DNA damage in ALS are
uncertain; moreover, mechanisms of DNA damage accu-
mulation in human ALS neurons are not understood. Pos-
sible mechanisms for elevated levels of DNA damage
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include mutant protein-related interference in DDR, aug-
mented production of genotoxic stressors, faulty DNA
damage response (DDR), and epigenetic silencing of DNA
repair genes [66, 72, 82].

In this study, we used human postmortem tissue and
human induced pluripotent stem cell (iPSC)-derived
motor neurons with familial ALS-causing superoxide
dismutase-1 (SODI) mutations to test the hypothesis
that ALS motor neurons accumulate genomic DNA le-
sions and have aberrant DDR and epigenetic silencing of
DNA repair enzyme promoters, thus possibly accounting
for DNA damage accumulation. We found in ALS dis-
eased motor neurons: 1) DNA damage accumulation; 2)
activation of DDR; and 3) demethylation of DNA repair
genes, rather than silencing. In human iPSC-derived
motor neurons with SODI mutations, DDR and DNA
repair appear equivalent to controls. These results show
that genomic DNA damage is a potential mechanism for
neurodegeneration in ALS and that motor neurons have
the capacity to respond to this cytotoxic threat.

Materials and methods

Human tissues

CNS tissues (Table 1) were obtained from the Human
Brain Resource Center at JHMI. The institutional IRB
and Health, Safety & Environment committee (JHU
registration B1011021110) approved the use of postmor-
tem human tissues. The protocol met all ethical and
safety standards. De-identified postmortem samples of
brain (cerebral cortex Brodmann areas 4 and 3) and
spinal cord were from patients with either sporadic ALS
or familial ALS (Table 1). De-identified aged human
control CNS tissues were from individuals without
neurological disease (Table 1). Cases of Alzheimer’s dis-
ease (AD) were used as neurological disease controls for
some immunohistochemical assays to examine whether
ALS related changes are disease specific. The group sizes
were controls (n = 15); ALS cases (n = 34); and AD cases
(n=10). ALS patients were diagnosed by neurological
examination using El Escorial criteria [105, 107]. AD pa-
tients were diagnosed as described [30, 114, 124]. The
groups were matched for age and postmortem delay
(Table 1). Cases were obtained randomly as autopsies
occurred, and accessioning was independent of gender
and race; therefore, males, females and minorities are
represented. Postmortem brain and spinal cord tissues
were snap-frozen and stored as unfixed frozen brain
slabs and spinal cord segments at -70°C. The tissues
were microdissected, including laser capture microdis-
section (LCM), for use in biochemical assays for apuri-
nic/apyrimidinic (AP) sites (also called abasic sites),
OHJG, promoter specific CpG 5-methylcytosine (5mC),
and western blotting for DNA damage response (DDR)



Kim et al. Acta Neuropathologica Communications

(2020) 8:7

Table 1 Human Autopsy Cases Used for Brain and Spinal Cord Samples
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Group Case Number Age (years)/Sex Postmortem Delay (hours) Cause of Death
Controls 487 73/male 22 Pancreatic cancer
(Neurological Disease Free) 515 62/male 21 Aortic aneurysm
712 44/female 20 Pneumonia
719 66/male 10 Myocardial infarction
961 59/female 6 Myocardial infarction
993 66/male 12 Prostatic carcinoma
1277 80/female 8 Lymphoma
1344 53/male 12 Metastatic carcinoma
1348 44/male 18 Lymphoma
1361 49/female 15 Thromboembolic disease
1517 71/female 16 Heart disease
1591 94/male 16 Pneumonia
1603 89/male 16 Pulmonary embolism
1613 74/male 4 Myocardial infarction
1683 91/female 8 Cardiomyopathy
ALS 345 59/female 3 Respiratory arrest
414 65/male 4 Respiratory arrest
433 71/male 17 Respiratory arrest
447 69/female 15 Respiratory arrest
492 68/female 18 Respiratory arrest
834F 46/male 3 Respiratory arrest
875 70/female 24 Respiratory arrest
950F 38/male 22 Respiratory arrest
1014 72/male 5 Respiratory arrest
1088 66/male 7 Respiratory arrest
1108 64/female 8 Respiratory arrest
1151 57/female 14 Respiratory arrest
1161 47/male 6 Pneumonia
1169 67/female 15 Respiratory arrest
1176F 27/male 6 Respiratory arrest
1359 61/female 14 Respiratory arrest
1365 59/male 7 Respiratory arrest
1386 69/female 15 Pneumonia
1413 79/male 10 Respiratory arrest
1452 65/female 6 Respiratory arrest
1453 60/male 22 Pneumonia
1485 61/female 5 Pneumonia
1589 55/male 10 Pneumonia
1614 69/male 18 Respiratory arrest
1620 63/male 10 Respiratory arrest
1623 71/female 59 Cardiopulmonary arrest
1629 55/female 12 Pneumonia
1635 68/female 5 Respiratory arrest
1668 76/male 7 Respiratory arrest
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Table 1 Human Autopsy Cases Used for Brain and Spinal Cord Samples (Continued)

Postmortem Delay (hours) Cause of Death

Group Case Number Age (years)/Sex
1693F 42/male
1713 54/female
1742 55/male
1755 72/female
1789F-SOD1A4V 55/male

6 Respiratory arrest
14 Respiratory arrest
5 Pneumonia

5 Respiratory arrest
14 Respiratory arrest

proteins. Formalin-fixed, paraffin-processed tissue was
used for immunohistochemical studies of DNA damage
and DDR protein localization.

Laser capture microdissection

Blocks of frozen unfixed human spinal cords (lumbosa-
cral and cervical) from ALS and control cases were cut
into transverse sections (8 um) using a cryostat. Sections
were collected on glass slides and stored at -70 °C. For
LCM the sections were stained faintly with Ponceau S
containing protease inhibitors (allows cytoarchitecture
to be visualized without damaging macromolecules).
This section thickness and staining are optimal for
motor neuron visualization and capture onto CapSure
LCM caps [32, 78]. Control individuals 50-70 years of
age have approximately 55,000 lumbosacral limb motor
neurons [120], and, despite the widespread loss of spinal
ventral horn motor neurons in ALS, large numbers of
motor neurons remain at endstage disease [113] for cap-
ture. Motor neurons in ALS cases were captured at the
pre-attritional, chromatolytic, and early attritional stages
of degeneration [63]. About 8000-10,000 spinal motor
neurons were collected from each individual.

Measurement of AP sites in DNA

Genomic DNA was extracted from motor cortex (Brodmann
area 4) and primary somatosensory cortex (Brodmann area
3) gray matter and from LCM-acquired motor neurons using
a phenol-chloroform method [63] or a sodium iodide
method [35]. For mitochondrial DNA (mtDNA) extraction
from motor cortex, subcellular fractions were prepared [137],
and DNA was extracted from the mitochondrial pellet and
size fractionated by agarose gel -electrophoresis (Add-
itional file 1: Figure S1A). Because AP sites are major DNA
lesions caused by free radicals [40], DNA-AP sites were mea-
sured using a highly sensitive (Additional file 1: Figure S1B)
aldehyde reactive probe-based assay (Kamiya Biomedical
Company).

Measurement of OHdG in DNA

Genomic DNA was extracted from motor cortex and
primary somatosensory cortex gray matter and ventral
horn spinal cord using a sodium iodide method [35].
OHdG was measured using an enzyme-linked immuno-
sorbent assay (Cell Biolabs).

Gene promoter-specific methylated DNA pyrosequencing

Genomic DNA was extracted from human ALS and con-
trol motor cortex and LCM-acquired spinal motor neu-
rons and dorsal horn gray matter. CpG rich regions of
promoter sequences were identified (Table 2) in human
Oggl, apurinic/apyrimidinic endodeoxyribonuclease-1
(Apexl1), aprataxin (Aptx), and polynucleotide kinase 3’-
phosphatase (Pnkp) using CpG Island Explorer [131].
Purified DNA (2 pg) was bisulfite treated using an Epitek
Bisulfite kit (Qiagen). Purified converted DNA (10 ng)
was then PCR amplified (primers and conditions de-
signed and supplied by Qiagen using the Pyromark soft-
ware). Gene target sequences are shown in Table 2.
DNA was sequenced using a Pyromark Q24 system [62].
All samples were run in duplicate. As a positive control,
human DNA was methylated in vitro with CpG methy-
transferase (M.SssI) and then pyrosequenced. 5mC con-
tent at all CpG sites was nearly 100%. The data was
validated by internal controls and presented as percent
5mC/cytosine + standard deviation with high agreement
in duplicate measures.

Profiling of DNA damage, DDR, and cell death markers by
immunohistochemistry and western blotting

Human ALS and control cases were examined for spe-
cific DNA lesions and DDR markers in motor cortex,
sensory cortex, and spinal cord neurons using immuno-
histochemistry and immunoblotting as described [63, 64,
111]. To detect DNA lesions in tissue sections, we used
commercially available mouse monoclonal antibodies to
OHdAG (clone N45.1, Oxis International) generated by
Toyokuni et al. [123] and to single-stranded DNA
(ssDNA, clone F7-26, Alexis Biochemicals) generated by
Frankfurt [28]. These antibodies have been carefully vali-
dated by the originators and by us [1, 81]. To detect
DDR in CNS tissue sections, we used commercial rabbit
polyclonal antibody to phosphorylated c-Abl™?** (Cell
Signaling Technology) and mouse monoclonal antibody
to BRCAL1 (clone MS110, Millipore). Immunohistochem-
ical negative controls included concentration-identical
substitution of specific primary antibody with non-
immune isotype IgG and incubation of sections with no
primary antibody but with all other immunoperoxidase-
diaminobenzidene (DAB) steps unchanged. Western
blotting also validated the DDR antibodies. The BRCA1



Kim et al. Acta Neuropathologica Communications (2020) 8:7

Table 2 Human ALS & Control DNA Methylation
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Table 2 Human ALS & Control DNA Methylation
Pyrosequencing Targets (Continued)

Aprataxin
Gene symbol APTX
Entrez Gene ID 54,840
Sequenced strand Sense
Amplicon size 253

Biotin modification reverse PCR primer

Sequence to analyze ACGCAAAGTGGGTCGAAGACCAACGCGAGC

GCCCG
Sequence after AYGTAAAGTGGGTYGAAGATTAAYGYGAGY
bisulfite GTTYG

Number of CpG sites 6

Nucleotide TATCGTCAATGATGTCGAGAGTATCGTCGAGTCG

dispensation order

8-oxoguanine DNA glycosylase

Gene symbol 0GGI
Entrez Gene ID 4968

Sequenced strand Sense
Amplicon size 253

Biotin modification  reverse PCR primer

Sequence to analyze CCGTGTGGGCGAGGCCTTAAGGGTCGTGGTCCTT

GTCTGGGCGGGGT
Sequence after TYGTGTGGGYGAGG AAGGGTYGTGG
bisulfite GTTTGGGYGGGGT

Number of CpG sites 4

Nucleotide ATCGTGTAGTCGATGTTAGTCGATGTTGTCTGTCG

dispensation order

Apurinic/apyrimidinic endonuclease 1

Gene symbol APEX1
Entrez Gene ID 328
Sequenced strand Sense
Amplicon size 92

Biotin modification  reverse PCR primer
GTCCGCGCTGGGCCGCAGCTTTCCGGAGCGT

GTTYGYGTTGGGTYGTAG YGGAGYGT

Sequence to analyze

Sequence after
bisulfite

Number of CpG sites 5

Nucleotide TGTCGTCGTCTAGTCGATAGTTCGAGTCG

dispensation order

Polynucleotide kinase 3’-phosphatase

Gene symbol PNKP
Entrez Gene ID 11,284
Sequenced strand Antisense
Amplicon size 98

Biotin modification  reverse PCR primer

CGGAGGATCCAGTCCCCGCTACCGGCCTGA
GCCTCGCGT

Sequence to analyze

YGGAGGATTTAG YGTTATYGGTTTGAGTTT
YGYGT

Number of CpG sites 5

GTCGAGAGTAGATTCGTCTGATCGTGAGTT
CGTCG

Sequence after
bisulfite

Nucleotide
dispensation order

antibody specificity was further validated by human
BRCAL1 viral siRNA knockdown (ABM, Inc) in cultures
of a human cortical neuron cell line (HCN1, American
Type Culture Collection). Total cell lysates were pre-
pared for western blotting. To identify relationships be-
tween DNA lesions and cell death markers we used
antibodies to mouse monoclonal antibody to OHdG and
rabbit polyclonal antibody to phospho-p53°™*® (Cell Sig-
naling Technology) and OHdG antibody paired with
rabbit polyclonal antibody to cleaved caspase-3 (Cell Sig-
naling Technology). These antibodies have been validated
[79, 81]. Dual antigen visualization was done with DAB and
benzidine dihydrochloride (BDHC) as chromogens [30, 56,
70] to avoid the confounding influence of endogenous lipo-
fuscin and paraffin processing generated autofluorescence
[45]. Mitochondrial and cleaved caspase-3 relationships
were examined with a mouse monoclonal antibody to cyto-
chrome ¢ oxidase subunit I (clone 1D6-E1-A8, Molecular
Probes Invitrogen) that has been validated [71].

Immunohistochemical preparations were analyzed
quantitatively using cell counting and single-cell densi-
tometry [68, 73, 111]. The evaluation focused on motor
cortex and spinal cord anterior horn of control and ALS
cases. In carefully selected sections that were at anatomic-
ally matched regions of motor cortex and spinal cord,
ssDNA and c-Abl immunoreactive neuronal cell bodies
were counted in layer 5 of motor cortex or ventral horn of
spinal cord in 15-20 non-overlapping microscopic fields
at 400x magnification in at least 3 paraffin sections per
case. The sections were counter-stained with cresyl violet
to assist in cortical layer, Rexed layer, and cell identifica-
tions. Only cells with a discernible nucleus were counted.
For OHdG immunoreactivity quantification in control,
ALS, and AD tissue sections, grayscale images of ran-
domly selected immunoreactive layer 5 pyramidal neurons
in motor cortex and somatosensory cortex and motor
neurons in spinal cord were acquired at 1000x magnifica-
tion by an observer unaware of case history. AD CNS tis-
sue sections were used as a different neurodegenerative
disease setting to Determine if identified changes in ALS
neurons are disease specific. The sections were not
counter-stained until after image acquisition. For each
case, approximately 50 neurons were acquired. In ImageJ,
each neuronal perikaryal profile was delineated as the re-
gion of interest, and measurements of optical density were
obtained similar as described [10].
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For immunoblotting, homogenates from motor cortex
of control and ALS cases and HCN cell lysates were pre-
pared, subjected to SDS-PAGE, transferred to nitrocellu-
lose membranes, and stained with Ponceau S to confirm
uniform protein transfer among lanes and for quantitative
normalization as described [63, 64, 111]. Snap frozen fresh
samples of AD motor cortex were unavailable for western
blotting. For human tissue western blots, soluble protein
fractions were used. Membranes were immunoblotted for
phosphorylated c-AbI™™73® (rabbit polyclonal, Cell Signal-
ing Technology), total c-Abl (mouse monoclonal, clone
24-11, Santa Cruz Biotechnology), phosphorylated®®”/™-
ATM/ATR protein targets (rabbit polyclonal, Cell Signal-
ing Technology), BRCA1l (mouse monoclonal, clone
MS110, Millipore) and Oggl (rabbit polyclonal, Novus Bi-
ologicals). For OGG1 blots, recombinant human OGG1
(Trevigen) was used as a positive control. Antibodies to
synaptophysin (mouse monoclonal, clone SY38) and actin
(mouse monoclonal, clone C4, Chemicon) were used as
loading controls. The secondary antibodies used were
goat-anti-rabbit IgG-HRP and goat-anti-mouse IgG-HRP
(BioRad) in milk blocker for 2 h at room temperature. Im-
munoreactive proteins were visualized by enhanced
chemiluminescence and exposure of membrane to x-ray
film. Films were digitally scanned for densitometry, with
target proteins being normalized to ponceau total protein
or to actin or synaptophysin immunoreactivities, and fig-
ure generation.

Cell culture

The institutional biosafety committee (JHU registration
B1011021110) approved the use of human cells. The
protocols met all ethical and safety standards for work
on human cells. The human iPSC lines used in this
study are identified in Table 3 and were characterized
previously [51, 133]. They were maintained on Matrigel-
coated plates in StemFlex Medium (Gibco) and passaged
every 4—6 days using EDTA or Accutase (Thermo Fisher
Scientific). Mouse embryonic fibroblasts (MEFs) were
derived from CF-1 mouse embryos at approximately
13.5 days gestation. MEFs were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Corning) supple-
mented with 10% fetal bovine serum (FBS, Hyclone), 1%
Minimum Essential Medium Non-Essential Amino
Acids (MEM-NEAA, Gibco), and 1% GlutaMAX
(Gibco). Mouse cortical astrocytes were isolated from 3

Table 3 Human Induced Pluripotent Stem Cell Lines Used

iPSC lines (Clone)® Gene Mutation Age of Donor Gender
C3-1 Control N/A 40 F
C3-1 SOD1 GI93A 40 F
GO013 SOD1 A4V 63 F

2C3-1 and GOO013 were provided by the Song lab (University of Pennsylvania)
and the Rothstein lab (JHMI), respectively
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to 4 postnatal day old CD1 mouse pups as described
[109] and cultured in DMEM supplemented with 10%
EBS.

Genome editing of human iPSCs by CRISPR-Cas9 system
Introduction of SOD1-G93A missense mutation by
CRISPR-Cas9 genome editing technology was carried
out using a healthy control iPSC line (C3-1). Prior to
genome editing, alkaline phosphatase live staining (Invi-
trogen) was performed to verify pluripotency of iPSCs.
Cells cultured on Matrigel (Corning) in StemFlex
medium were pre-treated with Y-27632 ROCK inhibitor
(Cellagen Technology) for 4—5h and dissociated with
Accutase. Cells were resuspended with Cas9 nuclease
(Invitrogen), guide RNA (Table 4), and single-stranded
DNA donor (Table 4) and electroporated using Neon
Transfection System (Invitrogen). After electroporation,
cells were plated on Matrigel-coated plates and cultured
for 48 h. Cleavage efficiency was determined in a portion
of the cells using GeneArt Genomic Cleavage Detection
kit (Invitrogen). Remaining cells were passaged and cul-
tured for 48-72h before performing clonal isolation.
Single cells were isolated using Accutase and cultured
for approximately 10-12 days. Each clonal cell line was
collected and expanded. The genome editing of each
clone was confirmed by DNA Sanger sequencing. Gen-
etic off-target effects were also analyzed.

Genetic off-target analysis

Potential off-target sites were analyzed by direct DNA
sequencing. The top seven candidates were selected
based on COSMID web tool [19]. Genomic DNA was
isolated from iPSCs using DNeasy Blood & Tissue Kit
(Qiagen). PCR amplification around the seven sites was
performed and PCR products were sequenced. Primers
used are listed in Table 5.

Differentiation of human iPSCs into motor neurons

Generation of iPSC-derived spinal motor neurons was
done using published protocols [9, 22, 84] with some
modifications. In brief, iPSCs were passaged onto MEF
feeder layers in DMEM/F12 culture medium supple-
mented with 20% KnockOut Serum Replacement (Gibco),
1% MEM-NEAA, 1% GlutaMAX, 10 ng/mL bFGF (Pepro-
Tech), 0.1 mM B-mercaptoethanol (Gibco), and 10 um Y-
27632 ROCK inhibitor. On the next day, the medium was
changed to modified N2/B27 medium (DMEM/F12:Neu-
robasal [1:1], 0.5% N2, 0.5% B27, 0.1 mM ascorbic acid,
and 1% GlutaMAX) containing 3uM CHIR-99021
(Tocris), a glycogen synthase kinase-3 inhibitor, along
with the combination of 2uM SB-431532 (Tocris), a
transforming growth factor-f receptor inhibitor, and 2 uM
DMH-1 (Tocris), a bone morphogenic protein type I re-
ceptor/activin receptor-like kinase-2 (ALK2) inhibitor.
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Table 4 List of Oligonucleotide Sequences

D Sequence (5'-3) Purpose

SOD1- TAATACGACTCACTATAGGAATCTTCAATAGACACA gRNA

G93A- DNA

gRNA- template

fwd for gRNA
synthesis

SOD1- TTCTAGCTCTAAAACATGTGTCTATTGAAGATTC

G93A-

gRNA-

rev

SOD1- p- knock-in

G93A-  ZOCATCTGATGC CATTATTAGGCATGTTGGAGAC donor

sSODN  TTGGGCAATGTGACTGCTGACAAAGATGCTGTGG DNA

CAGAT
GTGTCTATTGAAGATTCZET

OT1-  AGACACTGGCATTTCAGACGTAGG Off-target

fwd analysis

OT1-  AGAAGACCCATGATTCCTGGGC

rev

OT2-  CAAAGGTAGATCGCCAGAGACAAC

fwd

OT2-  TGCCTGGTGGGAAGGTCCAT

rev

OT3-  CAACCGGAGAAGTGACAAGGC

fwd

OT3-  CTCAGATCAGTCTCTAGCAATCCC

rev

OT4-  TCTGTAGTCAGCCTCTGTCCAC

fwd

OT4-  CTTTCTGGGTCCCCAGTTTCTAC

rev

OT5- GGGCCTATGGAAGTGAACTCAAC

fwd

OT5-  ATGTTGCATGTTTCTATGATGGGCCTATCC

rev

OT6-  TCCTGGATGGTCCTGGACATCA

fwd

OT6-  AGCAATGTGTGTCACTCCAGGATC

rev

OT7-  GCAAATAAGCAACAGACCGAGGAG

fwd

OT7-  GCCTCAGCTTTCTCATGTACCATC

rev

* p: 5'-phosphate, O: Phosphorothioate-C, E: Phosphorothioate-G,
Z: Phosphorothioate-T

iPSCs were cultured in this condition for 6-7 days. The
cell clusters were detached with 0.1% (w/v) collagenase IV
(Gibco) and plated on Matrigel-coated plates in the same
medium supplemented with 1 uM CHIR-99021, 2 uM SB-
431532, 2 uM DMH-1, 0.1 uM retinoic acid (RA, Sigma),
and 0.5uM purmorphamine (Stemgent), a hedgehog
agonist. After maintaining cell clusters for 6-7 days, they
were collected by collagenase IV and further differentiated
in ultra-low attachment plates (Corning) containing modi-
fied N2/B27 medium with 0.5uM RA and 0.1 uyM pur-
morphamine and grown in suspension for another 6-7
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days. Cell clusters were then singlized with Accutase and
plated on Matrigel-coated plates or on mouse primary as-
trocytes for additional 10days with 0.5puM RA, 0.1 uM
purmorphamine, 0.1puM Compound E (Millipore), a
Notch pathway inhibitor, and three neurotrophic factors
(PeproTech): 10 ng/ml brain-derived neurotrophic factor
(BDNF); 10 ng/ml ciliary neurotrophic factor (CNTF); and
10 ng/ml insulin-like growth factor 1 (IGF-1). We also uti-
lized alterative cell culture conditions. For neural pattern-
ing, 10uM SB-431532 and 200nM LDN-193189
(Stemgent), an ALK2/3 receptor inhibitor, was used. For
motor neurons specification, a combination of 10 uM SB-
431532 and 200 nM LDN-193189 was used as a substitute
for 1 uM CHIR-99021, 2 uM SB-431532, and 2 uM DMH-
1. Lastly, for motor neuron differentiation, we sometimes
used 0.5puM RA, 0.1 uM purmorphamine, 5uM DAPT
(Stemgent), a y-secretase inhibitor, with BDNF, CNTF,
and IGF-1. In all instances, neuronal cultures were treated
with 50 um 5-Fluoro-2’-deoxyuridine (Sigma) on the fol-
lowing day of plating for 24h to inhibit proliferation of
any undifferentiated progenitor cells or astrocytes. All cul-
ture media in each stage were changed every 2 days. Cul-
tured neurons were immunophenotyped using neuron-
and motor neuron-specific antibodies.

Etoposide treatment of human iPSC-derived motor
neurons

Etoposide (Sigma) is a topoisomerase-II inhibitor that
was used to cause DNA damage in the form of strand
breaks [58, 79]. It was dissolved at 10 mM in DMSO and
further diluted to 10 uM in modified N2/B27 medium
with 0.5 uM RA, 0.1 uM purmorphamine, 0.1 uM Com-
pound E, 10 ng/ml BDNF, 10 ng/ml CNTF, and 10 ng/ml
IGF-1. Medium containing etoposide was added to
iPSC-derived motor neurons differentiated on glass cov-
erslips and incubated for 1 h at 37 °C for DNA double-
strand formation [58, 79]. For recovery, cells were first
washed once with DMEM/F12. Those with 0-h recovery
were then fixed, whereas other cells were incubated in
fresh differentiation medium without etoposide for 1.5,
4, or 24 h before fixation.

Immunofluorescence staining

Cells on glass coverslips were fixed in 4% paraformalde-
hyde for 10 min at room temperature and washed three
times with PBS. Fixed cells were first permeabilized with
0.2% Triton X-100 in PBS for 10 min and were subse-
quently blocked in PBS with 10% donkey serum for 1 h.
Following blocking, cells were incubated overnight at
4°C with primary antibodies diluted in blocking solu-
tion. The following primary antibodies were used:
chicken polyclonal anti-microtubule—associated protein-
2 (MAP 2) (1:5000, Novus Biologicals), mouse monoclo-
nal anti-Islet-1 (1:100, clone 40.2D6, Developmental
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Table 5 Summary of Off-Target Analysis®

D Sequence Mismatch Score Chromosome position Mutation

oM CAAAATTCAATAGACACATGGG - hit 3 0.53 Chr15:25520090-25,520,111 Not detected
GAATCTTCAATAGACACATNGG - query

OoT12 GTATATTCCATAGACACATGGG - hit 3 0.86 Chr4:109681139-109,681,160 Not detected
GAATCTTCAATAGACACATNGG - query

o713 TCATCTTCAAAAGACACATTGG -- hit 3 1.08 Chr13:46227046-46,227,067 Not detected
GAATCTTCAATAGACACATNGG - query

oT4 GTATCTTGAAAAGACACATGGG - hit 3 13 Chr11:87945053-87,945,074 Not detected
GAATCTTCAATAGACACATNGG - query

oT5 GATTCTACAATGGACACATTGG -- hit 3 1.54 Chr12:24874767-24,874,788 Not detected
GAATCTTCAATAGACACATNGG - query

oT6 GAATTTCCAATGGACACATTGG - hit 3 1.58 Chr7:134494940-134,494,961 Not detected
GAATCTTCAATAGACACATNGG - query

oT17 AAATCTTTAATACACACATCGG -- hit 3 1.78 Chr4:107649971-107,649,992 Not detected

GAATCTTCAATAGACACATNGG - query

“Mismatched bases are in bold

Studies Hybridoma Bank [DSHB]), mouse monoclonal
anti-Hb9 (1:50, clone 81.5C10, DSHB), goat polyclonal
anti-choline acetyltransferase (ChAT) (1:100, Millipore),
mouse monoclonal anti-TUJ1 (1:2000, clone 5G8, Pro-
mega), and rabbit polyclonal anti-yH2A.X (1:400, Cell
Signaling). Non-immune IgG isotypes were used as
negative controls at concentrations identical to the pri-
mary antibodies. After antibody incubations, cells were
rinsed in PBS, incubated with secondary antibodies
(Alexa-Fluor-488, Alexa-Fluor-594, and Alexa-Fluor-647,
ThermoFisher) diluted at 1:500, rinsed in PBS, and then
stained with Hoechst 33258 DNA dye for nuclear
visualization.

Data analysis

The sample populations were selected randomly and
were normally distributed (i.e., assumptions for paramet-
ric analyses were not violated). The analysis of the mea-
surements was done by comparing age-matched control
(disease free and AD) values to ALS values with one-way
analysis of variance. Subsequent statistical evaluation of
significance was done using a two sample Student’s ¢-
test.

Results

Genomic DNA AP sites are increased in ALS

AP sites in DNA are very common lesions formed either
spontaneously by oxidative stress or as intermediates
during DNA repair [2, 52]. They can trigger cell death
[49, 128]. We used a highly sensitive biochemical assay
to measure AP sites (Additional file 1: Figure S1B) in nu-
clear DNA and mitochondrial DNA extracted from post-
mortem human motor cortex, primary somatosensory
cortex, and LCM-acquired spinal motor neurons (Fig. 1).
AP site number in chromosomal DNA was increased
significantly in the motor cortex of ALS cases compared

to age-matched controls (Fig. 1a). The number of AP
sites in anatomically adjacent somatosensory cortex did
not differ among ALS and control (Fig. 1b). In spinal
cord, AP sites specifically in the spinal motor neuron
genome were significantly elevated in ALS compared to
control (Fig. 1c). In contrast, AP sites did not differ in
DNA purified from mitochondria isolated from motor
cortex of ALS and control individuals (Fig. 1d, Add-
itional file 1: Figure S1A).

Single-stranded DNA accumulates in ALS upper and lower
motor neurons

AP sites can be converted readily to DNA helix breaks
leading to strand gaps and the accumulation of single-
stranded DNA [34] and, if closely opposed, to double-
strand breaks [37]. We directly visualized ssDNA in hu-
man brain using monoclonal antibody F7-26. This anti-
body has been used widely and characterized extensively
[28, 29, 81, 99]. In animal CNS, neurons fated to
undergo retrograde degeneration and death, similar to
mechanisms proposed in human ALS and rodent models
of ALS [63, 76, 78, 83, 138], F7-26 detects the early ac-
cumulation of DNA damage in pre-apoptotic neurons
[81]. In human ALS, ssDNA strikingly accumulated in
motor cortex but not in the anatomically adjacent post-
central gyrus (Fig. 2a, g). Generally non-vulnerable brain
regions in ALS cases and aged-matched control cases
overall had low or undetectable ssDNA accumulation in
cells as visualized by immunohistochemistry (Fig. 2a, b).
In contrast, in ALS motor cortex, many pyramidal neu-
rons were ssDNA-positive compared to age-matched
controls (Fig. 2c, g). Cortical macroglial cells appeared
with very low positivity for ssDNA compared to neu-
rons, where ssDNA accumulated in the perikaryal cyto-
plasm and nucleus (Fig. 2d). In spinal cord, the pattern
of ssDNA staining was different from the telencephalon.
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Fig. 1 DNA Damage AP Sites Accumulate in Motor Cortex and in Spinal Motor Neurons in Human ALS. a AP site number in genomic DNA (100
femtogram) extracted from human ALS (n=16) and age-matched control (n = 10) motor cortical gray matter (Brodmann area 4). *p < 0.01. b AP
site number in genomic DNA (1 picogram) extracted from human ALS (n = 16) and age-matched control (n = 10) primary somatosensory cortical
gray matter (Brodmann area 3). ¢ AP site number in genomic DNA (1 picogram) extracted from human ALS (n = 16) and age-matched control
(n=10) LCM-acquired spinal cord motor neurons (approximately 10,000-16,000 individual neurons). *p < 0.01. d AP site number in mitochondrial
DNA (100 femtogram) extracted from human ALS (n = 16) and age-matched control (n = 10) motor cortical gray matter. Values are mean + SD

Control ALS

In controls, neuropil staining, including processes of
neurons and glia, was prominent, but motor neuron cell
bodies had low staining (Fig. 2f, h). In ALS spinal cord,
the neuropil ssDNA immunoreactivity was markedly at-
tenuated and motor neuron cell body positivity was
more abundant (Fig. 2f, h), including strong staining in
the nucleus, as we have seen in pre-apoptotic neurons
[81].

c-Abl is upregulated and activated in human ALS CNS

Previous studies have reported the activation of p53 and
APEX1 and their nuclear accumulation in human ALS
motor neurons indicative of a DDR [64, 111] that would be
consistent with our AP site (Fig. 1) and ssDNA (Fig. 2) data.
To corroborate that DNA damage is accumulating in ALS
motor neurons and that appropriate sensor mechanisms are
activated, we examined other DDR proteins. c-Abl functions
in the human cell DDR where it shuttles from the cytoplasm
to the nucleus [60, 115]. Studies in cell culture show that in-
hibition of c-Abl protects cortical neurons from DNA
damage-induced apoptosis [79], revealing that this molecular
arm of the DDR can be death-promoting in neurons and
consistent with the view that the c-Abl pathway may be a
therapeutic target in ALS [44]. In human ALS motor cortex,

immunoreactivity for active phosphorylated c-Abl was very
robust compared to age-matched control motor cortex
(Fig. 3a, b, d). c-Abl immunoreactivity was detected in the
neuropil and in neuronal cell bodies (Fig. 3a). Many pyram-
idal neurons in ALS cerebral cortex were positive compared
to controls (Fig. 3d). Active c-Abl was prominent in the nu-
cleus of ALS cortical pyramidal neurons (Fig. 3c) but not in
control cortical pyramidal neurons (Fig. 3b inset). c-Abl in
ALS cortical pyramidal neuron nuclei was localized diffusely
in the nuclear matrix and formed discrete inclusions near
the nuclear envelope (Fig. 3c), similar to apoptotic chromatin
crescents [65, 67, 69]. In ALS spinal cord, motor neurons
were strongly positive for active c-Abl at pre-attritional (Fig.
3e) and attritional (Fig. 3g) stages of degeneration as defined
before [40] and were numerous (Fig. 3h), while spinal motor
neurons in age-matched controls were scarcely positive for
c-Abl (Fig. 3f, h).

Western blotting corroborated the immunohistochemical
findings (Fig. 4). Phospho-c-Abl"™Y*** antibody was highly
specific at detecting an immunoreactive band at approxi-
mately 120kDa in human brain extracts (Fig. 4a). Active
c-Abl was elevated significantly (p <0.001) in ALS motor
cortex compared to age-matched controls that showed low
levels (Fig. 4a, b). Total c-Abl immunoreactivity was
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Fig. 2 ssDNA Accumulates in Human ALS Upper and Lower Motor Neurons. a ssDNA positive profiles (brown) were numerous in ALS motor
cortex (Brodmann area 4, BA4) but not in the nearby postcentral gyrus primary somatosensory cortex (Brodmann area 3, BA3). Asterisks identify
central sulcus. wm, white matter. b Neurologic disease-free age-matched control cerebral cortex had very few pyramidal neurons positive for
ssDNA immunoreactivity. Asterisks identify central sulcus. Inset shows higher magnification of control cortical gray matter that is blank. A blood
vessel (bv) is a fiducial and shows effective quenching of endogenous peroxidases. ¢ In ALS motor cortex, numerous pyramidal neuronal profiles
(hatched arrows) were ssDNA-positive (brown), particularly in deep layers. d ssDNA immunoreactivity (brown) was localized to the nucleus and
cytoplasm of pyramidal neurons (hatched arrows) in ALS motor cortex. Nearby glial cells were either negative or faintly positive (open arrows).

e Spinal motor neuron cell bodies in ALS cases were positive for ssDNA (hatched arrows); the nucleus was often intensely positive (brown, cresyl
violet counterstained). Numerous glial cells were positive (open arrow). Processes in the spinal cord gray matter neuropil were occasionally discernible
(solid black arrows). f In control spinal cord, most of the ssDNA immunoreactivity (brown, cresyl violet counterstained) was confined to the neuropil,
while the motor neuron cell bodies (open arrow) were lightly stained in the cytoplasm and nucleus compared to ALS neurons. g. Counts of motor
cortical neurons positive for nuclear ssSDNA in control (n =8) and ALS (n = 14) cases. Values are mean + SD. *p < 0.001. h Counts of ventral horn
neurons positive for nuclear ssDNA in control (n = 8) and ALS (n = 14) cases. Values are mean + SD. *p < 0.01. Scale bars (in um) = 140 (A, same for B),
31 (Binset), 14 (O, 5 (D), 30 (E), 44 (F)

increased significantly (p <0.01) also in ALS motor cortex  phosphorylated targets of ATM were overall increased in
(Fig. 4c, d), demonstrating that c-Abl was generally upregu-  ALS motor cortex compared to age-matched control (Fig.
lated and activated in ALS. Consistent with the activation of  4e). Immunoreactivity for ATM phosphorylated target pro-
c-Abl, an ATM kinase target [129], was the observation that  teins in ALS motor cortex was increased significantly (p <
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(See figure on previous page.)

Fig. 3 Activated c-Abl Accumulates in Human ALS Upper and Lower Motor Neurons. a Many pyramidal neurons (hatched arrows) in ALS motor
cortex showed conspicuous accumulation of phosphorylated c-Abl (brown, cresyl violet counterstained). Some pyramidal neurons seen by cresyl
violet had low or negative active c-Abl staining. The neuropil also showed immunoreactivity. b In control motor cortex, phosphorylated c-Abl
(brown, cresyl violet counterstaining) was much less evident in pyramidal neuron cell bodies (hatched arrows) and in the neuropil compared to
ALS motor cortex shown in A. Inset shows control motor cortical pyramidal neurons rich in Nissl substance and no active c-Abl immunoreactivity
in the nucleus. ¢ Phosphorylated c-Abl (brown, cresyl violet counterstaining) was localized to the nucleus of pyramidal neurons (hatched arrows)
in ALS motor cortex and was sometimes seen as discrete nuclear inclusions. d Counts of motor cortical neurons positive for phosphorylated c-
Abl in control (n =8) and ALS (n = 16) cases. Values are mean + SD. *p < 0.001. e, f Spinal cord motor neurons (hatched arrow) at pre-attritional
(not shrunken) stages of degeneration in ALS cases [63] (E, hatched arrow) were strongly positive for phosphorylated c-Abl (brown, cresyl violet
counterstain). In control spinal motor neurons (F, hatched arrow) c-Abl immunoreactivty (brown, cresy! violet counterstain) was nearly inconspicuous,
even though some surrounding glial cells were positive. g Spinal cord motor neurons (hatched arrow) at advanced attritional stages (shrunken) of
degeneration in ALS cases [63] (hatched arrow) were strongly positive for phosphorylated c-Abl (brown, cresyl violet counterstain). Subsets of glial cell
nucleus were c-Abl-positive (open arrow). h Counts of spinal cord ventral horn neurons positive for phosphorylated c-Abl in control (n =8) and ALS

(n =16) cases. Values are mean + SD. *p < 0.001. Scale bars (in um) = 24 (A, same for B), 10 (B inset), 8 (), 130 (E, same for F), 8 (G)

0.001), essentially double, that of control motor cortex (Fig.
4f). Accumulation of ATM/ATR phosphorylated protein tar-
gets is an early characteristic of preapoptotic cortical neurons
with DNA damage [79].

BRCAT1 is upregulated prominently in human ALS CNS

Human BRCALI is a susceptibility gene for breast and
ovarian cancers [86] that functions as a tumor suppres-
sor protein responsible for mediating signal transduction
in DDR and DNA repair and for destroying cells if repair
is unsuccessful [33]. Because c-Abl is abnormal in hu-
man ALS (Fig. 4), we investigated other iconic proteins
involved in human cancers that might also be aberrant
in human ALS brain and spinal cord. We screened many
commercial antibodies to BRCA1 for specificity using
cultured human neural cells and gene-specific knock-
down of BRCA1 (Fig. 5a). A specific BRCA1 immunore-
active band was detected at ~ 220 kDa (Fig. 5a). Western
blotting for BRCA1 in human motor cortex from age-
matched controls and ALS cases revealed low levels of
BRCAL1 in control brain, but significantly higher (p < 0.01)
levels of BRCA1 in ALS (Fig. 5b). Similarly, immunohisto-
chemistry for BRCA1 showed low immunoreactivity in
aged human control motor cortex (Fig. 5¢) and spinal cord
(Fig. 5g), but in human ALS motor cortex (Fig. 5d-f) and
spinal cord (Fig. 5h) BRCA1 immunoreactivity was prom-
inent. The cellular localization of BRCA1 in human ALS
motor cortical neurons, including Betz cells, was striking.
Non-attritional and pre-attritional neurons contained
large BRCA1-positive cytoplasmic inclusions and sparse
nuclear immunoreactivity (Fig. 5e). Other pyramidal neu-
rons at attritional stages of degeneration were enriched
impressively with both cytoplasmic and nuclear immuno-
reactivity for BRCA1 (Fig. 5f). Consistent with the pres-
ence of upper motor neuron degeneration in ALS, there
was marked accumulation of BRCAl-positive axonal
swellings in the spinal cord corticospinal tract (laterodor-
sal funiculus) of ALS cases (Fig. 5h) that were not evident

or very infrequent in age-matched control corticospinal
tract axons (Fig. 5g).

OHdG immunoreactivity is increased in vulnerable
neurons and is also present in glia

Because there are forms of DNA damage distinct from
DNA strand-breaks [52, 66] and often-studied independ-
ent from the DDR, we assessed OHdG to expand on the
identification of lesions in ALS motor neurons that poten-
tially threaten their genomic integrity. OHdG is a DNA
damage marker that detects oxidative damage as deoxy-
guanosine and is a footprint for free radical attack on
DNA [27]. OHdG immunoreactivity is present in human
control brain and spinal cord (Fig. 6a, ¢, e, g-i) and is seen
in subsets of neurons and glia at least as low signal in the
cytoplasm and nucleus, consistent with other work [47].
Some macroglia in control spinal cord had intense nuclear
labeling (Fig. 6¢, d). Because of the constitutive level of
OHdG immunoreactivity, single individualized cell densi-
tometry [73, 111] was used to assess the level of immuno-
reactivity, rather than counting discernable positive cells
compared to negative cells. Moreover, because changes in
OHAG levels may lack neurological disease specificity or
may not signify disease or injury in cells [59, 93], we in-
cluded assessments of OHdG immunoreactivity in AD
brain. In ALS motor cortex, layers III-V pyramidal neu-
rons showed significantly elevated OHdG immunoreactiv-
ity compared to age-matched controls and AD (Fig. 6a, b,
g). Some layer V Betz pyramidal neurons displayed prom-
inent dendritic immunoreactivity for OHdG (Fig. 6l). In
contrast, OHdG was elevated compared to aged-controls
in somatosensory cortex in AD but not in ALS (Fig. 6h).
In ALS spinal cord, motor neurons had strong OHdG im-
munoreactivity in the cytoplasm, often obliterating the
Nissl substance evident in age-matched control motor
neurons, and in the nucleus (Fig. 6¢-f). The level of OHdG
immunoreactivity was significantly elevated in spinal
motor neurons in ALS cases (Fig. 6i), but in other regions
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Fig. 4 DNA Damage Sensor Kinases are Upregulated and Activated in Human ALS Brain. a Western blot for phosphorylated c-Abl in motor cortex
homogenates of ALS and age-match controls. Synaptophysin was used as a loading control. b Western blot quantification of phosphorylated c-
2) cases. Values are mean + SD. *p < 0.001. Western blot for phosphorylated c-Abl in motor cortex
homogenates of ALS and age-match controls. Synaptophysin was used as a loading control. ¢ Western blot for total c-Abl in motor cortex
homogenates of ALS and age-match controls. Actin was used as a loading control. d Western blot quantification of total c-Abl immunoreactivity in (n
12) cases. Values are mean + SD. *p < 001. e Western blot for phosphorylated targets of ATM in motor cortex homogenates of ALS and age-match
controls. Blot probed for actin shows loading. f Western blot quantification of ATM phosphorylated target protein immunoreactivity in (n
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of spinal cord such as Clarke’s nucleus (Fig. 6k), origin of
the dorsal spinocerebellar tract [14], OHdG immunoreac-
tivity was lesser compared to motor neurons. However,
strong OHdG immunoreactivity was not exclusive to neu-
rons because many glial cells in ALS motor cortex and
spinal cord, including the corticospinal tract, had intense
positivity (Fig. 6b, d, f, j). Controls also had OHdG-
imminoreactive glia (Fig. 6a, ¢, e). ELISA assay confirmed
the elevations in OHdG immunoreactivity in ALS motor

cortex and spinal cord ventral horn compared to age-
matched controls (Table 6).

Accumulation of OHdG immunoreactivity in ALS motor
neurons associates with cell death markers

To contextualize cellular OHdAG positivity relative to a
degenerative or cell death phenotype in ALS neurons,
we did dual antigen labeling using immunoperoxidase
with DAB and BDHC [30, 56, 70]. This approach
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Fig. 5 BRCA1 is Upregulated in Human ALS Brain. a BRCA1 antibody validation by western blotting after siRNA knockdown in the human cortical
neuron cell line HCNT. Ponceau staining of membrane shows protein loading. b Western blot for BRCAT in motor cortex homogenates of ALS
and age-match controls. Ponceau staining of membrane shows protein loading. Graph shows quantification of BRCA1 immunoreactivity in (n = 8)
and ALS (n =12) cases. Values are mean + SD. *p < 0.01. ¢ Immunohistochemical staining for BRCAT (brown, cresyl violet counterstained) in aged
control motor cortex. Betz cells (open arrows) are rich in Nissl substance (blue, cresyl violet counterstaining) and have low BRCA1
immunoreactivity (brown). d Immunohistochemical staining for BRCAT in ALS motor cortex. Betz cells (open arrows) are enriched in
BRCA1 immunoreactivity (brown, cresyl violet counterstaining). e In ALS motor cortex layer five pre-attritional pyramidal neurons with
distinct Nissl bodies (blue, cresyl violet counterstaining), BRCAT immunoreactivity (brown) was localized in large cytoplasmic inclusions
and was present only faintly in the nucleus (asterisk). f In layer five attritional pyramidal neurons in ALS motor cortex, Nissl substance was
dispersed and attenuated (blue, cresyl violet counterstaining) and BRCA1 immunoreactivity (brown) was enriched in the nucleus (asterisk)
and cytoplasm. g In aged control spinal cord dorsolateral funiculus corticospinal tract, BRCAT immunoreactivity (brown) was very sparse.
h In ALS spinal cord corticospinal tract (laterodorsal funiculus), numerous large axonal swellings (hatched arrows) positive for BRCA1 were
present. Inset shows a BRCA1-positive axonal swelling (hatched arrow) and a negative profile (solid arrow). Scale bars (in um) =60 (A, same for B), 8 (E),
4 (F), 5 (G, same for H), 1.5 (H inset)
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¢ In aged control ventral homn of spinal cord, motor neurons had prominent Nissl staining (blue, cresyl violet counterstaining) and low OHAG immunoreactivity
(brown). Small glial cells showed strong nuclear OHdG immunoreactivity (open arrows, brown). d In ALS spinal cord, ventral hom motor neurons (hatched arrows)
were strongly positive for OHAG (brown) as were small glial cells (open arrows). @ Aged control spinal motor neurons were large and rich in Nissl substance and
had diffusely distributed cytoplasmic OHdG immunoreactivity and modest OHAG immunoreactivity in the nucleus possessing a prominent nucleolus. A nearby
glial cell @@rrow) was intensely positive for OHdG. f ALS spinal motor neurons were attritional (hatched arrows) with severely dissipated Nissl substance and were
enriched in OHdG immunoreactivity in the cytoplasm and nucleus (white asterisks). Many glial cells (open arrows) showed strong OHAG positivity. g-i Single-cell
densitometry [111] of OHAG immunoreactivity in pyramidal neurons in motor cortex (G) and primary somatosensory cortex (H) and in ventral horn motor
neurons of lumbar and cervical spinal cord of individuals with ALS (n = 16) and AD (n = 10) and aged matched non-neurological disease controls (n = 8). Values
are mean + SD. *p < 001. j. Large reactive astrocytes (hatched arrows) in the spinal cord corticospinal tract in ALS cases were strongly positive for OHdG (brown,
cresyl violet counterstain). k Large neurons in Clarke’s nucleus (hatched arrows) displayed OHdG immunoreactivity (brown, cresyl violet counterstain) intermediate
between control spinal motor neurons (E) and ALS spinal motor neurons (F), though they did appear chromatolytic. Their eccentrically positioned nucleus (white
asterisks) had faint OHdG immunoreactivity. I In ALS motor cortex, some lengthy apical dendrites (arrows) of layer five pyramidal neurons were strongly positive
for OHdG immunoreactivity. Scale bars (in um) =45 (A, same for B), 48 (C, same for D), 12 (E, same for F), 48 (J), 14 (K), 48 (L)

circumvents the serious problem of autofluorescence in  positive for phospho-p53 (Fig. 7a) and cleaved
older human postmortem tissues [45]. Spinal motor neu-  caspase-3 (Fig. 7b). Similarly, OHdG and cleaved
rons in somatodendritic attritional stages of degener- caspase-3 colocalized in pyramidal neurons in ALS
ation [63] that were positive for OHdG were also motor cortex (Fig. 7c-e), but some cleaved caspase-3*
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Table 6 8-OHAG Levels in Human Control and ALS CNS

Regions®

CNS Region 8-OHdG Concentration (pg/pl, mean + SD)
Control ALS

Motor Cortex 24+ 11 35+ 15%

Somatosensory Cortex 32+ 14 29+ 12

Spinal Cord-ventral homn 17 +7 27 + 13%

Spinal Cord-dorsal horn 15+ 11 18+ 10

28-OHdG levels were measured by ELISA. Tissue samples were obtained
by careful anatomical micropunch technique
*p <0.05

pyramidal neurons were not OHdG" (Fig. 7d). Nu-
clear OHdG immunoreactivity in ALS cortical pyram-
idal neurons appeared as diffuse labeling throughout
the nucleus and as focal compartmental labeling often
decorating the nucleolus and nuclear membrane (Fig.
7d, e). A spatial positioning of OHdG within genomic
DNA subcompartments has been described [140].
Cleaved caspase-3 in ALS motor neurons also showed
noteworthy relationships to mitochondria. In spinal
motor neurons at chromatolytic stages of degener-
ation, evinced by the eccentrically placed nucleus
[63], cleaved caspase-3 immunoreactivity was cyto-
plasmic, but not nuclear, and associated in complexes
with mitochondria (Fig. 7f). In spinal motor neurons
at attritional stages of degeneration [63], cleaved
capsase-3 was primarily nuclear and not complexed
with mitochondria in the cytoplasm (Fig. 7g) suggest-
ing a commitment to cell death [53].

DNA repair genes are hypomethylated in ALS CNS

To support the importance of DNA damage accumula-
tion and DDR as possible pathological events in ALS we
examined if there was evidence for epigenetic abnormal-
ities. To this end, we used targeted gene promoter DNA
methylation pyrosequencing to examine the epigenetic
status of base excision repair and DNA single-strand
break repair. In motor cortex, the Oggl gene promoter
showed significant demethylation of 3 of 4 CpG island
sites in ALS cases compared to age-matched control
(Fig. 8a). Western blotting confirmed the upregulation
of OGGL1 protein levels in ALS motor cortex compared
to control (Additional file 2: Figure S2). Motor cortex in
ALS also show significant CpG island demethylation
compared to control at 2 of 5 sites in the Apexl gene
(Fig. 8b), 4 of 5 sites in the Pnkp gene (Fig. 8¢c) and 2 of
5 sites in the Aptx gene (Fig. 8d). Specifically in spinal
cord motor neurons, the Oggl gene promoter showed
significant demethylation of 1 of 4 CpG island sites in
ALS cases compared to age-matched control (Fig. 8e),
but no significant changes in Oggl promoter methylation
were seen in ALS dorsal horn Rexed laminae II, III, and
IV (Fig. 8f).
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Human ALS motor neurons have capacity for DNA
damage repair

Because ALS motor neurons showed significant DNA
damage accumulation, DDR, and promoter hypomethy-
lation in DNA repair genes in human postmortem CNS
tissues (Figs. 1, 2, 3, 4, 5, 6, 7 and 8), and realizing that
these are all static assessments, we investigated DNA re-
pair capacity in living human iPSC-derived motor neu-
rons (Fig. 9). The human iPSC lines used to derive
motor neurons were a healthy control iPSC line (C3-1)
[133] and two fALS-iPSC lines (Table 3, Fig. 9a). The
fALS iPSC lines were from a patient carrying a SOD1-
A4V mutation (GOO013) [51], and one with a SODI1-
G93A mutation that was generated by CRISPR-Cas9
genome editing. The isogenic non-mutated iPSC line of
this latter cell line was an additional control (Table 3).
To generate an isogenic iPSC line with a SOD1-G93A
missense mutation, iPSC pluripotency was verified by al-
kaline phosphatase staining (Fig. 9a). A guide RNA that
specifically targets the wild-type allele (Fig. 9b) and a
single-stranded donor oligonucleotide were designed
(Table 4), and together with Cas9 protein, they were de-
livered by electroporation into the cells to mediate gen-
ome editing. Single clones were isolated and the
heterozygous SOD1-G93A mutation was confirmed by
PCR amplification of the targeted region followed by dir-
ect DNA sequencing (Fig. 9¢).

Using this genome-edited SOD1-G93A iPSC line along
with its isogenic control wild-type and patient-derived
SOD1-A4V iPSC lines, we differentiated cells into highly
pure spinal motor neurons, as confirmed by motor
neuron markers. At 18-21 days of differentiation, greater
than 80% of the cells were ISL1 and Hb9 positive (Fig.
9d, e). Approximately 80-90% of the cells were positive
for ChAT, a mature motor neuron marker, at 28-31
days of differentiation (Fig. 9f, g).

To assess directly DNA damage formation and DNA
repair in living human control and ALS motor neurons,
we treated the iPSC-derived motor neurons with etopo-
side and visualized DNA damage accumulation by
YH2A.X immunoreactivity, a serine-139 phosphorylated
form of H2A and an established marker for DNA dam-
age, including double-strand breaks [103, 110] distin-
guished from DNA single-strand breaks [57]. We
counted YH2A .X-positive foci in motor neuron nuclei to
assess indirectly DNA repair capacity at several different
recovery time points. yH2A.X immunoreactivity in
untreated control and ALS motor neurons was low
(Fig. 9h, i) suggesting that steady-state repair of baseline
endogenous DNA double-strand breaks in ALS motor
neurons is similar to control at 30 days of culture. After
1h of 10 uM etoposide exposure, nearly all motor neu-
rons in control and ALS cultures accumulated similar
levels of DNA damage as seen by the accumulation of
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Fig. 7 DNA Damage Coincides with Cell Death Markers in ALS Motor Neurons. a Spinal motor neurons in ALS showed colocalization of activated
p53 (brown) and accumulated OHAG (black/dark green). Dual antigen labeling was done using DAB (brown) and BDHC (black/dark green) as
chromogens [30] to avoid the pitfalls of immunofluorescence in aged postmortem human CNS tissues [45]. Colocalization was present in the
nucleus Kim et al. 30 (hatched arrow) and in cytoplasmic particles. b Spinal motor neurons in ALS showed colocalization of accumulated OHdG
(brown) and cleaved caspase-3 (black/dark green). c-d Cortical pyramidal neurons showed colocalization of accumulated OHdG (brown) and
cleaved caspase-3 (black/dark green) and different neurons showed OHdG immunoreactivity in nuclear subdomains. In some neurons (C, hatched
arrow), the nuclear OHdG immunoreactivity was mostly homogenous, but in other neurons (E, D) nuclear OHdG immunoreactivity was seen as
granular particles (D, hatched arrow) and perinucleolar decorations (E, hatched arrow). Some cortical pyramidal neurons showed cleaved caspase-
3 immunoreactivity but not OHAG immunoreactivity (D, solid arrow). f Spinal motor neurons in the chromatolytic pre-attritional stage of degeneration [63] in ALS
cases showed perikaryal cytoplasmic enrichment of cleaved caspase-3 (black/dark green) and mitochondria (brown), identified by cytochrome ¢ oxidase subunit 1
(Cox1) immunoreactivity, but the eccentrically placed nucleus was devoid of cleaved caspase-3 positivity (hatched arrow). Insets: different cytoplasmic regions
where cleaved caspase-3 (black/dark green) is in association with discrete mitochondria (brown). g Spinal motor neurons (hatched arrow) in the attritional stage of
degeneration [63] in ALS cases showed nuclear enrichment of cleaved caspase-3 (black/dark green) and cytoplasmic accumulation of mitochondria (brown). Scale
bars (in um) =33 (A), 20 (B), 12 (C-D), 7 (F) 3 (F inset top), 2.5 (F inset bottom), 8 (G)
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Fig. 8 Gene-Specific Promoter DNA Methylation Pyrosequencing Reveals Hypomethylation of DNA Repair Genes in ALS. a 5-Methylcytosine (5mC)
levels at four CpG sites in the Ogg 1 promoter in motor cortex of ALS and aged-matched control individuals. Values are mean + SD. *p < 0.001. b 5mC
levels at five sites in the Apex promoter in motor cortex of ALS and aged-matched control individuals. Values are mean + SD. *p < 0.01. ¢ 5mC levels
at five sites in the Pnkp promoter in motor cortex of ALS and aged-matched control individuals. Values are mean + SD. *p < 0.01. d 5mC levels at five
sites in the Aptx promoter in motor cortex of ALS and aged-matched control individuals. Values are mean + SD. *p < 0.05. @ 5mC levels at four sites in
the Ogg1 promoter in LCM-acquired spinal motor neurons of ALS and aged-matched control individuals. Values are mean + SD. *p < 0.01. f 5mC levels
at four sites in the Ogg1 promoter in spinal cord dorsal horn of ALS and aged-matched control individuals. For A-F, N =14 (ALS) and 8 (control)

YH2A X foci (Fig. 9h, i), suggesting that etoposide trap-
ping of topoisomerase II and DNA-strand cleavage in
ALS and control motor neurons were similar. Repair of
DNA damage as seen by disappearance of YH2A.X foci
was examined carefully over time and the number of foci
per cell was quantified and compared at each time point.
The numbers of yH2A X foci in the SOD1 mutants de-
creased over time and were similar to wild type control
at all recovery periods (Fig. 9h, i), demonstrating that
iPSC-derived motor neurons with SOD1 mutations

responded to DNA damage and repaired DNA damage
with kinetics similar to control motor neurons.

Discussion

Our study shows that motor neurons in human ALS ac-
cumulate DNA damage and have the capacity to re-
spond to DNA damage by activating DDR sensor
effectors, recruitment of proteins to the nucleus, and
epigenetic hypomethylation of DNA repair genes. We
identified directly three forms of DNA damage [52, 66]
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Fig. 9 Human iPSC-derived Motor Neurons with SOD1 Mutations Show Capacity for DNA Repair. a Phase-contrast image of human iPSCs.

b Alkaline phosphatase live staining showed stem cell pluripotency. ¢ Guide RNA design targeting SOD1 wild type allele (d) Chromatogram
showing CRISPR-Cas9 mediated genome editing of SOD1+/+ to SOD1+/G93A. e, g Immunofluorescence images and quantification of ISL1

and Hb9-positive motor neurons at Day 18. f, h Immunofluorescence images and quantification of Hb9 and ChAT-positive motor neurons at
Day 28.1, j yH2AX foci in iPSC-derived motor neurons after etoposide treatment. K. Quantification of yH2A.X foci at different recovery time

points. Values are mean + SD. Scale bars =50 um

accumulating in diseased human motor neurons in vivo:
AP sites, single-stranded DNA, and OHdG. The DDR
sensors that appear activated consequently are c-Abl,
ATM, BRCAI, and p53. We also identified hypomethy-
lation of several DNA repair genes in the CNS of indi-
viduals with ALS, supporting a previous study showing
upregulation and activation of APE1 in human ALS

brain [111]. Experimental results on postmortem human
ALS tissue unveil static events at endstage disease and
are non-dynamic; therefore, we also studied living hu-
man ALS and control motor neurons generated by
iPSC/genome-editing in cell culture. After characterizing
our cell culture model, experiments on human SOD1
mutant iPSC-derived motor neurons revealed that DDR
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was activatable in diseased motor neurons, as evidenced
by the accumulation of phosphorylated H2A.X, and that
DNA repair capacity and kinetics in ALS motor neurons
were similar to wildtype motor neurons, as reported by
the disappearance of phosphorylated H2A.X. Thus,
DNA damage accumulation is a major phenotype of
human motor neuron degeneration in ALS that is asso-
ciated with significant epigenetic and post-translational
DDRs that are mobilized and recruited to the nucleus in
human ALS motor neurons in vivo and that DDR and
DNA repair are engaged and functional in human mu-
tant SOD1 ALS motor neurons in cell culture.

DNA damage accumulation in human motor neurons
DNA damage is defined as any modification of DNA
that changes its coding properties or normal function in
transcription or replication [52, 101]. DNA lesions can
occur in many different forms, including apurinic/apyri-
midinic (AP) sites (abasic sites), adducts, single-strand
breaks, double-strand breaks, DNA-protein crosslinks,
and insertion/deletion mismatches [52, 101]. We found
in human ALS significant accumulation of AP sites in
vulnerable brain regions and, specifically, in spinal motor
neurons. These DNA lesions are formed either spontan-
eously by free radicals or as intermediates during the
course of normal repair of oxidized, deaminated, or alky-
lated bases [2, 52]. AP sites are a major type of damage
generated by reactive oxygen species (ROS). Estimates
indicate that endogenous ROS can cause approximately
50,000-200,000 AP sites per day in the genome of mam-
malian cells, and that brain cells contain high AP sites
[2]. Aberrant redox chemistry and oxidative stress is a
leading putative mechanism of pathogenesis in ALS [5].
Edaravone, an antioxidant that protects neurons in vivo
[94, 117], is approved by the FDA for the treatment of
ALS [132], though its efficacy and mechanisms of action
need evaluation. This drug can attenuate neuronal
nuclear DNA damage caused by nitrative stress and hy-
droxyl radical (-OH) in brain in vivo [94, 117]. Edavarone
also appears to stimulate DNA repair [11, 38, 116].
Thus, enforced DNA damage repair in motor neurons
could mediate the clinical efficacy of edaravone in ALS
patients, as DNA repair enforcement rescues motor
neurons in mice [83].

The detection of single-stranded DNA with monoclo-
nal antibody F7-26 allows for discrimination between
apoptosis and necrosis in many cell types [28, 29, 99].
We localized ssDNA specifically in the nucleus of upper
and lower motor neurons, while non-motor neurons in
the same tissue section (post-central gyrus of cerebral
cortex and spinal cord dorsal horn) were unlabeled. In
animal and cell models and in human neurons, we have
found consistently that ssDNA is formed early in the
progression of neurodegeneration (both apoptotic and
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hybrid forms) in vivo and in cell culture [54, 55, 76—80].
The timing for ssDNA accumulation in our models of
neurodegeneration, and as shown here in pre-attritional
and attritional motor neurons in human ALS, places
them as possible upstream activators of a p53-dependent
neuronal cell death process [76, 79].

OHAG is an oxidized DNA base lesion [27]. We found
elevations in OHdG in human ALS motor regions and
specifically in LCM-acquired motor neurons. Surpris-
ingly, we did not find elevated levels of OHdG in ALS
mitochondrial DNA. Previously, OHdG was found ele-
vated in postmortem CNS extracts of individual with
ALS [26]. OHdG can be generated from -OH [112]. OH
can be formed by either the Fenton reaction involving
homolytic cleavage of hydrogen peroxide catalyzed by
Fe** or Zn?*, the latter possibly released from SODI1
[125], or by the decomposition of peroxynitrite
(ONOQ)) that is formed by the combination of super-
oxide and nitric oxide [4]. ONOO™ has prominence in
the mechanisms of pathogenesis in ALS [5], and ONOO”
induces several forms of genomic DNA damage directly
in rodent motor neurons [54, 55]. Specific loci in DNA
sequences can accumulate OHdG [121, 140], and DNA
damage might accumulate preferentially in some pro-
moter regions in the genome of the aging human brain
[59]. These possibilities are relevant to ALS because we
observed nuclear subcompartmentation in the accumu-
lation of OHdG with peri-nucleolar and peri-nuclear en-
velope DNA damage occurring seemingly before large-
scale and generalized chromatin damage in ALS motor
neurons. In cell-free biochemical systems, the amount of
OHJG relates linearly to the levels of DNA single-strand
breaks [122]. In rodents, we have found the accumula-
tion of OHdG lesions in pre-apoptotic neurons during
dying-back retrograde degeneration [1, 73, 74, 81], a
process implicated in the pathobiology of ALS [25, 78,
138], and in pre-necrotic neurons during ischemic neu-
rodegeneration [71]. Thus, it is unlikely that the accu-
mulation of genomic OHAG footprints any particular
form of cell death, though in human ALS motor neu-
rons, we find definitive coincidence of OHdG with phos-
phorylated p53 that is an iconic driver of apoptosis and
cellular senescence [36] and is strongly upregulated in
human ALS [64].

Nuclear abnormalities in motor neurons have been
implicated in the pathogenesis of human ALS for a long
time. DNA damage accumulation, DNA repair dysfunc-
tion, and RNA defects have all been described [7, 20, 21,
61, 65, 78, 102, 108]. Much of this earlier work lacked
details regarding molecular mechanisms, including
forms of DNA damage and types of DDR; however, the
concept is now substantiated by this work and other
studies of familial ALS mutant genes in cell culture, in-
cluding SODI1, C9orf72, fused in sarcoma (FUS), and
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TAR DNA-binding protein 43 (TDP43) [23, 41, 87].
Moreover, wildtype FUS and TDP43 proteins have been
found to localize to sites of DNA damage in human
osteosarcoma epithelial cells and appear to function in
the prevention of transcription-coupled DNA damage
and in repair of DNA repair [42].

The DDR is activated in ALS
We found changes in several proteins that function in DNA
damage sensing in human ALS CNS compared to age-
matched controls, thus confirming that DNA damage is
present in diseased motor neurons. Phosphorylated c-Abl
was strongly elevated in the nucleus and cytoplasm of vul-
nerable upper and lower motor neurons. Some spinal motor
neurons highly enriched in activated c-Abl appeared in the
degenerative stage of chromatolysis or pre-attrition [63].
Western blotting confirmed the upregulation of phosphory-
lated and total c-Abl in ALS brain. c-Abl, a non-receptor
protein tyrosine kinase possessing nuclear localization and
nuclear export signals, shuttles between the nucleus and
cytoplasm [115]. c-Abl binds chromatin is activated by
ATM, and, in turn, functions in amplifying ATM activation,
and modulating cellular responses to DNA double-strand
breaks [60, 129]. The accumulation of c-Abl in the nucleus
of motor neurons is meaningful because it suggests involve-
ment in the mechanisms of motor neuron degeneration in
ALS and persistence of functional nuclear import in ALS
motor neurons. Our findings on c-Abl in postmortem hu-
man CNS of ALS cases are also significant because of recent
indications that c-Abl is a potential therapeutic target for
ALS, identified in studies of human ALS patient iPSC-
derived motor neurons [45]. Consistent with the phosphoryl-
ation of c-Abl is evidence of ATM activation, gleaned from
ATM phosphorylated targets. Postmortem assessment of
C9orf72 mutated ALS cases has revealed activation of ATM
and other evidence for induction of DDR [23]. Phosphoryl-
ation of ATM target proteins coincides with accumulation of
phosphorylated ATM in cortical neurons undergoing DNA
damage-induced apoptosis [79]. Inhibition of c-Abl kinase
with the small molecule STI571 (Gleevec, Imatinab mesy-
late), used clinically to treat some forms of leukemia, myelo-
dysplasia, and gastrointestinal cancers, blocked cortical
neuron apoptosis [79], thereby supporting the interpretation
of c-Abl activation in human motor neurons in ALS is
mechanistically relevant, and consistent with the idea that c-
Abl inhibition could be relevant therapeutically in ALS [45].
Another indicator of DNA damage presence in ALS motor
neurons was upregulation and cellular accumulation of
BRCAL protein as seen by immunohistochemistry and west-
ern blotting. BRCAL1 is required for transcription-coupled re-
pair of oxidatively damaged DNA [126] and functions in
homologous recombination repair of DNA double-strand
breaks [92] through its association with ATM [18] and other
partners [33]. Interestingly, FUS and TDP43 proteins can
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collaborate with BRCA1 in repair of transcription-coupled
DNA damage [42]. The abundance of BRCAL is cell cycle
regulated and increased as cells enter S phase and is low in
G, and G; cells [12]. In human motor neurons, BRCA1 im-
munoreactivity was scarce in control cells, consistent with
the postmitotic state of mature neurons, but BRCA1 was
present ubiquitously in ALS motor neurons. In ALS neurons
without morphological evidence of attrition, BRCA1 was
found compartmentalized as large cytoplasmic clumped and
granular inclusions, but immunoreactivity was low in the nu-
cleus. Some of the cytoplasmic BRCA1 immunoreactivity
could be mitochondrial [15]. In contrast, in attritional ALS
neurons, BRCA1 was enriched throughout the cell and was
prominent in the nucleus, putatively marking the presence of
DNA damage and further identifying operative nuclear im-
port mechanisms. Alternatively, our data confirm that dis-
eased ALS motor neurons re-enter S-phase of the cell cycle,
as suggested in assessments of human ALS postmortem tis-
sue [100] and in cell and mouse models of ALS [130].

The study of human postmortem CNS yields static
data that is often interpreted as temporal sequences of
events regarding mechanisms of disease, but this is not a
true dynamic representation of disease. We therefore de-
veloped, characterized, and then employed a human
iPSC-derived motor neuron cell culture model to study
DNA damage and DNA repair in living ALS and control
motor neurons. Familial SOD1 mutant motor neurons
were prepared from patient-derived iPSCs and CRISPR/
Cas9 genome-edited iPSCs using modifications of exist-
ing protocols for directed differentiation of iPSCs based
on principals of embryogenesis and neurodevelopment
[9, 22, 84]. Our differentiated human motor neurons
met the standard definition of motor neurons based on
size and multipolar morphology and immunophentyping
for ISL1, HB9, and ChAT positivity. We used etoposide
to generate DNA double-strand brakes and yH2A.X im-
munoreactivity as a reporter for the accumulation of
DNA strand breaks and their subsequent repair by the
disappearance of YH2A.X foci. This experiment showed
that DNA damage accumulation and repair of DNA
double-strand breaks in ALS and control motor neurons
were similar. However, this experiment does not show
that DNA repair in ALS motor neurons has fidelity. Se-
quencing experiments are needed to determine if DNA
repair in ALS motor neurons is true and faithful or if it
is error-prone.

p53 activation and cleaved caspase-3 are found in human
ALS motor neurons with DNA damage

p53 functions in DDR, growth control, and cell death in
cycling cells [31], but in postmitotic mature adult CNS
neurons, p53 functions are less well known, though
neuronal apoptosis is a key function [73, 75, 76, 135].
We found that phospho®™*-activated p53 accumulates
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in the nucleus of human ALS motor neurons with DNA
damage. p53 is activated by genotoxic stress and can
trigger the onset of DNA repair or classical apoptosis
[31, 134]. The intricacies and nuances of p53 involve-
ment in DNA repair are manifold [134]. p53’/ " mice ex-
hibit an increase in chromosomal abnormalities and
deficiencies in global genomic DNA repair [31]. It could
be the non-apoptotic cellular repair aspects of p53 that
are relevant to our observations in human ALS motor
neurons, where p53 is strongly activated, but there is no
morphological evidence for classical neuronal apoptosis
[63, 64, 67]. Nucleotide excision repair and base excision
repair pathways can involve p53 through its ability to
interact with components of the repair machinery. APE1
is a strong partner for p53 as a regulator of expression,
stability, and function [134]. It is interesting that both
APE1 and p53 are upregulated in human ALS motor
neurons [64, 111]. Generally, p53 is a short-lived protein
with a half-life of approximately 5-20 min in many dif-
ferent cell types [31]. p53 is regulated by posttransla-
tional modifications (phosphorylation and acetylation)
and is modulated by intracellular redox state [50]. Pro-
tein levels of p53 can rapidly increase several-fold after
DNA damage, mainly by post-translational mechanisms.
Phosphorylation of p53 at serine'”> by ATM is a key re-
sponse to DNA damage. We found evidence for activa-
tion of ATM in human ALS brain. The elevation in p53
protein levels occurs through stabilization stimulated by
phosphorylation. ATM also regulates the stabilization of
p53 through Mdm2 phosphorylation, thus preventing
Mdm?2-dependent p53 degradation. We have found pre-
viously that p53 is activated and has functional DNA-
binding in human ALS CNS, as identified by electro-
phoretic mobility shift assay [64]. p53 also is enriched in
the nucleus of attritional motor neurons in ALS [64].
Others have confirmed this finding [100]. Because nu-
merous animal species differences exist concerning p53
function, notably between mouse and human [43], future
studies using human iPSCs are needed to decipher the
beneficial and reparative and the degenerative actions of
p53 in human motor neurons.

Like our p53 observations, cleaved caspase-3 was found in
cortical and spinal motor neurons with DNA damage in hu-
man ALS cases. Interestingly, cleaved caspase-3 was localized
differently in motor neurons depending on the stage of de-
generation. Chromatolytic pre-attritional motor neurons
were enriched in cytoplasmic cleaved caspase-3 in apparent
association with mitochondria. In contrast, in attritional
motor neurons, the cleaved caspase-3 was segregated from
mitochondria and was enriched in the nucleus. This finding
is consistent with the proteolytic actions of cleaved caspace-3
on nuclear proteins during apoptosis [46] and with observa-
tions seen in human cell culture [46, 98]. However, injured
or degenerating human neurons in vivo rarely show
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morphological evidence of classical apoptosis [63, 67, 95],
and it is possible that the accumulation of cleaved caspase-3
in ALS motor neurons is independent of a stereotypic apop-
totic process, but, rather is related to some non-apoptotic
form of neuronal cell death falling along the cell death con-
tinuum [65, 67, 69, 95]. Alternatively, the nuclear cleaved
caspase-3 is unrelated to cell death in general [88] and is par-
ticipating in non-lethal activities in human ALS motor
neurons.

DNA methylation in human ALS

We interrogated DNA repair gene silencing by methyla-
tion as a mechanism of disease in ALS. However, gene-
specific promoter DNA methylation pyrosequencing
identified the DNA repair genes Oggl, Apexl, Pnkp and
Aptx as hypomethylated in ALS. Few papers report on
DNA methylation in human ALS [8]. DNA methylation
in sporadic ALS has been examined in disease candidate
genes SODI, vascular endothelial growth factor, angio-
genin, and TDP43 [8, 96], in members of the metal-
lothione gene family [89], and in the glutamate
transporter EAAT2 gene promoter [139]. None of these
studies found differences in methylation patterns in
sporadic ALS cases compared to control cases. Studies
of C9orf72 promoter methylation in sporadic ALS yield
contradictory results [8]. A genome-wide analysis of
brain DNA methylation in sporadic ALS accomplished
by chromatin immunoprecipitation followed by micro-
array hybridization revealed significant hypermethylation
of genes involved in calcium dynamics, oxidative stress,
and synapses [90]. However, most of the DNA methyla-
tion was found in non-promoter regions (intronic and
cyrptic) and the brain tissue analyzed was the dorsolat-
eral prefrontal cortex [90]. This region of cerebral cortex
(Brodmann area 46) is non-motor and controls executive
functions, including working memory and selective at-
tention [106]. It is usually unaffected neuropathologically
in ALS, unless there is dementia associated with the dis-
ease. In sporadic ALS spinal cord hypomethylation was
identified in a variety of genes involved in inflammatory
and immune responses [24]. A recent blood methylome
analysis of monozygotic twins discordant for ALS identi-
fied the DDR gene RAD9B as differentially methylated
[118], consistent with the activation of DDR and DNA
repair shown here.

Conclusions

We found in postmortem CNS tissue evidence for the ac-
cumulation of several different forms of DNA damage and
engagement of a significant DDR in human ALS motor
neurons demonstrated by activation and nuclear recruit-
ment of DNA damage sensor proteins and DNA repair
gene hypomethylation. These results are complemented
by evidence that human ALS iPSC-derived motor neurons



Kim et al. Acta Neuropathologica Communications (2020) 8:7

can engage a strong DDR with a repair capacity similar to
wildtype motor neurons.
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Additional file 1: Figure S1. Validation of mitochondrial DNA purification
and DNA-AP site assay sensitivity. A. Agarose gel electrophoresis showing puri-
fied DNA isolated from mitochondria of human motor cortex. Band size at
approximately 16 kb is consistent with mitochondrial, and the band is RNase in-
sensitive but completely sensitive to DNase. B. Standard curve for the sensitivity
of DNA-AP site number. The assay can detect fewer than five AP sites in 1 x 10°
bp DNA, and the detection is essentially linear.

Additional file 2: Figure S2. Western blot for OGG1 proteins levels in

human ALS and control motor cortex. Positive control (fcontrol) is human
recombinant OGGT1.
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