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Abstract

Amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and Alzheimer’s disease
(AD) are common neurodegenerative disorders for which the mechanisms driving neuronal death
remain unclear. Single-cell whole-genome sequencing of 429 neurons from three COORF72
ALS, six C9ORF72 FTD, seven AD, and twenty-three neurotypical control brains revealed
significantly increased burdens in somatic single nucleotide variant (sSSNV) and
insertion/deletion (sIndel) in all three disease conditions. Mutational signature analysis identified
a disease-associated sSNV signature suggestive of oxidative damage and an sIndel process,
affecting 28% of ALS, 79% of FTD, and 65% of AD neurons but only 5% of control neurons
(diseased vs. control: OR=31.20, p = 2.35x107'°). Disease-associated sIndels were primarily two-
basepair deletions resembling signature ID4, which was previously linked to topoisomerase 1
(TOP1)-mediated mutagenesis. Duplex sequencing confirmed the presence of sIndels and
identified similar single-strand events as potential precursor lesions. TOP1-associated sIndel
mutagenesis and resulting genome instability may thus represent a common mechanism of

neurodegeneration.


https://doi.org/10.1101/2025.03.03.641186
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.03.641186; this version posted March 10, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD) and Alzheimer’s
disease (AD)(/, 2) are common neurodegenerative diseases with diverse pathologies and genetic
underpinnings. ALS and FTD are closely related, with clinical, pathological and genetic overlap,
marked by the depletion of nuclear TDP-43 and accumulation of cytoplasmic TDP-43 inclusions
in neurons. Mutations in many genes such as COORF72, TARDBP (TDP-43), FUS, TBK1, VCP,
and SOSTM1 contribute to both diseases(3), with C9ORF72 repeat expansion being the most
common genetic cause of both familial and sporadic forms of ALS and FTD(4, 5). In contrast,
AD pathology is characterized by accumulation of amyloid-f§ protein and phosphorylated tau,
and shows distinct underlying genetic risks(6).

Genomic instability, which leads to the accumulation of DNA damage and mutations, has
been implicated in all of these conditions, but its exact role remains elusive. In ALS, FTD and
AD, increased DNA damage due to high levels of oxidative stress, R-loops and DNA strand
breaks has been reported(7-7/4). Several ALS/FTD-related genes are involved in DNA damage
response, such as SOD1, FUS, TDP-43, C9ORF72, NEK1, SOSTM1, SETX, and VCP(9, 15-23).
C90ORF72 repeat expansions have recently been shown to induce chromosomal fragility and
DNA damage(24). Neurons are particularly vulnerable to DNA damage due to their high
transcriptional activity, large energy demand and associated oxidative stress. Recent studies have
shown that somatic single nucleotide variants (sSSNVs) accumulate in aging neurons, with further
increases observed in AD, Cockayne syndrome, and Xeroderma pigmentosum(/3, 74, 25).

In the present study, we profiled sSSN'Vs and somatic insertions and deletions (sIndels) in
neurons with and without depletion of nuclear TDP-43 from the premotor cortex of three
C9ORF72 ALS and the prefrontal cortex of six C9ORF72 FTD brains using single-cell whole-
genome sequencing (scWGS). We then compared the results to those from AD neurons(/4), in
which sIndels were not previously analyzed, and neurons from neurotypical controls. Our
analysis revealed significantly elevated levels of sSSNVs and sIndels in neurons from C9ORF72
ALS, C9ORF72 FTD and AD brains despite their diverse genetic basis and pathologies.
Importantly, our findings indicate that neurons in all three disease conditions often exhibit an
excessive number of sIndels—sometimes over 1000, equivalent to hundreds of years of age-
related sIndel accumulation—and share a mutational pattern characterized by two-basepair (2-

bp) deletions. Mutational signature analysis of these sIndels associates the mutagenic process to
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topoisomerase 1 (TOP1)-mediated mutagenesis. Our results suggest that increased levels of
DNA damage and accelerated accumulation of somatic mutations likely contribute to the

pathogenesis of C9ORF72 ALS, C9ORF72 FTD and AD.

Results
Isolation of neuronal nuclei with TDP-43 pathology from CIORF72 ALS and FTD brains
achieves high purity

To isolate neuronal nuclei with either normal or depleted nuclear TDP-43 (TDP-43+ and
TDP-43-) from postmortem C9ORF72 ALS and FTD brains, we performed fluorescence-
activated nuclear sorting (FANS) with co-staining of NeuN and TDP-43 antibodies(26) (Fig.
1A). TDP-43- neurons were only found in C9ORF72 ALS and FTD brains and were absent in
age-matched controls (Fig. 1B). Analysis of single-nucleus RNA sequencing (snRNA-seq) data
from isolated nuclei revealed that 96.4% of TDP-43+ and 95.4% of TDP-43- neuronal nuclei
were indeed neuronal (Fig. 1C and fig. S1A). Furthermore, we examined cryptic exons caused by
loss of TDP-43 function during RNA splicing in the snRNA-seq data(27-29). Transcripts
containing known cryptic exons in the RAPIGAP, STMN2, ATP8A2 and KALRN genes were
detected in TDP-43- neurons but absent or at very low levels in TDP-43+ neurons (Fig. 1, D and
E and fig. S1, B and C), confirming the presence of TDP-43 disease pathology in isolated TDP-
43- neurons.

Both TDP-43+ and TDP-43- neurons encompassed all major clusters of excitatory and
inhibitory neurons (Fig. 1C), though TDP-43- neurons were notably depleted in inhibitory
neurons (Fig. 1C and fig. S2A), confirmed by the reduced expressions of inhibitory neuron
markers in TDP-43- neurons compared to TDP-43+ neurons in previously generated bulk RNA-
seq data from C9ORF72 FTD brains (fig. S2B)(26). These results are consistent with recent
studies demonstrating that inhibitory neurons rarely exhibit cytoplasmic TDP-43 inclusions(30).
However, it remains unclear whether the reduced TDP-43 pathology in inhibitory neurons
reflects resistance to TDP-43 pathology or susceptibility to TDP-43 pathology given the
observed loss of inhibitory neurons in ALS(37-33).

Somatic mutation burdens are increased in diseased neurons
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We performed primary template-directed amplification (PTA)-based single-cell whole-
genome amplification (scWGA) and sequencing (scWGS) on neurons isolated from the premotor
cortex—the most disease relevant region available—of three COORF72 ALS brains and the
prefrontal cortex of six CO9ORF72 FTD brains (three TDP-43+ and three TDP-43- neurons per
brain; table S1 and S2), and identified sSSNVs and sIndels using Single Cell ANalysis 2
(SCAN2)(25), our recently developed single-cell genotyper (Fig. 1A). Somatic mutations in
these neurons were compared with those in 24 newly sequenced premotor cortex neurons and 56
previously sequenced prefrontal cortex neurons from neurotypical controls across various
ages(23, 34), as well as 29 previously sequenced prefrontal cortex neurons from AD brains, for
which sIndels were not previously studied (Fig. 1A and tables S1 and S2)(/4). Cells that did not
pass quality control (QC) criteria, such as amplification uniformity, were excluded from
downstream analyses (table S2, Methods). SCAN2 recovered approximately 38% of sSNVs and
26% of sIndels, producing a somatic mutation catalog with >82,000 sSNVs and >12,000 sIndels
with an aggregate error rate of <10% (fig. S3).

We first compared the burdens of sSSN'Vs and sIndels between neurons from the
prefrontal cortex and premotor cortex in neurotypical controls aged >50 years. Neurons from
both regions had similar burdens of sSSNVs and sIndels (Fig. 2A) and were therefore combined
for subsequent analyses. We then compared somatic mutations in neurons from C9ORF72 ALS,
C90ORF72 FTD and AD brains to neurons from neurotypical brains. Burdens of both sSSNVs and
sIndels in neurons from all three neurodegenerative conditions were significantly increased
compared to those from neurotypical controls after adjusting for age, with sIndels showing the
greatest increases (Fig. 2, B and C). Individual neurons from diseased brains exhibited variability
in sSSNV and sIndel burdens, even within the same brain (fig. S4). Increases in somatic mutations
in C9ORF72 ALS neurons were relatively modest compared to C9ORF72 FTD and AD neurons,
perhaps due to the selective involvement and rapid disappearance of motor neurons in ALS, and
the involvement of a broader range of neuronal types in FTD and AD(35). Together, our results
show that accumulation of sSSNVs and sIndels is accelerated in C9ORF72 ALS, C9ORF72 FTD
and AD neurons. Unexpectedly, TDP-43- neurons from C9ORF72 ALS and FTD brains did not
exhibit higher burdens of sSSNVs and sIndels compared to TDP-43+ neurons (Fig. 2D), despite
TDP-43's involvement in DNA damage repair of double-strand breaks(9). This observation
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suggests that the roles of C9ORF72 repeat expansion and depletion of nuclear TDP-43 in causing

DNA damage are not synergistic.

Diseased neurons exhibit increased 2-bp deletions with a recurrent pattern

Strikingly, neurons from all three disease conditions exhibited greatly increased rates of
2-bp deletions compared to controls (Fig. 3, A and B). To investigate potential mutagenic
mechanisms, we performed de novo mutational signature extraction, a technique that can identify
underlying processes based on the types and frequencies of mutations (36). De novo mutational
signature extraction was performed on neurons from the three neurodegenerative conditions,
along with neurons and glial cells from neurotypical controls amplified using PTA. To increase
power to recover relevant mutational signatures, we also included 81 neurons from AD, as well
as 190 neurons and 40 glial cells from neurotypical controls previously amplified using multiple
displacement amplification (MDA), an earlier whole genome amplification (WGA) method(37).
This analysis of sSSNVs resulted in six de novo SNV signatures (SBS-A to SBS-F, fig. S5A) of
which only SBS-B was significantly elevated in PTA neurons from all three neurodegenerative
conditions compared to control PTA neurons (fig. S5, B and C). To explore the mutagenic
processes associated with the de novo signatures, we compared them to existing mutational
signatures in the Catalogue of Somatic Mutations in Cancer (COSMIC) database. SBS-B closely
resembles the COSMIC SBS30 signature (cosine similarity 0.89), which is associated with
inactivating mutations in NTHL I, an enzyme involved in base excision repair of oxidative DNA
damage(38). The elevation of SBS-B sSNVs in neurons from all three neurodegenerative
conditions may therefore indicate increased levels of oxidative DNA damage, consistent with
previous studies revealing increased oxidative stress in these diseases(7, /0, 12). SBS-A and
SBS-D are similar to COSMIC SBSS5 and SBS1, respectively, both of which are “clock-like”
signatures. While SBS1 is cell-division dependent and thus limited in postmitotic neurons, SBS5
accumulates universally during aging (fig. S5C). The mechanisms underlying SBS-C and SBS-E
(which show no increase in diseased neurons) and SBS-F (which is increased only in AD
neurons) are unclear.

De novo mutational signature extraction of sIndels identified two distinct signatures, ID-
A and ID-B (Fig. 3C). ID-A burdens were significantly increased in PTA neurons from the three

neurodegenerative conditions compared to control PTA neurons (Fig. 3D and fig. S5D), while
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burdens of ID-B showed little difference across PTA neurons from all conditions. ID-A is
dominated by 2-bp deletions and resembles the COSMIC signature ID4 (cosine similarity 0.78)
(Fig. 3C), which has recently been linked to a deficiency in RNase H2, an enzyme responsible
for removing ribonucleotides erroneously incorporated into the genome. In the absence of
functional RNase H2, ribonucleotides are alternatively removed through the TOP1-mediated
repair pathway(39). Although ID4 is a feature of normal aging in neurotypical neurons—even
more so than the canonical "clock-like" indel signatures ID5 and ID8 identified in cancers(25,
34, 40)—the excessive ID-A burden we observe in all three neurodegenerative conditions
suggests a dramatic acceleration of this age-associated process. Indeed, substantially all of the
excess sIndel burdens in diseased neurons can be attributed to ID-A. We further constructed a
classifier (Methods) to determine which cells exhibited ID-A burdens in line with typical
neuronal aging (ID-A normal) or excessive ID-A burden (ID-A high). Upon stratifying our cells
by ID-A status (Fig. 3E), we found significantly higher fractions of ID-A high neurons in every
neurodegenerative condition (ALS: OR =7.01 [1.00-81.91], p = 0.025; FTD: OR = 66.38
[12.60-688.58], p = 2.10 x 107'!; AD: OR =33.23 [6.27-346.35], p = 1.45 x 1077; brackets
indicate 95% confidence intervals, all comparisons vs. control neurons) while only two out of 80
control neurons and none of the 66 control oligodendrocytes were classified as ID-A high.
Further, 13 of the 16 diseased brains contained at least one ID-A-high neuron, and the mutational
spectra of ID-A-high and -normal neurons were remarkably similar across conditions (Fig. 3F),
supporting the notion that ID-A pathology is likely a universal feature of these diverse

neurodegenerative conditions rather than an isolated occurrence.

ID-A deletions exhibited features of TOP1-mediated ribonucleotide excision repair

To further investigate the association between ID-A sIndels in diseased neurons and
TOP1-mediated ribonucleotide excision repair (RER), we examined features of the excessive 2-
bp deletions. Mammalian TOP1 exhibits a preference for thymine bases and cleaves at the 3’
phosphodiester bond following the thymine nucleotide(4/), primarily causing deletions at a TNT
motif, with the most common deletions being CT dinucleotides (Fig. 4A)(39). Consistent with
this observation, the 2-bp deletions in neurons from neurodegenerative conditions were enriched
in CT deletions and occurred most frequently within TNT motifs (Fig. 4, B and C). The TOP1-

mediated RER process involves multiples steps in which a transient protein complex, TOP1
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cleavage complex (TOPIcc), is formed through TOP1-DNA-protein crosslinks (Fig. 4A).
Consistent with this, flow cytometry revealed higher fractions of neurons with increased TOP1cc
activity in several C9ORF72 FTD and AD brains compared to control brains (fig. S6A), directly
suggesting formation of TOP1 covalent links to DNA.

TOP1-mediated ID4 indels can arise during both replication and transcription in mitotic
cells(42), and are enriched at transcribed regions in cells with RNase H2 deficiency(39). In
postmitotic neurons, ID4 indels are also strongly associated with transcription(34), as these cells
lack cell division. To explore the association between sIndels and transcription, we first split all
sIndels into two categories: (1) the 2-bp sIndel types characteristic of ID-A (Fig. 3C) and (2) all
other sIndels. We then compared the burdens of each sIndel category to local gene expression
levels measured in excitatory neurons from previously published snRNA-seq data(34). In
neurotypical control neurons, both sIndel categories were strongly associated with expression
levels (Fig. 4D). In the neurodegenerative conditions (which contain higher amounts of ID-A-
like sIndels), both categories remained positively associated with expression, though the
association was weaker for ID-A-like sIndels (Fig. 4D). This association with transcriptional
activity was replicated by comparing each sIndel category against local levels of open chromatin
(measured by single-nucleus ATAC-seq), active and inactive histone marks(43), chromatin
states(44), and promoters and enhancers active in neurons(45) (fig. S7, A and B). Taken
together, these characteristics of TOP1-related indel mutagenesis suggest that ID-A-like sIndels

are likely TOP1-mediated in these three neurodegenerative conditions.

Single-strand deletions and breaks are prevalent in neurodegenerative conditions

During TOP1-mediated RER, the removal of incorporated ribonucleotides creates single-
strand breaks (Fig. 4A). To assess these single-strand breaks, denatured genomic DNA (gDNA)
extracted from prefrontal cortex of C9ORF72 FTD, AD, and control brains was analyzed using
agarose gel electrophoresis (Methods). The levels of fragmented single-strand gDNA were
increased in C9ORF72 FTD and AD brains, correlating with the levels of ID-A sIndels in
neurons (Fig. 4, E and F). During RER, the subsequent re-ligation of single-strand breaks creates
an intermediate DNA product containing a 2-bp single-strand deletion. To assess the presence of
single-strand deletions, we performed multiplexed end-tagging amplification of complementary

strands (META-CS)(46), a type of duplex sequencing, which distinguishes the Watson and Crick
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strands of DNA molecules. We examined samples of 50 neurons isolated from each of three
C90ORF72 FTD brains with high levels of ID-A sIndels and three age-matched control brains.
The duplex sequencing data confirmed the disease-specific enrichment of ID-A-like, double-
strand 2-bp deletions, and further revealed a larger proportion of ID-A-like single-strand lesions
in C9ORF72 FTD brains (Fig. 4G). The proportions of ID-A deletions were significantly higher
in C9ORF'72 FTD brains compared to control brains for both double- and single-strand events,
where single-strand deletions showed a more prominent increase (Fig. 4H). This suggests that
the increased levels of TOP1-mediated RER in neurons from neurodegenerative conditions
generates frequent single-strand breaks and deletions, some of which become fixed as double-
strand indels. Together, these findings indicate that increased TOP1-mediated RER is a common
mechanism underlying widespread, catastrophic DNA damage of all three neurodegenerative

conditions.

Deficiency of RNase H2 and ribonucleotide reductase in diseased neurons

During DNA repair, DNA polymerases must incorporate dNTPs and discriminate against
rNTPs. This selectivity relies on polymerase properties, as well as the balance of ANTP and
rNTP pools, which is regulated by ribonucleotide reductases (RNRs)(47): when the ANTP:rNTP
ratio is low, INTP incorporation increases, threatening genome stability. Embedded rNTPs are
removed by RNase H2, but in its absence, TOP1 serves as an alternative repair pathway (Fig.
5A). We found that genes encoding RNRs and RNase H2 subunits were downregulated across
various neuronal subtypes in C9ORF72 FTD brains compared to controls (fig. S8A). A similar
trend of reduced expression was also observed in previously published snRNA-seq data from AD
neurons (fig. S8A), although most of these changes were not statistically significant, likely due
to the low abundance of these transcripts in neurons, as well as differences in tissue lysis and
nuclear isolation protocols used in this study. However, qPCR on neurons from several
C90ORF72 FTD and AD brains with high levels of ID-A sIndels and control brains confirmed
reduced expression of RNASEH2B and RRM2B in C9ORF72 FTD and AD neurons compared to
control neurons (Fig. 5B and fig. S8B).

In addition to insufficient RNRs, increased DNA damage repair is also known to deplete
cellular ANTP pools, leading to low dNTP:rNTP ratios and increased ribonucleotide

incorporation into the genome. DNA polymerases 3 and A, which participate in base excision
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repair of oxidative DNA damage(48), are particularly prone to erroneously incorporating
ribonucleotides. Consistent with this, we observed a positive correlation between ID-A and SBS-
B—which resembles COSMIC SBS30, a signature associated with oxidative DNA damage—
burdens in diseased neurons (Fig. 5C and fig. S8C), suggesting that those neurons that
accumulate higher levels of DNA damage due to oxidized nucleotides are the same neurons that
show catastrophic increases in TOP1-mediated mutagenesis, possibly reflecting low dNTP:rNTP

ratios due to increased DNA repair activity.

Discussion

Our results revealed an accelerated accumulation of both sSSNVs and sIndels in neurons
from C9ORF72 ALS, C9ORF72 FTD and AD brains. While sIndels accumulate at a much
slower rate than sSN'Vs in normal neurons—reaching approximately 200 to 300 sIndels in
elderly individuals(25)— this process is greatly accelerated in neurons affected by these three
neurodegenerative conditions, with some neurons exhibiting several thousand sIndels (Fig. 2B),
equivalent to hundreds of years of age-related sIndel accumulation. Intriguingly, the excessive
sIndels in neurons from all three diseases exhibited a single, shared mutational signature
resembling the COSMIC ID4 signature (Fig. 3, C and F). COSMIC ID4 has been linked to
RNase H2 deficiency and alternative TOP1-mediated RER(39) and is also the most prevalent
aging-associated indel signature in normal neurons, as demonstrated recently(25). Furthermore,
we observed several other characteristics of TOP1-mediated indels, including the local TNT
motif, the specific dinucleotide most commonly deleted (CT), the association with local gene
expression level, and other expected side effects of TOP1 activity, such as a preponderance of
single-strand breaks and precursor single-strand deletions. Taken together, this evidence strongly
suggests a role for TOP1 in sIndel mutagenesis in neurodegenerative conditions of diverse
phenotypes and genetic origin.

TOP1 is a DNA topoisomerase that facilitates transcription, DNA replication, and DNA
repair by alleviating topological tensions in the DNA(49). During this process, TOP1 forms a
transient cleavage complex (TOP1cc), in which it covalently binds to DNA and introduces a
single-strand nick that is subsequently re-ligated. In neurons, TOP1 has been implicated in the
transcriptional regulation of long neuronal genes essential for synaptic function and plasticity(50,

51), and depletion of TOP1 in neurons has been linked to early-onset neurodegeneration and
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autism(50, 52). In the absence of RNase H2, TOP1 compensates by facilitating the removal of
misincorporated ribonucleotides from the genome. Single-strand breaks induced by TOP1 can
produce intermediate DNA products with single-strand 2-bp deletions, which were detected by
our duplex sequencing approach (Fig. 4, G and H). In some cases, re-ligation of single-strand
breaks can be hindered by multiple endogenous and environmental factors, such as local
oxidative DNA damage, which traps TOP1cc(49, 53), resulting in persistent DNA damage.
Consistent with the increased oxidative stress observed in neurons from the three
neurodegenerative conditions (fig. S5, A and B, SBS-B), the increased levels of single-strand
breaks in C9ORF72 FTD and AD brains is likely a result of TOP1cc trapping by local oxidative
DNA damage (Fig. 4, E and F). The persistent, widespread DNA damage may ultimately lead to
neuronal cell death given that it would likely create widespread transcriptional abnormalities.
Mutations in genes encoding the three subunits of RNase H2 are linked to Aicardi-
Goutieres syndrome(54), an early onset disease characterized by chronic neuroinflammation,
progressive neurological decline, neurodegeneration, and movement disorders. The RNase H2
deficiency in Aicardi-Goutieres syndrome activates the stimulator of interferon genes (STING)
pathway and triggers the innate immune response. RNase H2 deficiency can activate the STING
pathway through both the canonical cyclic GMP-AMP synthase (cGAS) pathway—upon sensing
cytoplasmic DNA—and the non-canonical NF-kB pathway in response to DNA damage(55).
Activation of the STING pathway has been demonstrated in ALS, FTD and AD brains(56-59).
Together with the recent finding of cGAS and NF-kB pathway activation in neurons from
familial and sporadic ALS cases(59), our results suggest a link between the pathogenesis of
Aicardi-Goutieres syndrome and late-onset neurodegenerative diseases. Furthermore, our data
suggest that modulation of TOP1 and RER activity may represent new potential therapeutic

targets in a broad spectrum of neurodegenerative conditions.
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Fig. 1. Experimental strategy and characterization of isolated neuronal nuclei from
CI9ORF72 ALS and FTD brains. (A) Overview of the experimental design. Neuronal nuclei
with and without nuclear TDP-43 depletion were isolated from 3 C9ORF72 ALS and 6
C9ORF72 FTD brains, then subjected to genome sequencing and analysis. These were compared
with neuronal nuclei from neurotypical brains, including newly generated data and previously
published datasets. Previously generated scWGS data from AD brains were included. (B)
Representative FACS plots showing neuronal nuclei from a C9ORF72 ALS brain and a
neurotypical control brain co-stained with NeuN and TDP-43 antibodies. The P5 gate (right,
circle) indicates neuronal nuclei with depletion of nuclear TDP-43. (C) UMAP clustering of
snRNA-seq data from neuronal nuclei, colored by major cell types. TDP-43- neuronal nuclei
come exclusively from C9ORF72 ALS and FTD brains, while TDP-43+ neuronal nuclei come
from both diseased and neurotypical brains; control indicates neurotypical brains. IT:
intratelencephalic neurons. CBT: corticobulbar tract neurons. VEN: Von Economo neurons. CT:
corticothalamic neurons. PV: parvalbumin. IN: inhibitory neurons. Ch IN: cholinergic inhibitory

neurons. OL: oligodendrocytes. OPC: oligodendrocyte precursor cells. Red dashed circles
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indicate reduced inhibitory neurons under TDP-43- condition (D) Heatmap of cryptic
exonization showing the proportion of transcripts with cryptic exons in neurons across different
conditions. (E) IGV Genome browser tracks of STMN2 showing snRNA-seq read coverage and
splice junctions. TDP-43- neurons (red) contain a marked increase in cryptic exon inclusion
(highlighted region), which is absent or low in TDP-43+ (orange) and control (black) neurons.
Numbers next to splice junctions are read counts supporting the junction. PFC: prefrontal cortex.

preMC: premotor cortex.


https://doi.org/10.1101/2025.03.03.641186
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.03.641186; this version posted March 10, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B
2.0 ALS FTD AD
0.065
| —|
2000 |
1.5 1 . :
. ) ° L )
i # ~e o 1500 - o X : !
0+ #— wn
¢ ole < ’ ¢ ' ' =
— . 1000 - 4 <
) |
o 05
® 500 -
S c
c 001 B
5} 5 0
E o T T T T T T T T T T T T T T T
- 5 0 25 5 75 100 O 25 50 75 100 O 25 50 75 100
c o/ s
o =
g 159 T . = 30001
E .
. 2
0T <1 % 2 2000 - g
Foy B
05 - 0 o, [ ) °
1000 -
[ ]
‘ ® o °
[ ]
4 [ 3
0.0 N T P Liow
preMC PFC T T T T T T T T T T T T T T T
Brain region 0 25 50 75 100 O 25 50 75 100 O 25 50 75 100
Age
C D
SNV Indel SNV Indel
30 0.49 0.8
1 1

o
|

w
|

4
E
&
&

Mutation burden (obs / exp, log-scale)

Mutation burden (obs / exp, log-scale)

0.5 A

SR

\,\o\
&

Fig. 2. Increased somatic mutation burdens in neurons from CIORF72 ALS, C9ORF72
FTD and AD. (A) PFC (prefrontal cortex) and preMC (premotor cortex) neurons from
neurotypical brains show comparable burdens of sSSNVs and sIndels. Each point represents the
burden of one neuron, compared against the expected burden for its age (Methods). (B)
Extrapolated genome-wide sSNV and sIndel burdens for neurons from C9ORF72 ALS,
C90ORF72 FTD and AD brains compared to those for neurons from neurotypical brains as a
function of age. Identical control neuron points and regression (mixed-effects linear regression,
Methods) are shown in gray in each panel for comparison. (C) Mutation burdens corrected for

age (Methods); preMC and PFC neurons are combined to form the control set. (D) TDP-43+ and
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TDP-43- neurons from C9ORF72 ALS and FTD brains show similar levels of sSSNVs and

sIndels. All P-values in this figure represent Wilcoxon rank-sum tests.
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Fig. 3. Neurons from C9ORF72 ALS, CIORF72 FTD and AD brains share an indel
mutational signature. (A) Distribution of sIndel lengths across conditions. Diseased neurons
have higher levels of 2-bp deletions. (B) Fraction of 2 bp deletions in neurons and
oligodendrocytes across conditions. All P-values in this figure represent Wilcoxon rank-sum

tests. (C) Both de novo sIndel signatures identified from joint analysis of diseased and
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neurotypical control neurons amplified by PTA, as well as previously published neurons and
oligodendrocytes amplified using an older amplification technology (MDA). COSMIC ID4 is a
signature previously identified in cancer and normal aging neurons. Top part illustrates the
disease-associated 2-bp deletions in ID-A signature. (D) Burdens of ID-A and ID-B sIndels; P-
values are Wilcoxon rank-sum tests. (E) Fraction of cells with high levels of ID-A sIndels in
neurons and oligodendrocytes across conditions, determined by a classifier (Methods); P-values
represent Fisher tests of independence between disease status and ID-A-high classifications. (F)
sIndel spectra of neurons and oligodendrocytes stratified by ID-A-high and -normal

classifications. Oligo: oligodendrocyte.
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Fig. 4. ID-A-like deletions reflect characteristics of TOP1-mediated ribonucleotide excision.

(A) Model of TOP1-mediated ribonucleotide excision repair. (B) Rates of 2-bp deletions by the
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deleted dinucleotide. (C) DNA motifs of 2-bp deletion sites; positions 5 and 6 are the deleted
nucleotides. (D) Enrichment of sIndels in relation to local gene expression levels from previously
published snRNA-seq data of excitatory neurons. Enrichment tests divide the genome into 10
roughly equally-sized, non-contiguous regions ranked by gene expression. L.e., decile 10
represents the subset of the genome containing the top 10% of expressed genes. Solid lines:
enrichment analysis of ID-A-like sIndels (see Fig. 3A), dotted lines: all other sIndels. P-values
are enrichment tests (Methods) indicating that the observed/expected ratio significantly differs
from 1. (E) Agarose gel electrophoresis of denatured gDNA from prefrontal cortex tissues,
ordered by age. Smears on the gel indicate single-strand breaks. Red rectangles indicate cases
with high ID-4 like sIndels (Methods). (F) Abundance of single-strand breaks in prefrontal
cortex tissues. Y-axis values are quantifications of the smears in (E). Red circles indicate brains
for which most scWGS neurons were classified as ID-A-high. (G) Indel spectra of excess
(subtracting sIndels of age-matched controls) double-strand and single-strand sIndels in neurons
from C9ORF72 FTD cases compared to neurons from neurotypical controls. Mini-bulk samples
(50 neurons per case) were sequenced using META-CS. (H) Fraction of 2-bp deletions among
single-strand lesions and double-strand sIndels (numbers of 2-bp deletions divided by total

numbers of Indels). P-values are two-tailed unpaired z-test.
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Fig. 5. Potential mechanisms underlying the dysregulation of ribonucleotide excision repair.
(A) Model of TOP1-mediated mutagenesis in neurons from neurodegenerative conditions. RNR:
ribonucleotide reductase. (B) Expression levels of RNASEH2B and RRM2B in neurons measured
by qPCR. P-values are two-tailed unpaired #-test. (C) Correlation between burdens of de novo
signatures SBS-B sSNVs and ID-A sIndels. SBS-B resembles the COSMIC SBS30 signature,
which is associated with a deficiency in NTHL1 and base excision repair of oxidative DNA

damage repair. P-values indicate regression t-tests on slope.
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Methods

Tissue sources

Fresh frozen postmortem human brain tissues were originally collected by the Massachusetts
Alzheimer's Disease Research Center and NIH NeuroBioBank (table S1) according to their
respective institutional protocols, written authorization and informed consent; they were
subsequently obtained for this study with the approval of the Boston Children’s Hospital
Institutional Review Board. Research on these deidentified specimens and data was performed at
Boston Children’s Hospital with approval from the Committee on Clinical Investigation. The
presence of C9ORF'72 repeat expansion in these cases were determined through repeat-primed

PCR (RP-PCR).

Nuclei isolation and single-cell whole genome amplification

Single neuronal nuclei were isolated using FANS with co-staining of NeuN and TDP-43
antibodies, as described previously(26, 60). Briefly, fresh frozen postmortem human brain
tissues were homogenized in a dounce homogenizer with a chilled tissue lysis buffer (10mM
Tris-HCI, 0.32M sucrose, 3mM Mg(Oac)2, SmM CaCl2, 0.1mM EDTA, 1mM DTT, 0.1%
Triton X-100, pH 8) on ice. Tissue lysates were carefully overlayed on top of a sucrose cushion
buffer (1.8M sucrose 3mM Mg(Oac)2, 10mM Tris-HCI, ImM DTT, pH 8) and ultra-centrifuged
for 1 hour at 30,000 x g. Nuclear pellets were incubated and resuspended in ice-cold PBS
supplemented with 3mM MgCl2, filtered (40 um pore size), then stained with Alexa Fluor 488-
conjugated anti-NeuN antibody (Millipore MAB377X) and Alexa Fluor 647-conjugated anti-
TDP-43 antibody (Abnova H00023435-M01). DAPI was added to stained nuclei right before the
sorting. Single neuronal nuclei with TDP-43 pathology (NeuN+, TDP-43-) and without TDP-43
pathology (NeuN+, TDP-43+) were then sorted into individual wells of 96-well plates. Primary
template-directed amplification (PTA) of sorted single nuclei was then performed using the
ResolveDNA® Whole Genome Amplification Kit vl (BioSkryb 100136) following the
manufacturer’s protocol as previously described(25). Amplified single-cell genomes were
subjected to quality control with Picogreen and a 4-locus multiplex PCR(60). Single-cell
genomes with sufficient DNA yield and successful amplification of all four loci were selected for

scWGS.
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Library preparation for scWGS

Libraries were made from PTA amplified single-cell genomes following a modified KAPA
HyperPlus Library Preparation protocol provided by BioSkryb as previously described(25).
Libraries were subjected to quality control using Picogreen and Tapestation HS D1000 Screen
Tape (Agilent PN 5067-5584) before sequencing. Single cell genome libraries were sequenced
on the Illumina NovaSeq platform (150 bp x 2) at 30X.

scWGS data preprocessing

[llumina reads were aligned to the human reference with decoy sequence GRCh37d5 (hs37d5)
using bwa mem version 0.7.15-r1140 with the -M option. Following alignment, BAMs were
processed according to the GATK Best Practices recommendations, namely Picard
MarkDuplicates version 2.8.0 and IndelRealigner, BaseRecalibrator and PrintReads using GATK
version 3.5.0-g36282¢4.

scWGS somatic mutation calling with SCAN2

Somatic SNVs and indels were called from PTA and MDA data using SCAN2 version 1.2.13, git
commit 09ed5b9 and r-scan2 git commit cOaef34. The standard SCAN2 recommended
workflow was followed. First, scan?2 makepanel was run on the full catalog (i.e., across all
disease statuses, amplification techniques, cell types, etc.) of PTA and MDA single cells and
matched bulks. The cross-sample panel produced by this step is required for somatic indel
calling. Second, one instance of scan2 call mutations was run for each unique
individual. For each run, all BAMs belonging to the individual (i.e., all MDA, PTA and matched
bulk(s)) were provided to SCAN2. Third, one instance of SCAN2's mutation-signature based
rescue (scan2 rescue) was run for each unique combination of amplification type (PTA or
MDA), phenotype (ALS, FTD, AD or control) and cell type (neuron, oligodendrocyte or mixed
glia). Finally, SCAN2's post-processing script to filter clustered or recurrent (i.e., called in >1
single cell) artifacts and mutations (SCAN2 /bin/digest calls.R) was applied to each
scan2 rescue output and only calls with final.filter=FALSE were retained.
Critically, because of the unique mutational signature of disease-associated indels, we opted to
exclude all SCAN2 rescue mutation calls from all analyses to avoid any bias involved in

signature-based rescue. Rescued calls were removed by excluding rows with rescue=TRUE
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from the final recurrence filtered output. Additional configuration options applicable to all
SCAN?2 steps were ——gatk=sentieon joint;the GRCh37 human reference genome with
decoy hs37d5 (--ref), dbSNP v147 common (--dbsnp) and 1000 Genomes phase 3
SHAPEIT2 phasing panel (--shapeit-refpanel).

s¢cWGS mutation burden estimation and comparison

SCAN2 estimates the genome-wide mutation burden by correcting the number of called
mutations for detection sensitivity. This correction accounts for sensitivity changes caused by
sequencing depth, imbalanced and/or non-uniform single-cell amplification, and other factors.
Correction is performed separately for sSSNVs and sIndels. More details are provided in our
previous publication(25). SCAN2's sSSNV and sIndel mutation burden estimates were extracted
from each SCAN2 object in R using r-scan2's mutburden () function. To compare mutational
burdens between any two groups (e.g., control and ALS), it is first necessary to correct for
differences in age between the two groups. Two strategies were used together to achieve this
goal. First, we computed the expected burden as a function of age using PTA-amplified,
neurotypical control neurons. This process involved two steps of linear models; the first to
identify strong outliers and the second to compute the final age-based expectation. In more
detail, the first linear model was fit to all PTA control neurons via 1m (burden ~ age) and
Tukey's method was applied to the model's residuals to identify strong outliers. The second linear
model was then fit with the outliers removed and R's predict function was used to derive the
expected burden as a function of age. Separate models were fit to sSSNV, sIndel and mutational
signature burdens (see Mutational signature analysis for more details on signature burdens); for
analysis of oligodendrocytes, n=66 PTA-amplified control oligodendrocytes were used in place
of PTA control neurons. For each cell and burden type (i.e., SSNV, sIndel, etc.) a final
observed/expected ratio was produced by dividing the observed burden from SCAN2 by the
expected burden based only on the cell's age from the linear model. Second, for all burden
comparisons between groups, only observed/expected ratios from cells with age > 50 were
included since the residuals of younger cells tended to be large compared to the trend line,
leading to inflated observed/expected ratios. Significance tests for differences in burdens

between groups are Wilcoxon rank-sum tests on the observed/expected ratios.
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scWGS quality control and removal of outliers

To ensure that technical factors did not drive differences in burdens or mutational signatures, we
compared sSNV and sIndel burdens against a quantity that reflects quality of single cell
amplification, the median absolute pairwise difference (MAPD). Low MAPD values indicate
more uniform amplification and thus better quality. Plots of mutation burden vs. MAPD were
visually assessed to identify cells in which technical quality may have driven high sIndel burdens
(i.e., cells with both high sIndel and high MAPD). This revealed 5 PTA-amplified neurons (3
AD, 2 FTD) and 7 MDA-amplified neurons (6 AD, 1 control), which were excluded from further
analysis. Additionally, 10 MDA-amplified neurons were excluded due to extreme sIndel burden

and/or a highly atypical mutation signature enriched in long microhomology deletions.

Mutational signature analysis

Matrices of SBS96 and ID83 somatic mutation counts were generated with
SigProfilerMatrixGenerator version 1.2.26 using the GRCh37 human reference genome. All
single cells (both MDA- and PTA-amplified; table S2), including outliers, were included for
matrix generation. Next, sIndel count matrices were corrected to reflect different sensitivities for
the 83 indel channels, as estimated in our previous publication(25). De novo mutational
signatures were then extracted using SigProfilerExtractor version 1.1.24 and options
min_stability=0.9, minimum_signatures=1, maximum_signatures=8, and nmf replicates=100.
The decompositions with the most stable signatures were selected, which was K=6 signatures for
SBS96 and K=2 signatures for ID83. For each de novo signature, a genome-wide burden was
computed by multiplying the SigProfilerExtractor assigned number of mutations by SCAN2's
genome-wide scaling factor for the appropriate mutation type (i.e., SBS96 counts were
multiplied by SCAN2's sSSNV genome-wide burden scaling factor and ID83 counts were
multiplied by SCAN2's sIndel genome-wide scaling factor). These scaled genome-wide burdens
were then used to fit models on PTA-amplified control neurons and calculate age-adjusted
expected values using the procedure detailed in scWGS mutation burden estimation and

comparison.

Classification of ID-A high and normal cells
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Each cell was classified as either ID-A normal (expected levels of ID-A) or ID-A high (excessive
ID-A, consistent with disease progression). To account for data sparsity in individual cells, indel
spectra were summarized by two numbers that represent the primary features of ID-A: the
fraction of 2 bp deletions without microhomology (which corresponds to the pink-colored peaks
in the ID83 spectrum) and the fraction of 2-3 bp deletions with microhomology (which
corresponds to the light purple peaks in the ID83 spectrum). Further, cells with fewer than 20
indels were excluded from classification. Clusters were identified in this 2-dimensional space
using the mc1ustBIC function from the mclust R package, which produced 4 clusters.
Clusters were visually assessed and two clusters identified by high rates of both forms of
deletion characteristic to ID-A were labeled ID-A high. All other clusters were labeled ID-A

normal.

Mutation enrichment analysis

Enrichment tests. Enrichment analysis was performed following the procedures outlined in our
previous publications(23, 34). Briefly, enrichment analysis considers the number of somatic
mutations over a set of genomic regions which are not, in general, contiguous (e.g., defined by
covariates such as gene expression). The null hypothesis is that somatic mutations are uniformly
distributed over the genome. To test the null hypothesis, SCAN2 simulates uniformly distributed
mutations across the genome for each single cell, considering both (1) the regions of the genome
with sufficient read depth to detect somatic mutations and (2) the mutational spectrum of the
whole mutation set, which is required to match the observed somatic mutations. This simulation
is performed 10,000 times to produce 10,000 null sets of mutations. The true mutation sets and
null sets of mutations are then combined for each set of single cells of interest (e.g., all PTA
single neurons from ALS). For each genomic region, the true mutation set and simulation sets
are intersected with the region and tallied. The enrichment over a region is defined as the number
of true mutations in the region divided by the mean number of simulated mutations in the region
over the 10,000 simulations; values > 1 indicate enrichment while values < 1 indicate depletion.
This same metric is be applied to all 10,000 simulations to construct a distribution of the
enrichment statistic. A two-sided enrichment test P-value is constructed by counting the number
of simulations with more extreme enrichment ratios than the observed mutation count (to make

this test two-sided, more extreme is defined as having greater absolute log(enrichment)).
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Enrichment regions. Seven diverse region definitions were used to assess mutation enrichment.
(1) The ChromHMM 15-state model from dorsolateral prefrontal cortex (ID: E073), which
assigns every genomic location one of 15 states(43); (2) transcribed and untranscribed genomic
regions as determined by the GENCODEV26 gene model (UTRs, exons and introns were defined
as transcribed); (3) promoters and enhancers active in neurons(45); (4) ChIP-seq measurements
of histone modifications H3K27ac, H3K4mel, H3K4me3, H3K9ac, H3K9me3 from the
Roadmap Epigenomics Project(43); (5) RNA-sequencing gene expression levels in the prefrontal
cortex (BA9) from the GTEx Portal, v8 release(67); (6) single nucleus RNA-sequencing gene
expression levels from excitatory neurons;(34) and (7) single nucleus ATAC-sequencing of

accessible chromatin in excitatory neurons(34).

Single-nucleus RNA sequencing library preparation

For each of the premotor cortex samples of C9ORF72 ALS brains and prefrontal cortex samples
of C9ORF72 FTD brains, ten thousand neuronal nuclei with TDP-43 pathology (NeuN+, TDP-
43-) and without TDP-43 pathology (NeuN+, TDP-43+) were sorted into individual wells of 96-
well plates. For each of the premotor cortex samples and prefrontal cortex samples of age-
matched normal brains, only ten thousand neuronal nuclei without TDP-43 pathology (NeuN+,
TDP-43+) were sorted. Sorted nuclei were then used for droplet generation and sequencing
library preparation using the 10X Genomics Next GEM Single Cell 3' GEM Kit v3.1 and

Chromium Controller, following the manufacturer's manual.

Cryptic exon junction analysis

Annotated TDP-43 dependent cryptic junctions were obtained from the previous study and
converted from hg38 to hg19 genome assembly(27). Cryptic exon junction analysis was
performed following the recent study with some modifications(28). Briefly, BAM files generated
by cellranger were filtered to exclusively include reads meeting the criteria set in the snRNA-seq
analysis (described above). For neuron type-specific junction analysis, BAM files were split into
distinct neuron type-specific BAM files using each cell’s 10X barcode and respective cluster
annotation. These filtered BAM files were then subjected to analysis using regtools junctions
extract, employing parameters “-a 6 -m 30 -M 500000 -s RF” to product junction files(62). The

junctions were then subjected to Leafcutter’s leafcutter cluster regtools.py by employing “-m 10
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-p 0.0001” to generate a summary matrix of counts of all junctions found in the
dataset(63).Given the limited number of supporting reads for splicing junctions, the sum of
numbers of reads from two replicates was used. Only genes with at least 3 reads supporting the
splicing events were analyzed (sum of the number of constitutive splicing reads and the number

of cryptic exonization reads; the denominator of regtools output).

META-CS library preparation for mini-bulk samples of neuronal nuclei

META-CS libraries were made following the previously described protocol with modifications
(DOL: http://dx.doi.org/10.17504/protocols.io.6qpvr3nbzvmk/v1)(46). Briefly, 50 neuronal
nuclei were sorted into individual wells of 96-well plates containing 2 pL. of META lysis buffer
(20 mM Tris, pH 8.0, 20 mM NaCl, 0.15% Triton X-100, 25 mM dithiothreitol, ] mM EDTA, 3
units/mL NEB Thermolabile Proteinase K [P8111S]) at 30 °C for 1 h, 55 °C for 10 min. Lysed
cells were stored at -80 °C until library preparation.

The transposome was assembled using Tn5 transposase (Diagenode C01070010) following
manufacturer's manual (5 pL of annealed META mix, 5 pL of Tn5, 5 puL of glycerol). The
assembled transposome was further diluted using the Tagmentase Dilution Buffer (Diagenode
C01070011) based on optimized Tn5 concentration (performed on the day of library
preparation). After thawing on ice, cell lysate was transposed with 8 pL of transposition mix (1
uL of diluted transposome, 5 pL of 2X Tagmentation Buffer [Diagenode C01019043], 2 uL of
water) and incubated at 55 °C for 15 min. The transposition was stopped by adding 2 pL of 6X
stop buffer (300 nM NacCl, 45 mM EDTA, 0.01% Triton X-100, , 3 units/mL Thermolabile
Proteinase K [NEB P81118S]) and incubated at 37 °C for 30 min, 55 °C for 10 min.

First-strand tagging was performed by adding 13 pL of Strand Tagging Mix 1 (5 pL of Q5
reaction buffer, 5 pL of Q5 high GC enhancer, 0.85 pL of 100 uM [total] Adp]l primer mix, 0.6
uL of 100 mM MgCl2, 0.6 pL of water, 0.5 pL of 10 mM dNTP mix, 0.25 pL of 20 mg/mL
bovine serum albumin [NEB B9200], 0.25 puL of Q5 DNA polymerase [NEB M0491]) and
incubated at 72 °C for 3 min, 98 °C for 30 s, 62 °C for 5 min, 72 °C for 1 min. Adp1 primers
were removed by adding 1 pL of Thermolabile Exol (NEB M058) and incubated at 37 °C for 15
min, 65 °C for 5 min.

Second-strand tagging was performed by adding of 4 pL of Strand Tagging Mix 2 (1 pL of Q5
reaction buffer, 1 pL of Q5 high GC enhancer, 0.95 pL of 100 pM [total] Adp2 primer mix ,
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0.945 pL of water, 0.1 pL of 10 mM dNTP mix, 0.05 pL of Q5 DNA polymerase) and incubated
at 98 °C for 30 s, 62 °C for 5 min, 72 °C for 1 min. Adp2 primers were removed by adding 1 pL
of Thermolabile Exol (NEB M058) and incubated at 37 °C for 15 min, 65 °C for 5 min.

Strand tagging products were amplified by adding 19 pL of PCR mix (5 pL of NEBNext
Multiplex Oligos Universal Primer, 5 pL of NEB Index Primers [NEB E7335S, E7500S,
E77108S, E7730S], 4 uL of Q5 reaction buffer, 4 pL of Q5 high GC enhancer, 0.4 pL of 10 mM
dNTP mix, 0.4 pL of water, 0.2 pL of Q5 DNA polymerase) and incubated at 98 °C for 20 s, 11
cycles of (98 °C for 10 s, 72 °C for 2 min), 72 °C for 2 min.

Size selection of META-CS libraries were performed using AMPure XP beads (Beckman
Coulter A63882) with a 0.65X upper cut and a 1.8X lower cut following manufacturer's manual.
Libraries were eluted into 30 puL of low TE buffer. Each META-CS library was sequenced on

one lane of the Illumina HiSeq X sequencer.

Denaturation of gDNA and agarose gel electrophoresis

gDNA were extracted from the prefrontal cortex of C9ORF72 FTD, AD and control brains using
the Qiagen EZ1 Advanced XL system (Qiagen 9001874). Each gDNA sample (400 g) was
diluted to a final volume of 50 pL with water. gDNA samples were then concentrated using
ethanol precipitation with glycogen as a carrier. To each gDNA sample, 0.1 volumes of 3 M
sodium acetate, 20 ng of glycogen, and 3 volumes of ethanol were added. The mixture was
gently resuspended and incubated at —80°C for 1 hr. Samples were centrifuged at 12,000 x g for
30 minutes at 4°C, and the supernatant was carefully removed. The DNA pellet was washed with
chilled 70% ethanol, air-dried, and dissolved in 2 uL. of nuclease-free water. For denaturation,

27 pL of formamide and 1 uL of 0.5 M EDTA (pH 8.0) were added to the dissolved DNA, and
the mixture was incubated at 37°C for 1 hour to generate single-strand DNA. After adding 6 pL
of 6X gel loading buffer, the denatured DNA samples were separated on 1% agarose gels. Gels
were stained with SYBR Gold and imaged using a gel scanner. The intensity of the smears
(single-strand breaks) was measured using ImagelJ. Cases with high or normal levels of ID-A

sIndels were classified by the fractions of neurons with high levels of ID-A sIndels.

Preprocessing of META-CS data
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We preprocessed the META-CS data using a pipeline that expands the previously reported
workflow (Xing 2021 PNAS) with additional features to accommodate both our modified
experimental protocol and the new somatic indel calling method. First, paired-end reads were
preprocessed by customized pre-meta which identifies Tn5 barcodes, merges overlapping read
ends, and trims [llumina adapters. Then, BWA-MEM (v.0.7.17)(64) was used to map reads to the
human reference genome (GRCh37 with decoy) and generate a BAM file for each sample.
Importantly, we then split the BAM file by unique pairs of barcodes which are used to
distinguish original DNA fragments and help ensure that mutation calling was performed on a
single-molecule level. Furthermore, given a relatively small pool of unique barcodes, barcode
collision may occur where different DNA fragments are tagged by the same barcode pair around
the same genomic region. This possibility also increases with our pooled-cell input with many
more available DNA molecules at any locus. To address this challenge, we extracted Tn5 cut
sites of each molecule (i.e. the start and end positions of each read pair) and used a combination

of shared Tn5 barcode pair and Tn5 cut sites to identify original DNA fragments.

Somatic indel calling from META-CS data

As the original META-CS method was developed for somatic SNVs, we established a new
somatic indel calling pipeline that introduces novel modules to enhance the calling accuracy and
remove false positives specific for indels (manuscript in preparation). First, we followed a
similar workflow as SNV calling and piled up reads from the META-CS barcode pair BAMs and
a matching bulk WGS BAM to generate somatic indel candidates by identifying variants that
have at least 4 total non-reference (ALT) reads in META-CS with at least 2 ALT reads from
each strand for duplex support, as well as no ALT read in bulk to remove potential germline
variants. Since the majority of false positive indels derive from incorrect read merging during
preprocessing, we created modules to tag the merged reads with the window where merging
occurred and generate an additional BAM file without read merging. Then, we filtered out
candidates that are either within the merging window or not present in the BAM without read
merging. In addition, we implemented a set of filters. A candidate site was filtered out if it met
any of the following criteria, 1) overlapping with the low-quality regions as previously reported

(um75- hs37d5.bed(46)), 2) overlapping with gnomAD indels of > 1% population frequency, 3)
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located within 100 bp from another candidate site, 4) located within 10 bp of read ends, 5)

having multiple Tn5 cut sites.

Single-strand indel calling from META-CS data

Similar to double-strand indel calling described above, single-strand indel candidates were
generated by piling up reads from the META-CS barcode pair BAMs and a matching bulk WGS
BAM, followed by identifying variants that have no ALT read from bulk and at least 8 total
reads in META-CS with at least 4 reference allele (REF) reads from one strand (i.e. non-variant
strand) and at least 4 ALT reads from the other strand (i.e. variant strand). In addition, the
candidate is required to have no ALT read from the non-variant strand and no REF read from the

variant strand. Other filters are the same as double-strand calling above.

ALS and FTD snRNA-seq analysis

For snRNA-seq analysis on ALS and FTD, we used data generated for this study (i.e. in-house).
We implemented the following pipeline to raw FASTQ files from both data sets. Cellranger
(v.6.1.0)(65) with “--include-introns” was used to map reads to the human reference genome
(GRCh37) and generate gene-by-cell count matrices. To remove potential ambient RNA
contamination, we ran remove-background from CellBender (v.0.3.0)(66)on the raw count
matrices with the default parameters to generate filtered count matrices for downstream analysis.
For quality control, we filtered out cells with < 700 genes and mitochondrial gene percentage >
20%, which resulted in more than 65% cells removed in one sample (1700BA6-normal). So this
sample was excluded for further analysis. scDblFinder(67)was used to remove doublets, and
DropletQC(68)was used to calculate nuclear fractions where cells with a nuclear fraction < 0.25
were filtered out. Next, we used Seurat (v.5.1.0)(69) SCTransform v2 to perform normalization
and variance stabilization followed by RunHarmony to integrate and harmonize cell embeddings
across all samples. The harmonized embeddings were used to perform dimension reduction
(RunUMAP) and clustering using the Leiden algorithm(70). Cell types were annotated using

previously reported markers(71/)

Cell type fraction analysis in snRNA-seq
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We used a Bayesian statistics framework(72, 73) to detect changes in cell type fractions in ALS
and FTD compared to controls. This model implements Dirichlet multinomial modeling —
Hamiltonian Monte Carlo (DMM-HMC) using R packages rstan (v.2.32.6) and bayestestR
(v0.13.2) (http://mc-stan.org/). The input was a count matrix where each row is a sample and
each column is a cell type. Counts in each row of the matrix follow a multinomial distribution
where proportions of each cell type in the sample are modeled by Dirichlet. The prior probability
of the proportions is another Dirichlet distribution with the fixed parameter alpha = 107 for equal
expected fractions of cell types. We split samples into groups based on their disease status, brain
region, and TDP43 status, and calculated the posterior probability distribution (PPD) of each
group. Then, we subtracted the PPD of control group from that of disease group to detect any
significant changes in cell type fractions. Significance was determined if the log2 ratio of

disease/control has 95% credible intervals above or below zero.

Differential gene expression analysis in snRNA-seq data

Differential gene expression analysis was performed using Nebula (v.1.5.3)(74) in R on in-house
ALS and FTD data set and AD data set from SEA-AD consortium(75). We downloaded the
processed AD snRNA-seq data from SEA-AD consortium’s web portal (sea-ad.org). For each
data set, raw count matrices after preprocessing and cell type annotation were used as inputs and
the design matrix was constructed with disease status as the predicator. Then, a negative
binomial mixed model was built for each gene using individual as the random effect and total
number of molecules in each cell as offsets. The output raw p-values were adjusted using the
Benjamini Hochberg method. Differentially expressed genes with FDR < 0.05 were considered

significant.

qPCR analysis of RNASEH2 and RRM gene expression

Neuronal nuclei (2350 NeuN+ nuclei, ~5 pL) from C9ORF72 FTD, AD and age-matched control
brains were sorted into individual wells of 96-well plates with triplicates. Cell lysis, reverse
transcription and qPCR were conducted using the Power SYBR™ Green Cells-to-CT™ Kit
(Thermo Fisher 4402954 ) following the manufacturer’s protocol. The following primers were
used for qPCR analysis:

hRNASEH2A Forward - 5’- ACAGCCACTGGGCTTATACAG -3’
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hRNASEH2A Reverse - 5’- TCCCTACGGTGTCCACGAATA -3’
hRNASEH2B Forward - 5°- TAACCCCTGTTCAGGAGAAGG -3’
hRNASEH2B Reverse - 5’- ACACGTTATCCACCACAACTTG -3’
hRNASEH2C Forward - 5’- AGGGACTCGAAGTGTCGTTTC -3’
hRNASEH2C Reverse - 5’- TGTCACCATCACGTATCCCAC -3°
hRRM1 Forward - 5’- GCCAGGATCGCTGTCTCTAAC -3’
hRRMI Reverse - 5°- GAGAGTGTTTGCCATTATGTGGA -3’
hRRM?2 Forward - 5’- ATTGGGCCTTGCGATGGATAG -3’
hRRM?2 Reverse - 5°- GAGTCCTGGCATAAGACCTCT -3’
hRBFOX3 Forward - 5’- TCGTAGAGGGACGGAAAATTGA -3’
hRBFOX3 Reverse - 5°’- GCCGTTGGTGTAGGGGTTC -3’
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Fig. S1. Characterization of isolated TDP-43+ and TDP-43- neuronal nuclei from CIORF72
ALS and FTD brains. (A) Proportion of neuronal and non-neuronal nuclei across different cell
and case conditions. Bars represent the fraction of neuronal (blue) and non-neuronal (red) nuclei
for each dataset. (B) Heatmap showing the fraction of transcripts containing cryptic exons across
various genes in different cell and case conditions. (C) IGV Genome browser tracks of
RAPIGAP, ATP8A2 and KALRN with snRNA-seq read coverage and splice junctions. TDP-43-
neurons (red) show an increase in cryptic exon inclusion (highlighted region), which is absent or
low in TDP-43+ (orange) and control (black) neurons. Numbers adjacent to splice junctions

represent read counts supporting the junction.
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Fig. S2. Reduced inhibitory neuron abundance and marker gene expression in TDP-43-
neurons from CIORF72 ALS and FTD brains. (A) Log: fold change in neuronal subtype
abundance in TDP-43- vs. TDP-43+ neurons. Error bars show 95% credible intervals of posterior
distributions from a Dirichlet multinomial model (see Methods). Red intervals indicate
significant changes in neuronal subtype abundance. IT: intratelencephalic neurons. VEN: Von
Economo neurons. CBT: corticobulbar tract neurons. CT: corticothalamic neurons. PV:
parvalbumin. IN: inhibitory neurons. Ch IN: cholinergic inhibitory neurons. (B) Expression of
inhibitory neuron marker genes in TDP-43- neurons. Box plots compare reads per million for
GADI and GAD?2 expression between TDP-43- and TDP-43+ neurons from C9ORF72 FTD
brains using previously generated bulk RNA-seq data. P-values are one-tailed paired Wilcoxon

rank-sum tests.
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Fig. S3. scWGS metrics and quality assessment for PTA-amplified single cells. (A) Median
Absolute Pairwise Difference (MAPD), a measure of amplification uniformity; low values
indicate more uniform amplification. (B) Mean sequencing depth per cell. (C) Total numbers of
somatic mutations called by SCAN2. (D) SCAN2 mutation detection sensitivity. (E) Fraction of
the genome that passes the minimum read depth requirement for SCAN2. Different minimum
read depths are used for sSSNVs and sIndels. (F) Estimated false discovery rate per cell based on
a previously published false positive rate from data simulations(25). (G) Estimated false
discovery rate for each mutation catalog. That is, the sum of estimated false positives used in (F)
divided by the total catalog sizes in (C). In all panels, points represent single cells. OL:

oligodendrocyte.
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Fig. S5. De novo mutational signature analysis in PTA-amplified neurons. (A) Mutational

spectra of de novo SBS signatures identified from joint analysis of diseased and neurotypical
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control neurons amplified by PTA as well as previously published neurons and oligodendrocytes
amplified using an older amplification technology (MDA). The x-axis shows the 96 possible
trinucleotide mutation contexts, grouped by mutation type. The y-axis represents the fraction of
sSNVs attributed to each signature. (B) Observed SBS signature exposure divided by the age-
adjusted expected SBS signature exposure derived from control neurons (see Methods, and
panels C-D). For control neurons, only observed/expected from individuals with age > 50 were
included for statistical testing by Wilcoxon rank-sum test. (C-D) Burdens of de novo SBS and ID
signatures in neurons vs. age. Points and regression lines in gray indicate the age-specific
expected SBS and ID exposure (mixed-effects linear regression, Methods) and are identical in

each row.
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Fig. S6. Increased TOP1cc signals in neurons from CIORF72 FTD and AD brains
compared to controls. (A) Flow cytometry analysis of TOP1cc levels in NeuN+ neurons from
C90ORF72 FTD, AD and control brains. Gates mark the population of neurons with elevated
TOPIcc levels, with the percentage of TOP1cc+ neurons indicated in each plot. PFC: prefrontal

cortex.
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Fig. S7. ID-A-like indels are associated, though more weakly than aging-related sIndels,
with transcriptionally active genomic regions. (A) sIndel enrichment analyses comparing
sIndel burden with GTEx gene expression from prefrontal cortex; local chromatin accessibility in
snATAC-seq data from neurotypical excitatory neurons; and histone modifications typical active
and inactive chromatin from prefrontal cortex. Solid lines: ID-A-like sIndels, dotted lines:
sIndels associated with normal aging. (B) Enrichment analyses comparing sIndel burdens with
chromatin states in prefrontal cortex (determined by ChromHMM(44)), transcribed and
untranscribed genomic regions defined by GENCODE v26, and promoters and enhancer
elements identified as active in neurons(45). Red bars: ID-A-like sIndels, blue bars: sIndels
associated with normal aging. Asterisks represent enrichment test P-values (Methods): * - p <

0.01, ** - p <0.001, *** p <0.0001. See Fig. 3A for the definition of ID-A-like sIndels.
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Fig. S8. Dysregulation of RNASEH2 and RRM genes and correlation between ID-A and
oxidative stress in neurodegenerative conditions. (A) Heatmaps showing differential
expression of RNASEH?2 and RRM genes in neurons from C9ORF72 FTD and AD brains
compared to controls. The AD vs. control comparisons is based on the Seattle Alzheimer's
Disease Brain Cell Atlas (SEA-AD) dataset. Color scale represents average log2FC, with red
indicating upregulation and blue indicating downregulation. FDR-adjusted P-values < 0.05 are

13 334

marked by “*”. IT: intratelencephalic neurons. VEN: Von Economo neurons. CBT: corticobulbar
tract neurons. CT: corticothalamic neurons. PV: parvalbumin. IN: inhibitory neurons. Ch IN:
cholinergic inhibitory neurons. NP: near-projecting neurons. ET: extratelencephalic neurons.
VLMC: vascular leptomeningeal cells. (B) Expression levels of RNASEH2A, RNASEH2C and

RRM]1 in neurons measured by qPCR. P-value is two-tailed unpaired #-test. (C) Correlation
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between ID-A and all six de novo SBS signatures. P-values are regression t-tests on slope, and

text color indicates phenotype.
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Table S1.
Information of the control and neurodegenerative diseases cases and samples.
donor age | sex | phenotype | C9ORF72 repeat expansion
UMB1465 17.5|1 M | Control
UMB4638 151 F Control
UMB4643 422 F Control
UMB1278 04 | M Control
UMBS5171 79.2 | M | Control
UMB5219 76 | F Control
UMBS5817 0.6 | M | Control
UMBS5511 80.2 | F Control
UMBS5823 82.7| F Control
UMBS5840 75.3 | M | Control
UMB936 492 F Control
UMBS5559 198 F Control
UMBS5657 82.2 | M | Control
UMBS5087 449 | M | Control
UMBS5532 18.4 | M | Control
UMB5871 2 | M| Control
MADRC1353 57 | F |Alzheimers
MADRC1456 81 | M [ Alzheimers
MADRC1647 59 | F [Alzheimers
MADRC1828 91 F | Alzheimers
MADRC1995 89 F | Alzheimers
MADRC2208 69 | F | Alzheimers
MADRCA4556 70 | F | Alzheimers
MADRCS5222 80 | F [Alzheimers
UMBA4976 104 | F Control
UMB5451 57 | F Control
UMBS5943 69 [ M| Control
BU UNITE VAI190106| 67 [ M | Control
BU _UNITE VA301159| 51 [ M | Control
UMBS5572 70 | F Control
UMB5666 65 [ M| Control
MADRC2207 83 | M | Alzheimers
MADRC2036 61 | M ALS Yes
MADRC 1844 51 F ALS Yes
MADRC1700 51 | F ALS Yes
MADRC1300 63 | M FTD Yes
MADRC1334 72 | M FTD Yes
MADRC1792 59 | F FTD Yes
UMB6004 67 | M FTD Yes
HBTRCS08631 57 | F FTD Yes
HBTRCS13034 69 | F FTD Yes
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Table S2.

Number of cells passing and failing QC across cell types and conditions.
amp | phenotype| celltype QC | Mean age | Individuals | Nmalecells | Cells | TDP43-cells | PFCcells | BA6 cells | DG cells
MDA | Control neuron | PASS 51.6 18 116 190 0 158 6 26
MDA | Control oligo PASS 41 4 20 20 0 20 0 0
MDA | Control | mixedglia| PASS 41 4 20 20 0 20 0 0
MDA AD neuron | PASS 744 8 9 81 0 81 0 0
MDA AD neuron FAIL 84.7 3 0 6 0 6 0 0
MDA | Control neuron FAIL 792 1 1 1 0 1 0 0
PTA | Control neuron | PASS 478 19 41 80 0 56 24 0
PTA | Control oligo PASS 38.2 12 37 66 0 66 0 0
PTA AD neuron | PASS 72.5 7 7 26 0 26 0 0
PTA AD neuron | FAIL 89 1 0 3 0 3 0 0
PTA ALS neuron | PASS 543 3 6 18 9 0 18 0
PTA FTD neuron | PASS 64.4 6 16 34 18 34 0 0
PTA FTD neuron FAIL 67 1 2 2 0 2 0 0
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