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Abstract
Background

Numerous genes, including SOD7, mutated in familial and sporadic amyotrophic lateral sclerosis
(f/sALS) share a role in DNA damage and repair, emphasizing genome disintegration in ALS. One
possible outcome of chromosomal instability and repair processes is extrachromosomal circular DNA
(eccDNA) formation. Therefore, eccDNA might accumulate in f/sALS with yet unknown function.

Methods

We combined rolling circle amplification with linear DNA digestion to purify eccDNA from the cervical
spinal cord of 9 co-isogenic symptomatic hSOD7%34 mutants and 10 controls, followed by deep short-
read sequencing. We mapped the eccDNAs and performed differential analysis based on the split read
signal of the eccDNAs, referred as DifCir, between the ALS and control specimens, to find differentially
produced per gene circles (DPpGC) in the two groups. Compared were eccDNA abundances, length
distributions and genic profiles. We further assessed proteome alterations in ALS by mass spectrometry,
and matched the DPpGCs with differentially expressed proteins (DEPs) in ALS. Additionally, we aligned
the ALS-specific DPpGCs to ALS risk gene databases.

Results

We found a six-fold enrichment in the number of unique eccDNAs in the genotoxic ALS-model relative to
controls. We uncovered a distinct genic circulome profile characterized by 225 up-DPpGCs, i.e, genes that
produced more eccDNAs from distinct gene sequences in ALS than under control conditions. The inter-
sample recurrence rate was at least 89% for the top 6 up-DPpGCs. ALS proteome analyses revealed 42
corresponding DEPs, of which 19 underlying genes were itemized for an ALS risk in GWAS databases.
The up-DPpGCs and their DEP tandems mainly impart neuron-specific functions, and gene set enrichment
analyses indicated an overrepresentation of the adenylate cyclase modulating g protein pathway.

Conclusions

We prove, for the first time, a significant enrichment of eccDNA in the ALS-affected spinal cord. Our triple
circulome, proteome and genome approach provide indication for a potential importance of certain
eccDNAs in ALS neurodegeneration and a yet unconsidered role as ALS biomarkers. The related
functional pathways might open up new targets for therapeutic intervention.

Background
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Loss of DNA integrity is a hallmark of aging [1] and pivotal in the pathophysiology of age-related
neurodegenerative disorders, including amyotrophic lateral sclerosis (ALS). Threat to DNA integrity in ALS
is crucially linked to inherited or somatic alterations in genes that occupy a primary or additional role in
genome protection, DNA damage response (DDR) signaling, and DNA repair. Among them are the
CI90RF72[2-4], SOD1[5-8], TDP-43[9-11] and FUS[12-15] genes accounting for ~ 70% of familial ALS
(fALS) and ~ 12% of sporadic ALS (sALS) cases. The same applies to variants in susceptibility or
modifier /oci of lower frequency such as C270RF2[16], NEK7[17] and SETX[18], among others.

Mutations in the SODT gene are responsible for ~ 20% of the fALS and a percentage of SALS cases and
thus represent the second most common genetic source of human ALS [for review, see 19]. The encoded
Cu, Zn-superoxide dismutase 1 (SOD1) enzyme plays a crucial role in genome protection against
endogenous and environmental reactive oxygen species (ROS). First, it reduces ROS by catalyzing
superoxide anion radicals into O, and H,0, [20]. Second, it participates in the DDR [21] and activates the
promotors of genes involved in ROS-resistance and DNA damage repair [5]. Accordingly, pathogenic SOD7
loss- and gain-of-function mutations are reasoned to augment oxidative genomic damage partly through
impaired dismutase function and primarily through increased hydroxyl radical production [22-25]. In
support, markers of oxidative genomic damage are elevated in body fluids of ALS patients carrying SOD7
mutations [26, 27] and in spinal cord tissue of SOD7%??A mouse mutants [28, 29], while transfection with
WT hSOD1 reduces the level of ROS and DNA damage after exposure to H,0, [7, 23]. Apart from causing
oxidative genomic damage, ROS accumulation propagates R-loops, triple-stranded DNA:RNA hybrids
formed at sites of gene transcription, which can provoke double strand breaks (DSB) and genomic
instability if their resolution is hampered and induce specific DNA repair pathways [30, 31]. Particularly at
repeat structures, double-R-loop configurations involving bidirectional transcription are prone for improper
realignment of the DNA strand to the complementary strand and the activation of error-prone repair
mechanisms [32].

Apart from these ALS-related genetic factors impacting genome integrity and repair, the central nervous
system (CNS) is endogenously prone to accumulate DNA damage: Postmitotic neurons are severely
restricted in error-free DNA repair cascades [33] and lack homologous recombination (HR). In parallel,
neurons face persistent exposure to endogenous ROS due to their high oxygen consumption [34],
conveying the risk for single strand breaks (SSB) and DSB through nearby strand oxidations. Moreover,
the high transcriptional activity in neurons predisposes for strand injuries, e.g., by implicating breaks and
nicks from R-loop processing and cleavage [30]. Finally, neurons might accumulate unrepaired genomic
injuries as they remain lifelong unreplaced. However, how DNA damage influences ALS is still not fully
understood.

Outstanding among the pathophysiological consequences involved in multi-order sequelae of genomic

instability, DDR and DSB repair is the formation of extrachromosomal circular DNA (eccDNA), a by-

product of chromothripsis and chromoplexy (i.e., shattering and de novo assembly of one or more

chromosomes), DNA deletions, inversions, recombination events, breakage-fusion-bridge (BFB) cycles

and likely BFB-related copy number amplifications [35—39], all events of which can result directly from
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DSB or from their repair-related resection and excision processes [38, 40]. Accordingly, eccDNAs exist in
sizes ranging from a few hundred bp (micro-DNA) to kilo bp (small polydispersed circular DNA; spcDNA)
or several mega bp (ecDNA; double minutes), which form from all parts of the human genome [37] and
have been detected in all tissues examined so far, including brain tissue [38]. Circular DNA can amplify
pathogenicity genes in conjunction with their enhancers on larger circles [36, 41, 42] and boost
transcription through higher copy numbers, rearrangement of genomic segments, new enhancer
topologies, improved chromatin accessibility on the circles, and spatial clustering of multiple ecDNAs [36,
41, 43, 44]. Accordingly, the presence of ecDNA is a negative prognostic factor in tumors [36, 45]. Besides
large ecDNAs, healthy cells and tumor cells also produce small eccDNAs [37, 38] of yet poorly defined
function. Small eccDNAs can interfere with gene expression from the linear genome, e.g., through
promoter-independent transcription into small regulatory miRNAs or the generation of exon-derived si-like
RNAs [46]. Similar to ecDNA, they might operate as mobile vehicles whose docking and interaction with
chromatin modifies transcription throughout the genome [47]. Moreover, as circles can be chimeric for
different /oci and integrate back into the linear genome [43], they contribute to genetic heterogeneity.
Irrespective of size, episomal circular DNA has also been reported to elicit pro-inflammatory immune
cascades that aggravate the course of many neurodegenerative disorders [48—51]. Notably, DNA damage
itself recruits key factors of the related inflammatory cascades to nuclear sites of DSB where they inhibit
DNA repair pathways [52] and hence such mutual interaction might further sustain eccDNA production.

Despite expeditious progress in eccDNA research, the role of eccDNA in non-tumor CNS disorders and in
the rising proportion of neurodegenerative entities implicating hereditary genomic instability is unknown.
According to the knowledge delineated, we inferred that ALS neurodegeneration increases the levels of
circular DNA. To test this hypothesis, we screened for eccDNA in the spinal cord of a murine hSOD7693A
genotoxic stress model of ALS and contrasted the eccDNA profiles with wild type conditions. To
understand whether the circulome specifically released in symptomatic animals correlates with the ALS
pathophysiology, we compared the catalog of genes up-producing eccDNA in ALS with protein products
changed in the ALS proteome and with pre-established genomic ALS risk and susceptibility /oci.

Methods
Animals

The B6.Cg-Tg(SOD7#G93A)1Gur/J strain (RRID: IMSR_JAX:004435) served as Mus musculus animal
model [53] to study ALS under SOD7%734 mutational conditions that provoke f/sALS in humans [54].
Motor symptoms in male mutants developed at ages between 18-21 weeks and were assessed
according to a standardized, investigator-neutral clinical score protocol. Inclusion required the
manifestation of a defined severity score within the target age indicated. Sex- and age-matched
C57BL/6J mice served as controls. Animals that did not timely develop a motor phenotype were excluded
from the study.

Tissue extraction
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After score approval, animals were euthanized by an overdose of volatile isoflurane CP® (CP Pharma,
Burgdorf, Germany). The spine was microscopically dissected from surrounding tissue, the vertebral
column was opened and the myelon was exposed. The spinal cord was excavated in toto, detached from
meninges and transferred to ice-cold PBS. The cervical segment was dissected from thoracic and lumbar
parts, collected into Eppendorf tubes and immediately frozen at -80°C for further analysis.

DNA isolation

DNA extraction from cervical spinal cord was identically performed for control and mutant samples,
following kit-facilitated standard procedures (Nucleospin tissue DNA/RNA and Protein kit; Macherhey
Nagel GmbH & Co KG, Germany). Briefly, each tissue specimen was thawed and homogenized with a
motorized pestle applying 25 pl of proteinase k to the initial buffer system. Each suspension was
vortexed vigorously and the homogenate was kept at 56°C overnight. The next day, the samples were
vortexed, supplemented by the indicated buffer solution and incubated at 70°C for 10 min. For DNA
extraction, 210 pl of ethanol were added to each sample suspension. Solutions were poured on the
nucleospin columns placed into the collection tubes and centrifuged at 11,000 x g for 1T min. The flow-
through was discarded and the columns were again centrifuged as aforementioned. The extracted DNA
was washed in 500 pl of appropriate buffer solution and centrifuged. The flow-through was discarded
and the column was centrifuged as before. The washing step was repeated with an adequate buffer
solution. The flow-through was discarded and the empty column was centrifuged as before to dry the
silica membrane, then transferred to a sterile 1.5 ml Eppendorf tube. The collected genomic DNA was
eluted in 30 pl of appropriate pre-warmed buffer and incubated at RT for 2 min, then centrifuged at
11,000 x g for 2 min. The genomic DNA concentration of each sample was measured
spectrophotometrically by NanoDrop systems.

EccDNA purification

Total DNA extracted from mouse cervical spinal cord was digested with exonuclease V (M0345, New
England Biolabs) to remove linear DNA. 50,000 copies of the plasmid p4339 (gift from Charlie Boone,
University of Toronto), 20,000 copies of YGPM25009 (gift from Michael Lisby, University of Copenhagen,
UCH; backbone derived from pGP564, Open Biosystems) and 10,000 copies of pBR322 (New England
Biolabs) were added as internal controls to 400 ng of DNA per sample. These DNA mixtures were
incubated at 37°C with 30 IU exonuclease V (RecBCD), 1x NEBuffer 4 and 1 mM ATP. Every 24 h, 30 IU
fresh exonuclease V and 1 mM ATP were added to the reactions, which were incubated for 7 days in total.
Thereafter, exonuclease reactions were inactivated for 30 min at 70°C and subjected to DNA clean-up
with Agencourt AMPure XP beads (A63881, BD) according to the manufacturer’s instructions. Briefly,
reactions were mixed with 1.8x beads solution and incubated at RT for 5 min to bind. Supernatants were
discarded, beads were washed twice with 80% ethanol and briefly evaporated. DNA was eluted in 60 pl of
10 mM Tris-HCI, pH 8. Removal of linear DNA was confirmed by PCR analysis on the presence and
absence of the Cox5b sequence in DNA before and after treatment, respectively. The numbers of unique
eccDNAs were normalized to the total DNA amount while the enrichment of plasmid pBR322 DNA relative
to single control Cox5b gene concentration was not assessed. 15 pl of exonuclease-digested DNA were
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subjected to rolling circle amplification (RCA) using TruePrime RCA (370025, 4BaseBio, Trueprime Whole
Genome Amplification kit) according to manufacturer’s instructions. Briefly, DNA was denatured for 3 min
with buffer D and neutralized with buffer N. Denatured DNA was mixed with enzyme 1, enzyme 2, dNTPs
and reaction buffer and incubated at 30°C for 48 h. Afterwards, reactions were inactivated for 10 min at
65°C.

Short-read sequencing

After DNA extraction from control and ALS samples, the ¢29-polymerase amplified DNA strands were
sheared into fragments of 200 bp and ~ 350—400 bp in size using a Covaris LE220 ultrasonicator
(Covaris, Brighton, UK) with operating parameters set as the following: 20 s ultrasound, acoustic duty
factor 25%, peak incident power 500 W, cycles per burst 500, 24 cycles. Appropriate fragment size (200-
500 bp) was captured with the aid of AMPure XP beads (Agencourt, Beverly, USA). Fragmented DNA was
then incubated with bacteriophage T4 DNA polymerase (ENZYMATICS, Beverly, USA) for 30 min at 20°C
for trimming to obtain blunt ends devoid of 3-overhangs or 5-gaps, which were further 3'-adenlyated to
create sticky ends. These DNA fragments were ligated at both ends to T-tailed adapters and amplified via
PCR according to the following step-wise procedures: 3 min at 95°C followed by 8 cycles of 20 sec at
98°C; 15 s at 60°C; 30 s at 72°C; 10 min at 72°C for further elongation. The obtained PCR products were
purified via AMPure XP beads (Agencourt, Beverly). The DNA library was sequenced on BGISEQ-500 by
paired-end sequencing of 150 bp intervals both from the forward and reverse strand, with an average
sequencing data of 138 M reads per library, to provide high-quality alignment across all genomic regions.

Mapping of eccDNA and quantification of produced per
gene eccDNAs (PpGCs)

Mapping and quantification of produced per gene eccDNAs (PpGCs) was realized as described [55, 56].
EccDNA reads were mapped with Circle_Finder [38, 57] using as arguments the mm10 built of the mouse
genome and a minNonOverlap threshold between two split reads of 10 bp. Clusters of eccDNAs within a
distance smaller than D,,;, = 10 bp were coalesced and the number of the split reads detecting them were

summed up as split reads of the merged eccDNAs. EccDNAs with less than two split reads were excluded.
EccDNA annotations were accomplished with bedtools intersect [58] using Genecode gene coordinates.
EccDNA sizes were assessed from mt-free DNAs setting 100 Kbp as cutoff for all short circles. Next, the
number of split reads of all those eccDNAs that carried the same gene or fragment of a gene were added
up to obtain the unscaled produced per gene eccDNA (PpGC;) sum for each gene i. For scaling by gene

length, each PpGC; was multiplied by a scale factor L,,,,/L; where L,,,, is the length of the longest gene
found in the dataset, and L;is the length of the gene /. Finally, data equalization was performed by the
log,(PpGC + 1) transformation of the quantified PpGCs to obtain the final PpGCs.

Identification of differentially produced per gene eccDNAs
(DPpGCs)
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We used our method, DifCir, for differential analysis of sequenced purified eccDNA data based on their
split read signal [55, 56]. We calculated the mean values of the PpGCs for each group of replicates and
selected for differentially produced per gene eccDNAs (DPpGCs), whose absolute difference of the means
between the two groups was more than a selection threshold 8pp,gc = 1-fold change (FC) in log, scale.

Finally, we selected the statistically significant DPpGCs using a significance threshold of app,gc = 0.01.

Democratic method for finding common PpGCs (CPpGCs)

Similar to the procedure previously reported in transcriptomics [59], DNA methylomics [60] and
circulomics [55, 56], we implemented a democratic method to search for commonly abundant molecules
in different samples. To find the minimum cutoff value of PpGC to be considered as a positive vote, we
calculated the empirical PpGC distribution for controls and ALS. As threshold, we chose the ceiling of the
PpGC (ceil(7.0476)) that corresponded to the maximum of the distribution and which numerically
equaled to 8. For the ALS group, the corresponding ceil threshold was (ceil(8.00402)) that equated to 9.
Finally, we selected the genes that showed at least 3 votes for both control and ALS samples.

Extrachromosomal telomere repeats (ECTR) assessment

We estimated the total length of extrachromosomal telomere repeat length (ECTR) in Kbp on the eccDNA
circles for each sample adapting the TelSeq software to work on mouse circular DNA-seq data [61].

Protein isolation from cervical myelon and subcellular
fractionation

Ventral cervical spinal cord comprising the motor neuron population was dissected from the dorsal
moiety, homogenized via Ultra-Turrax (IKA Labortechnik, Germany) in ice-cold lysis buffer supplemented
with a protease inhibitor cocktail (Sigma-Aldrich, Germany) and subjected to sonication (BANDELIN
electronic, Germany) or mechanical straining through a syringe (@ 400 um). Subcellular protein
fractionation was performed as for cortical brain tissue [62], with adaptions for spinal cord, based on a
‘subcellular protein fractionation kit for tissue’ (Thermo Fisher Scientific). Briefly, 50 mg (w/w) of freshly
isolated tissue were washed in ice-cold PBS, cut into pieces and added to CE-B buffer. The suspension
was homogenized, strained and centrifuged at 500 x g for 5 min at 4°C. The supernatant was separated
as cytoplasmic ‘CP’ fraction. The pellet was reconstituted in ME-B buffer, incubated for 10 min at 4°C on a
shaker and centrifuged at 3,000 x g for 5 min. The supernatant was separated as membrane ‘ME’
fraction. The pellet was reconstituted in NE-B buffer and incubated for 30 min on a shaker, then
centrifuged at 5,000 x g for 5 min. The supernatant was separated as soluble nuclear ‘sNE’ fraction. The
NE-B buffer was supplemented with CaCl, and MNase at RT and added to the pellet. After 30 min of
incubation, the suspension was centrifuged at 16,000 x g. The supernatant was separated as chromatin-
bound ‘cNE’ nuclear fraction. The pellet was mixed with PE-B buffer and incubated for 10 min at RT,
followed by centrifugation at 16,000 x g for 5 min. The supernatant was collected as cytoskeletal ‘Cysk’
fraction. All buffers were supplemented with HALT protease inhibitors (1:100). CE-B and ME-B were
applied as ice-cold solutions, NE-B and PE-B at RF. Protein concentrations were assessed with the
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Bradford Assay using the QuickStart™ Bradford Dye Reagent (Bio-Rad, Hercules, CA, USA). To validate
purity, 10 pg of each subfraction were examined by a standard SDS-PAGE-based western blot protocol,
applying primary antibodies against GAPDH (rabbit a-GAPDH, clone 14C10, 1:8,000, Cell Signaling
Technology Cat# 2118, RRID: AB_561053) or Histone H3 (a-Histone H3, 1:10,000, Abcam Cat# ab1791,
RRID: AB_302613), and further approved by MS-based marker protein enrichments (unpublished data).

Mass spectrometry

Sub-cellular fractions corresponding to approximately 30 pg of protein extract were processed as in
Buczak et al. [63]. Briefly, proteins were solubilized by addition of SDS to a final concentration of 2% (v/v),
followed by sonication in Bioruptor Plus (Diagenode) and heating for 10 min at 95°C. Following reduction
and alkylation, proteins were precipitated by cold acetone precipitation. The resulting pellets were
resuspended in digestion buffer (3M Urea in 100mM HEPES, pH 8.0) and digested by consecutive
addition of LysC (Wako, 3 hours at 37°C) and trypsin (Promega, 16 h at 37°C). The obtained digested
peptides were acidified and desalted with a Waters Oasis® HLB pElution Plate 30 pm (Waters) following
the manufacturer’s instructions. The desalted peptides were dissolved in 5% (v/v) acetonitrile, 0.1% (v/v)
formic acid to a peptide concentration of approximately 1 pg/uL and spiked with iRT peptides (Biognosys
AG) prior to analysis by LC-MS/MS. For spectral library generation, a pool of approximately 1ug of
reconstituted peptides for each fraction was analyzed using Data Dependent Acquisition (DDA) using the
nanoAcquity UPLC system (Waters) fitted with a trapping (nanoAcquity Symmetry C18, 5 um, 180 pym x
20 mm, Waters) and an analytical column (nanoAcquity BEH C18, 2.5 pm, 75 pm x 250 mm, Waters). The
outlet of the analytical column was coupled directly to an Orbitrap Fusion Lumos (Thermo Fisher) using
the Proxeon nanospray source. The samples were loaded with a constant flow of solvent A. Peptides
were eluted via a non-linear gradient from 0—40% solution B in 120 min. The peptides were introduced
into the mass spectrometer via a Pico-Tip Emitter 360 um OD x 20 pm ID; 10 pm tip (FS360-20- 10-D-20,
New Objective). Total run time was 145 min, including clean-up and column re-equilibration. The RF lens
was set to 30%. The conditions for DDA data acquisition were as follows: Full scan MS spectra with
mass range 350—-1650 m/z were acquired in profile mode in the Orbitrap with resolution of 60,000
FWHM. The filling time was set at maximum of 50 ms with limitation of 2 x 10° ions. The “Top Speed”
method was employed to take the maximum number of precursor ions (with an intensity threshold of 5 x
10%) from the full scan MS for fragmentation (using HCD collision energy, 30%) and quadrupole isolation
(1.4 Da window) and measurement in the Orbitrap (resolution 15,000 FWHM, fixed first mass 120 m/z),
with a cycle time of 3 s. The MIPS (monoisotopic precursor selection) peptide algorithm was employed
but with relaxed restrictions when too few precursors meeting the criteria were found. The fragmentation
was performed after accumulation of 2 x 10° ions or after filling time of 22 ms for each precursor ion
(whichever occurred first). MS/MS data were acquired in centroid mode. Only multiply charged (2+ — 7+)
precursor ions were selected for MS/MS. Dynamic exclusion was employed with maximum retention
period of 15 s and relative mass window of 10 ppm. Isotopes were excluded. For the DIA data acquisition,
approx. 1 ug of reconstituted peptides for each sample were loaded and the same gradient conditions
were applied to the LC as for the DDA. The MS conditions were varied as follows: Full scan MS spectra
with mass range 350—-1650 m/z were acquired in profile mode in the Orbitrap with resolution of 120,000
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FWHM. The filling time was set at maximum of 20 ms with limitation of 5 x 10° ions. DIA scans were
acquired with 34 mass window segments of differing widths across the MS1 mass range with a cycle
time of 3 s. HCD fragmentation (30% collision energy) was applied, and MS/MS spectra were acquired in
the Orbitrap at a resolution of 30,000 FWHM over the mass range 200—2000 m/z after accumulation of 2
x 10° ions or after filling time of 70 ms (whichever occurred first). lons were injected for all available
parallelizable time. Data were acquired in profile mode. For data acquisition and processing of the raw
data Xcalibur v4.0, Tune v2.1 (Thermo Fisher) were used. Acquired data were processed using
Spectronaut Professional v11 (Biognosys AG). Raw files (DDA and DIA) were searched against the mouse
UniProt database (Mus musculus, entry only, release 2016_01) with a list of common contaminants
appended using Pulsar (Biognosys AG) with default settings. The library contained 112,444 precursors
corresponding to 5,687 protein groups based on Spectronaut protein inference. For quantification, raw
DIA files were searched against the project-specific library using default BGS factory settings, except:
Major Group Quantity = Median peptide quantity; Minor Group Quantity = Median precursor quantity;
Minor Group Top N = OFF; Normalization Strategy = Local normalization; Row Selection = Qvalue sparse.

Immunofluorescence

Mice were exposed to an overdose of vaporized Isoflurane CP®. Transcardial perfusion was initiated at
onset of cardiorespiratory arrest by applying a 4% formaldehyde solution in PBS (pH 7.3). The entire
spinal cord axis was exposed, the cervical segment was dissected, cryoprotected in sucrose and frozen in
2-methylbutane. Serial axial cryo-sections were sliced at 25 pm (Leica Biosystems, Germany).
Immunofluorescent staining was preceded by antigen retrieval with 0.5% saponine. To prevent non-
specific epitope binding, slices were pre-incubated in 10% NGS or NDS in 3% BSA/PBS containing 0.3%
Triton X-100 for at least 2 h at RT. Primary antibodies (mouse a-NFH, clone SMI-32, 1:500; Biolegend Cat#
801701, RRID: AB_2564642; rabbit a-mH2A1, 1:600; Abcam Cat# ab183041; RRID: AB_2716576) were
diluted in 2% NDS or NGS in 3% BSA/PBS containing 0.3% Triton X-100 and incubated at 4°C for 48 h (a-
mH2AT1) or overnight (a-NFH). After washing trice in PBS, the slices were reacted with an appropriate
secondary antibody solution containing 10% NGDS or NGS in 3% BSA/PBS supplemented with 0.3%
Triton X-100, followed by further washing steps. Cell nuclei were counterstained with 2 ug/ml 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI) in PBS for 5 min and washed trice. For microscopy,
samples were mounted with Fluoromount-G® (SouthernBiotech, USA).

Specimens were imaged as z-stacks using confocal laser scanning microscopy (LSM 710 or LSM 900;
Zeiss, Germany) applying 40x and 63x immersion oil objectives and processed with the ZEN 3.0 software
(Zeiss, Germany). For quantitative analyses, 8—10 serial ventral horn slices per specimen were
systematically screened. n = 3 in the control and ALS group.

Statistical analyses

Statistical significance for the comparison of unique eccDNA frequencies between control and ALS
samples were calculated according to the non-parametric Wilcoxon rank sum test (n=10 for controls, n=
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9 for ALS samples). For the assessment of chromosomal /oci enriched in genes that generated up-
DPpGCs, a hypergeometric test was used. DPpGC analyses were performed based on Student’s ttest.

Differential abundance testing of proteins was performed in Spectronaut using a paired ttest between
replicates. P-values were corrected for multiple testing with the method described by Storey [64]. Protein
groups were considered as significantly affected if they displayed a g-value <0.05 and an absolute
average log, ratio >0.38. For histological analyses, p-values < 0.05 assessed by two-way ANOVA were

considered as statistically significant.

Results

Genotoxic stress in SOD1 ©93A mutants

Oxidative genomic damage is increased in spinal cord tissue of SOD7¢73A mouse mutants as approved
by 0dG and yH2AX markers [26—29]. Recent studies indicate that the macrodomain-containing core
histone variant macroH2A1 (mH2A1) is involved in DDR and DNA damage repair following its attraction
to DSB [65]. Under oxidative stress conditions, it stabilizes the DDR sensor poly(ADP)ribose PAR, reduces
oxidative DNA damage and prevents cell death [66]. According to this role, we observed an increased
number of nuclear mH2A1* foci in SOD7%7%4 mutant SMI-32* motor neurons (MN) relative to control MN
as quantified from grey matter areas (Fig. STA-C). In contrast to other histone variants, mH2A1 is
transcribed throughout the cell cycle and not limited to S phase. To further prove this, mH2A1 detection in
post-replicative MN was assessed under co-expression of a cell cycle-sensitive Fucci (fluorescence
ubiquitination-based cell cycle indicator) reporter [67] thus confirming a G,/G, state (Fig. S1A, B). These

observations complement previous studies on genotoxic stress evaluation in the SOD7%9%4 strain [26-
29].

Circulomics and proteomics workflow

Under corresponding conditions, eccDNA was isolated from cervical spinal cord of 9 symptomatic
hSOD7%%3A mutant mice and 10 controls. In short, for each individual sample eccDNA was enriched from
400 ng total genomic DNA by removal of linear DNA with exonuclease, followed by RCA. The obtained
eccDNA pool was normalized against each sample’s total DNA amount, followed by paired-end short read
sequencing as described earlier [37]. Mapping of the purified circles discovered hundreds to thousands of
eccDNAs in the control and disease-affected Mus musculus cervical spinal cord, from which the gene-
specific eccDNAs, PpGCs, were calculated. DifCir-based differential analysis [55, 56] of the genic
eccDNAs identified a set of PpGCs that were differentially produced in ALS, DPpGCs, and that were up-
produced under disease-like conditions (up-DPpGCs) compared to controls. Applying the democratic
method [56, 59, 60] for finding common PpGCs (CPpGCs) expanded the set of eccDNA gene hotspots.
The experimental setup and computational workflow for eccDNA mapping and differential analysis, and
subsequent proteomics analysis, is presented in Fig. 1.
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Unique eccDNAs are more abundant in the ALS diseased
than control CNS

Almost all, 99%, of the mapped unique eccDNAs in the hSOD7¢93A and control samples covered eccDNA
sizes of < 10* bp. Detailed length-stratified profiling, as exemplified in the histograms of Fig. 2A, and
illustrated for all control and ALS samples in the histograms of Fig. S2A-B, revealed that the majority of
eccDNAs were smaller than ~ 10% bp in size (Fig. 2A,; Fig. S2A-B). Overall size distributions of eccDNAs
were similar for ASOD76%3A and control tissues (Fig. 2A-B; Fig. S2A-B). Notably, in both groups eccDNA
exhibited a periodic enrichment with a size-interval of approximately every ~ 200 bp (Fig. 2C), which is in
accordance to prior indications of 188 bp regular intervals in mouse embryonic stem cells (MESCs) [68].
Whether such consistent observations can indicate an association with the nucleosome repeat length
(NRL) in mouse, comprising the 147 bp of core nucleosomes and their linker stretches, needs further
investigations. NRL varies between species, cell types and genomic locations, but can occupy more than
200 bp in mouse [69].

Based on our genotoxic stress model, we anticipated eccDNA accumulations in spinal cord of the
hSOD7%73A mutant. To verify this notion, we assessed the sample-individual load of eccDNA species for
each group. Irrespective of their absolute quantities, which are not assessable from RCA, the numbers of
unique, mappable eccDNAs across all chromosomes up to a size of 10° bp were defined. These ranged
from 94-1,501 eccDNAs in controls (u + SEM =480.7 + 137.3) up to 1,377-5,610 eccDNAs in ALS
samples (U SEM =2,882.6 + 419.3), revealing a statistically significant, six-fold increase in the number
of unique eccDNAs under disease conditions (p-value = 2.165 %%, Fig. 2D) (where p is the mean and SEM
the standard error of the mean). We next explored the chromosomal origin of the eccDNA species
prevailing in the CNS, and particularly in presence of the hSOD7%73A mutation. In compliance with a
genome-wide impact of the SOD1 enzyme dysfunction and endogenous ROS on chromatin structures,
eccDNA provenience was genomically scattered in both the ALS and control samples and arose from all
19 murine autosomes (Fig. 2E; Fig. S3A-B).

Split-reads based differential analysis identifies a
distinctive genic eccDNA profile in ALS spinal cord

To assess if any of the genes in the mouse genome were particularly prone to form eccDNA under the two
different conditions, we calculated the PpGC for the control and ALS samples. A heatmap of the top 1000
most variable PpGCs is shown in Fig. S4. The paired scatter plot in Fig. 3A discloses differences in the

PpGCs produced in the hSOD7%%34 mutants and control specimens. For a log, fold change (FC) >1 (FC =
2 on the linear scale) and a -loggp-value = 2.0 (significance level a = 0.01) as statistical thresholds, we

identified 225 up-DPpGCs, corresponding to genes that were particularly prone to form eccDNA under ALS
conditions, i.e, in an ALS-specific pattern (Fig. 3B). No up-DPpGCs were identified in the controls relative
to ALS for the same thresholds.
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The top up-DPpGCs were shed by the following gene /oci: LargeT (loggp-value=5.7, FC = 5.2), Csmd1 (-
logqgp-value=5.4, FC = 5.9), Sox5 (Hoggp-value = 5.2, FC = 6.3), Cdh4 (-log,op-value= 5.2, FC=5.7), Ntm (-
log,op-value=4.8, FC = 4.9), and Galnt2/ (-log,gp-value = 4.3, FC = 5.3), as indicated in Fig. 3C. EccDNA
release from each of these 6 hotspot /oci was consistently detected in at least 8 out of the 9 ALS samples
investigated (Fig. 3C). In Fig. 4A, these 6 top up-DPpGCs are further illustrated as ‘linear’ circle track plots
together with their coverages, while solely the linear circle plots are shown for all remaining up-DPpGCs in
Fig. S5. The linear plots illustrate that up-DPpGCs are represented by eccDNA carrying gene fragments
only but no full genes, and the lack of sequence overlap of genic eccDNAs among the samples.

When considering gene size, we found these 6 hotspot genes to be large and, except for LargeT, to be
exclusively or dominantly transcribed in CNS and skeletal muscle cells, as deduced from single cell
cluster expression patterns annotated in the Human Protein Atlas (2022) for different tissues and cell
types. To explore a putative linear correlation between the probability to excise eccDNA and the
originating gene length, the -log, (p-values) of the 225 hotspot genes were plotted against the size of the

corresponding genes. The resulting regression line (Fig. 4B) and correlation coefficient of RZ=0.15175
indicated that, though long genes were involved, the propensity to shed eccDNA in our ALS model was
not correlated with the size of the underlying genes.

Association of eccDNA gene hotspots with ALS risk | oci shows 63 genes in common

For a comprehensive assessment of whether the 225 up-DPpGCs carry a signature linked to the ALS
pathophysiology, we referenced them to publicly available databases that aggregate genetic variants
associated with fALS/sALS disorders from genome wide association studies (GWAS). In total, 610 gene
sets were notified in association with the term ‘amyotrophic lateral sclerosis’ in the integrative
Harmonizome database, which collects information for human and mouse species from GWAS and other
genetic association studies and displays empirical cumulative probabilities for the 10% with strongest
associations in a standardized fashion [70]. Applying the ‘GWASdb SNP-Disease Associations’ setting for
output search [70], 608 genes were found listed in association with the disease ‘amyotrophic lateral
sclerosis’. Among, we found 54 listed genes to overlap with our 225 up-DPpGCs, 3 of which, Csmd7, Sox5,
Cdh4 were among the aforementioned 6 up-DPpGCs with highest statistical significance (Fig. 5A, B). The
total list is found in Table S1. Notably, all of these disease-associated genes were also positively
screened in the category of ‘'GWASds SNP-Phenotype Associations’, indicating relevance as for symptom
manifestation and disease penetrance.

In the context of a second, high-quality curated repository, the National Human Genome Research
Institute — European Bioinformatics Institute (NHGRI-EBI) Catalog of human genome-wide association
studies [71], approximately 350 variant associations were displayed for the trait ‘ALS’, underlying defined
GWAS curation cutoff values of p-value < 1.0 x 10~ ° for single SNP-traits as described in the recently
updated deposition resource [71]. From this database collecting human associations only, we could
extract 237 unique genes associated with ALS (state: 16/01/2023), 19 of which were overlapping with
our 225 up-DPpGCs (Fig. 5A, B; Table S1). These comprised the genes Adamtsl1, Asic2, Camta1, Creb5,
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Ctnnd2, Dach1, Dpp6, Erbb4, Grid1, Itpr2, Kalrn, Kcnmb2, LamaZ2, Lama3, Macrod2, Mir99ahg, Opcmi,
Ptprn2, and Trom8. Notably, 10 of them, Asic2, Ctnnd2, Creb5, Erbb4, Itpr2, Kalrn, Lama3, Macrod?2,
Opcml, and Ptprn2, were recorded both in the Harmonizome and NHGRI-EBI study assortment (Fig. 5A, B;
Table S1). In total, we found 63 out of the 225 up-DPpGCs, 28.0%, as being indexed in these two
databases (Fig. 5A, B; Table S1). The convergence of ALS risk gene considerations established in
experimental studies and human GWAS with our eccDNA analyses is comprehensively illustrated in

Fig. 5A and B and detailed in Table S1.

EccDNA levels in ALS correlate with the ALS proteome

To investigate whether genes prone to form eccDNA were also affected at the proteome level, we
assessed changes in protein abundances in hSOD7%%34 and control spinal cord via mass spectrometry.
Proteins found to be differentially expressed in the ALS proteome when referenced to the healthy control
proteome (g-value < 0.05; absolute average log, ratio > 0.38; Fig. 5C) were extracted from a cell
compartment-specific analysis (Fig. 1F, G). In total, 3,312 differentially expressed proteins (DEPs) were
identified. Purity of the 5 subcellular fractions harvested was recently confirmed mass spectrometrically
by marker proteins (unpublished data). Overall, when relating our ALS-specific catalogue of eccDNA
hotspot genes to the ALS sub-proteome in the respective cell compartment, we found that the highest
percentage of eccDNA releasing genes in ALS had counterparts in the Cysk (2.0%) and sNE (1.4%)
fractions, followed by comparable percentages in the CP and cNE fractions (1.3% and 1.2%), and lowest
in the ME fraction (0.8%) (Fig. 5D).

In total, 42 out of the 225 up-DPpGCs, i.e., 18.7%, exhibited a coincidentally altered protein level under
ALS relative to control conditions in at least one of the cellular subfractions (Fig. 5A-C). While all involved
genes were up-producing eccDNAs in the hSOD7%934 mutants compared to controls, protein counterparts
were either up- or downregulated (Fig. 5C). DEP pendants for the up-DPpGCs with strongest g-values (-
log,o scaled) were mainly discordantly down-regulated (Fig. 5C). Seventeen of these 42 DPpGC — DEP
tandems overlapped with ALS-associated gene annotations in the Harmonizome database, including
Cadm?2, Cdh4, Cdh13, Ctnna3, Dclk1, Gria3, Grm7, Grm8, Itpr2, Lama3, Macrod2, Plcb1, Prmd16, Ptprn2,
Rbfox1, Wwox, and Zbtb20 (Fig. 5A-B; Table S1), two of which, Macrod2, and Itpr2, also intersected with
the human GWAS catalogue (Fig. 5A-B; Table S1). Additionally, the DPpGC — DEP pairs related to Dpp6
and LamaZ2 were found registered in the human GWAS database (Fig. 5A-B: Table S1). Thus, 19 out 42,
i.e., 45.2% of the DPpGC — DEP couples were ascribed to an ALS risk (Fig. 5A-B; Table S1), indicating
triple DPpGC-DEP-GWAS risk associations. In comparison to the 28.0% of all up-DPpGCs that were
overlapping with ALS risk gene annotations (Fig. 5A-B; Table S1), these protein correlations strengthened
our preceding indications of an ALS-related, SOD7¢?3A- coined eccDNA profile in the spinal cord of
affected animals. Prevailing functional denotations associated with the up-DPpGC — down-DEP pairs,
according to GeneCards® annotations complemented by manual research, are summarized in Fig. 5E.
Itemized are neurotransmitter homeostasis, synaptic transmission, establishment of neuronal projections,
cytoskeletal reorganization, cAMP/cGMP homeostasis and DNA repair, all of which are of relevance in the
ALS pathology. Screening of single cell expression clusters based on the Human Protein Atlas (2022)
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proved that the genes underlying these DPpGC — DEP tandems were predominantly expressed in neurons
and glia entities, and some of them showed neural and muscular clusters (Fig. 5F).

Additionally, the majority of DPpGCs that remained devoid of a DEP pendant were generated from
neuronal genes, as indicated by gene set enrichment analyses (GSEA) (Fig. 6A). Among the gene
ontology (GO) terms enriched, our analyses discovered the class of ‘adenylate cyclase modulating g
proteins’ as an overrepresented category that included 10 related genes, Adcy2, Akap13, Chrm3, Gng2,
Grm7, Grm8, Htrd, Pde4b, Rims2 and Rit2 (Fig. 6A), all of which up-produced DPpGCs under ALS
conditions. The entire fraction of PpGCs generated from genes of the adenylate cyclase signaling
pathway are displayed in Fig. 6B, and their numerical overrepresentation is illustrated in the violin plot of
Fig. 6C.

Higher number of PpGCs from RDC neural coding genes in
ALS than in controls

To explore a putative preponderance in eccDNA production by chromosome structure as found described
recently [72], the parent /oci of the 225 up-DPpGCs in ALS were mapped back to the murine chromosomal
set (Fig. 7A). No chromosome proved to be significantly enriched in up-DPpGC shedding (Fig. 7B).

Predisposing factors for genes to liberate eccDNA can be structural or functional, and might be
associated with susceptibility /oci for DSB. For mice, 27 neural coding genes are known to harbor
recurrent DSB clusters (RDC), as demasked under conditions of deficient DNA repair and replication
stress [73]. Ten of these 27 RDC genes (37.0%), i.e., Csmd1, Csmd3, Ntm, Cdh13, Magi1, Grik2, Rbfox1,
Ctnnd2, Cadm2 and Wwox also occurred in our list of up-DPpGCs in ALS, emphasizing the role of
genomic instability in ALS-related circular DNA production. We assessed the differences in PpGCs
between ALS and controls for the complete set of these 27 RDC genes (Fig. 7C) and found a higher
number of RDC-related PpGCs in ALS than in control specimens (Fig. 7C-D), implicating a FC of 3.6185

for the ratio built from the ALS and control means (p-value = 3.170426).

No difference in extrachromosomal telomere repeats
between ALS and controls

Telomeres are particularly susceptible to oxidative stress compared to the bulk genome [74]. We therefore
tested whether telomeres were more prone to form eccDNA in the ALS model by estimating the sample-
specific length of telomeric TTAGGG minisatellites on eccDNA circles, termed extrachromosomal
telomere repeats (ECTR). We observed slightly longer ECTR in control as compared to ALS samples

(Fig. 7E), with the difference being more pronounced for the range of 5-10 repeats (Fig. 7E). To estimate
the total ECTR length, a sequence of 4 hexanucleotide repeats was chosen since this length was not
exceeded in most samples. The mean total TTAGGG repeat length on ECTR showed high inter-sample
variability (Fig. 7F) but was predicted to be 35.1 + 6.8 Kbp (n=10) for control samples and 30.5+ 16.9
Kbp for ALS samples (n=9) and thus was comparable between the groups (p~value = 0.397; Fig. 7F).
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Common PpGCs in ALS are frequent and predominantly
specific

To further identify PpGCs that are common either in the control or ALS group, denoted as CPpGCs, we
employed the democratic method that shows a group-intrinsic over-representation independently of an
inter-group differentiation. To find the minimum eccDNA production values to be considered as a positive
vote, the empirical distributions of the PpGCs were assessed for ALS and control samples (Fig. 8A-B). As
threshold parameter served the ceiling of the maximum, which was 8 and 9 for control and ALS,
respectively. Considered were all genes that cumulated at least 3 votes (Fig. 8C-D).

In total, we identified 72 CPpGCs in ALS (Fig. 8D), 25 of which were among the DPpGCs already retrieved
with the DifCir algorithm. Notably, the CPpGCs derived from the Scn7a gene and those originating from
the Cdkall, Chchd3, Dcc, Fhit Naaladl2, Pbx1, and Sorcs2 genes intersected with the NHGRI-EBI and
Harmonizome databases, respectively. The remaining expanded the ALS eccDNA profile. By contrast, only
one CPpGC was detected in control samples, Mir100hg (Fig. 8C). The miRNAs deriving from the miR-
100/let-7a-2/miR-125b-1 cluster host gene, Mir100hg, are transcribed in spinal cord and upregulated in
presence of the hSOD7%%34 mutation [75]. Likewise, miR-725b-5p is induced in FUS-mutated motor
neurons and therein associated with an impaired DDR and DNA damage accumulation [76]. According to
such role, CPpGC from this gene was also found in the ALS samples. Hence, it was not specific for
healthy spinal cord tissue. Notably, miRNAs from this cluster can also modulate inflammatory responses
that might be relevant for ALS [77, 78].

EccDNA carry full genes

When screening all eccDNAs for full gene sequences, independently of thresholds for differential
production and sample types, we gathered replicates of 235 uncropped genes or pseudogenes (Fig. S6, A-
B), 69 of which carried coding functions. Notably, 100% of the ALS samples provided full gene eccDNAs
excised from numerous gene /oci (u = SEM =0.085 + 0.011; Fig. 8E). By contrast, 80% of the control
samples embedded full genes on their circles, involving a minor number of gene /oci (0.028 + 0.0062;

Fig. 8E). These data attest a significantly higher probability to excise full gene sequences from the ALS
than from the control genome (pvalue = 4.19" ®). Regarding inter-sample recurrence, the immunoglobulin
K joining-2 and - 3 (Igkj2, Igkj3) loci were iterated by two ALS samples (Fig. 8E) and thus showed minor
sample overlap. As the underlying highly repetitive, polymorphic /ocus is subjected to V-D-J
recombination, class switch recombination and somatic hypermutations [79], all of which are engaged in
eccDNA genesis, it might reflect a general source of circular DNA synthesis, unrelated to the ALS
pathophysiology, or originate from residual blood cells in the extracted samples. Accordingly, most
prominently represented were the lymphocyte-related Tra/Trb and Igh/Igl loci encoding B- and T-cell
receptor specificity in response to pathogens and other antigens. A second cluster relied in sensory
receptor signaling engaging the extremely large O/fr multi-gene family [80]. In conclusion, as lacking intra-
group re-occurrence and presenting with single-event eccDNA, whole genes did not contribute to ALS
hotspot /oci.
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Discussion

The role of circular DNA in CNS disorders and in clinically and genetically heterogeneous ALS [81] is
undefined. Here, we show that in spinal cord of symptomatic hSOD7¢93A4 mutant mice mimicking an ALS
phenotype the release of eccDNA is several-fold increased, especially from 225 genes. Notably, the inter-
sample iteration rate of the statistically top 6 eccDNAs showing a profiled overproduction uniquely in the
ALS group was 89-100%. Among the 225 hotspot genes, 63 were found associated with an ALS risk in
GWAS [70, 71], and 42 paralleled an altered abundance at the protein level. A dual itemization in ALS risk
datasets and change at the protein level applied to 45.2% of the DPpGC — DEP tandems. Functional
interrogations indicated that many of these pairs carry specific roles in CNS and neuromuscular cell
biology, such as in glutamate homeostasis, synaptic transmission, neurotransmitter release, development
of axonal projections, cytoskeleton organization and DNA damage and repair. In contrast to the eccDNA
— GWAS alignments, these DPpGC — DEP couples exhibited an even more specific pattern in that they
covered neuronal processes with capability to counteract the damage profile incurring in ALS, as being
coined by synapse loss, calcium dyshomeostasis, degradation of the cytoskeletal architecture and DNA
damage. Broader eccDNA-related functions, though also with an established role in ALS, encompassed
regulations of DNA and RNA binding, RNA splicing, gene transcription, mitochondrial enzyme function
and autophagy. As the eccDNA-corresponding gene products with a specific neuro-muscular location and
function were primarily reduced in the ALS proteome, up-production of mapping eccDNA species might
reflect increased DNA damage in these genes, as they might be preferentially transcribed to
compensation for the ALS-related functional loss. This scenario might hence propagate a loss-of-
function vicious circle. By contrast, most of the gene products involving ubiquitous biological relevance
were up-produced both at the eccDNA and protein level.

Irrespective of protein pendants, GSEA of our 225 hot spot genes identified the adenylate cyclase
modulating g protein coupled receptor signaling pathway to be among the most enriched GO terms,
involving at least 10 related genes, i.e., Adcy2, Akap13, Chrm3, Gng2, Grm7, Grm8, Htr4, Pde4b, Rims2,
Rit2. G-protein coupled receptors (GPCR) belong to a large heterogenous membrane receptor family that
transmits cellular signals through the modulation of adenylyl cyclase activity, followed by changes in the
intracellular concentration of cyclic AMP (cCAMP). Proteins that interfere with GPCR signaling can
modulate the cGAS—-STING pathway, a pro-inflammatory cascade that serves as an immune-sensor of
ectopic, primary double-stranded DNA [for review, see 82, 83]. Upon binding of ectopic DNA, the cyclic
GMP-AMP synthase cGAS catalyzes GTP and ATP conversion into GMP-AMP (cGAMP), which binds to
STING, a stimulator of type I interferon (IFN) genes. Consecutive type | IFNa/B responses are reciprocally
suppressed via TGF-B signaling [84]. Apart from the GO enrichment of GPCR, we identified several up-
DPpGCs in ALS, Thsd4, Dach1, Wwox, Prdm16, Mgat5, and one miRNA gene, Mir100hg, in the category of
CPpGCs in ALS and controls that operate in the antagonization of TGF-8 signaling [77, 85-89]. This link
could mean that eccDNAs, in their entity as ectopic DNA, influence innate immunity via cGas—STING in
ALS. In support, both GPCR and cGAS—STING targeting has recently been discussed as a putative novel
therapeutic target in ALS [48, 51, 90]. Derepression of cGAS—STING might have particular relevance in
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hSOD1%73Arelated ALS as oxidative damage triggers resistance towards TREX1 nuclease activity, which
degrades ectopic and extrachromosomal DNA [91].

Whether the large muscular dystrophy gene ‘like-acetylglucosaminyltransferase, or Large, which was
among the top eccDNA hot spot genes, might have a role in ALS, deserves further explorations. Mutations
in the LARGE gene, encoding a glycosyltransferase essential for dystroglycan glycosylation, causes
muscular dystrophy in humans that is also entailed by defects in signal transmission at neuromuscular
junctions and CNS pathologies.

As a third observation linked to ALS, among the eccDNA — DEP couples we identified several members of
the IgLON family, Negr1 (IgLON4) and Ntm (IgLON2), with Ntm ranking among the eccDNA hotspots with
the strongest statistical regulation. Opcm/ (IgLONT), which completes this family of cell adhesion
molecules together with /gLONS, was also among the 225 eccDNA hotspots though missed a protein
correlate. The human IgLONS family is part of an immunoglobulin superfamily abundantly expressed in
neurons, and which is related to the autoimmune-encephalitic and neurodegenerative Anti-IgLONS
syndrome, an important differential diagnosis in motor-neuron disease-like phenotypic presentations
involving muscle weakness, stiffness and fasciculations [92-94]. Therefore, it appears tempting to
assume that the accumulation of a non-random eccDNA collection is released in direct connection to the
neuro-muscular pathology. Similarly, when assessing healthy skeletal muscle in humans, Mgller et al.
could identify the highly transcribed TTN gene as a hotspot from which eccDNA is released with higher
probability than from other /oci [37]. Whether such patterned eccDNA profile detected here operates as a
direct genomic modifier with putative impact on the gene products and the disease course needs further
evaluation, e.g., via CRISPR-C-mediated phenotype characterizations [95]. The possibility that eccDNAs
interact as si-like RNAs [46] or as mobile modifiers [47] with linear chromatin structure and ALS-related
pathogenicity genes will be of great clinical momentousness. The high inter-sample repetition detected
for the eccDNA hotspots might further allow these eccDNA to serve as novel biomarkers in ALS, and have
the potential to complement the recently defined cut-off values for neurofilament light chain [96] or the
suggested biomarker role of miRNAs [97].

Neuronal genes are prominent as for their large sizes that predispose for RDC [73] and eccDNA release
[72]. While our computational differential analysis method, DifCir, scales for gene length, we further
referenced the eccDNA hotspots to corresponding gene sizes and ruled out a strong correlation. Thus, a
bias by gene size does not explain the neuro-muscular dominance of expression and function of the 225
genes identified. Rather, these observations are in accordance with our hypothesis that eccDNA arises
from genomic instability in the SOD76?3A-related ALS model. Also, a broad number of our hotspot genes
were among the neural genes recently identified in neural stem and progenitor cells to form RDC as
demonstrated under conditions of c-NHEJ repair deficiency and replication stress [73]. Though
significantly associated with gene length in their study, the moiety of large genes that harbored RDC
accounted only for a small portion of all, actively transcribed neural target genes larger than 100 Kbp, and
normalization for gene length still identified these genes as fragile /oci[73]. Thus, gene size is apparently
not a sufficient parameter to explain their preponderance for eccDNA or RDC formation. Mechanistically,
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as these genes are highly conserved between mouse and human, and biologically related to nervous
system development and skeletal muscle maturation and related to an ALS risk in several instances, they
might unmask ALS as a neurodevelopmental rather than a pure neurodegenerative disorder. In support is
the continuing conjecture that ALS etiopathogenesis is initiated early in development and might also
have a preclinical origin in stem and progenitor cell deregulations. The studies that currently address
adult neurogenesis in ALS patients and rodent animal models are mainly carried out in the context of
SOD1 variants and suggest altered neural progenitor cell (NPC) proliferation, migration and commitment
in adult neurogenic niches of brain and spinal cord [98—-100]. As mutant NPC are particularly vulnerable
towards oxidative stress [101], genomic instability in these lineage precursors might be a yet
unconsidered factor in SOD7-related ALS manifestation. Further studies will elucidate whether RDC
identified in mice can predict common fragile sites in ALS patients, possibly via eccDNA profiling.

Still, our study faces certain limitations. Evidence for the accumulation of patterned eccDNA is currently
restricted to our ASOD7%%%4 animal model of ALS. The phenotype in this mutant is expected to arise from
a genotoxic gain-of-function in peroxidase activity rather than impaired SOD1 dismutase properties [7,
25]. Therefore, this study can profit from a second control group that overexpresses WT hSOD7 with a
copy number similar to the mutant allele. As WT ASOD17 overexpression reduces oxidative stress and DNA
damage under H,0, exposure, it might, however, bear some risk to overestimate the effects obtained [7,
23]. Still, study validation in other ALS models entailing impaired genome stability and protection is
required. Likewise, due to the propensity to form co-transcriptional R-loops at disease-relevant repetitive
sites, C9orf72 mutants will provide valuable information as for the contribution of DNA:RNA hybrids in
circular DNA genesis also in other neurodegenerative repeat expansion disorders. Finally, expansion of
eccDNA analyses to other non-replicative tissues and liquid biopsies will validate the CNS-specificity of
the current observations and help set thresholds of eccDNA loads in ALS neurodegeneration. Further
specifications in male and female mice will aid elucidate the sexual dimorphism encountered in younger
ALS patients at the genome level and improve our understanding of sex-related genotype-phenotype
presentations.

Methodically, our RCA- and short read-based algorithm is likely to underestimate long-read eccDNA.
Therefore, strategies that allow the generation of high-confident consensus sequences of full eccDNA
length, such as Nanopore or PacBio sequencing technologies will improve the characterization of eccDNA
in the CNS. For a refined understanding of the eccDNA source mechanisms, analysis pipelines that
resolve complex eccDNA composites from multiple break events are necessitated. Applying such
advanced technologies, Wanchai and colleagues recently suggested that only 1-2% of the circles in
murine cortical tissue comprise a complex, multi-locular genomic origin [102]. Accounting for the
suggested capability to embed pathophysiologically impactful sequences, in analogy to the recently
described regulator and enhancer functions of long ecDNAs in tumors [47], the modes of interaction with
the linear genome will greatly broaden our understanding of small eccDNA in the context of neurological
disorders. To allow conclusions in humans and to understand whether eccDNA can be an early causal
event in ALS, as suggested for cancer [103], future investigations are required.
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Conclusion

Our study shows, for the first time, the accumulation of eccDNA in ALS neurodegeneration and is the
unprecedented approach to couple episomal with genome-encoded variations in ALS. Given that the
primal susceptibility to produce eccDNA originates from mutations in ALS-related genes that operate in
genome protection, it might represent a yet unconsidered genomic factor on which clinically
heterogeneous, but indiscriminate fALS and sALS entities converge on. Prospective studies covering
quantitative and qualitative eccDNA profiles in other neurodegenerative disorders and in non-CNS tissues
will reveal whether eccDNA can qualify for a diagnostic or predictive biomarker role in f/sALS and even
have a causal role in neurodegeneration. In conclusion, eccDNA might add up a new, heteroplasmy-like
factor that drives somatic mosaicism and contributes to the genetic, and putatively clinical heterogeneity
in ALS.
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Experimental setup and workflow for circulomics and proteomics profiling in spinal cord. A. Total DNA
was purified from cervical myelon of control and symptomatic A/SOD7%%34 mutant animals. B. Circular
DNA purged from linear DNA was amplified and assembled. C. EccDNA was subjected to short-read
sequencing and mapped to genomic coordinates. D—E. Computational quantitative algorithms were
generated that in silico reconstructed circle sizes, determined the originating genomic coordinates and
profiled them as being common or different in each group. Moreover, algorithms were designed to find
full gene and telomere-specific circles. Filter means excluded mitochondrial circular DNA. F—G. Mass
spectrometry-based proteomic studies were performed on cervical spinal cord in a cell compartment-
specific manner, dissecting 5 subcellular fractions. Changes in protein abundances between ALS and
control specimens, as exemplified in the heatmap for the cytoplasmic (CP) fraction, were selected for
eccDNA-related gene products. H. Output genes from eccDNA and proteome analyses were referenced to
GWAS. For eccDNA analyses, n =9 for ALS and n = 10 for control samples. For MS studies, n = 5 for both

groups. ALS, hSOD7%%34 mutant samples; Ctrl, control samples.
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Figure 2

Length-adjusted frequencies of unique eccDNAs. A. Exemplified for a control (C8; blue) and ALS (AS8; red)

sample are the length-determined frequencies of unique eccDNA species, as assessed across the entire

murine chromosomal set up to a size of 10% bp. B. Plateau of eccDNA frequencies (in %) between 102

and 10% bp. C. Periodic enrichment of eccDNAs up to a size of 102 bp in both groups. Vertical lines mark

the local peak maxima after smoothing. D. Bar plot indicating cumulative numbers of unique eccDNAs
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for each control (C1-C10 in blue) and ALS (A1-A9 in red) sample up to a size threshold of 10° bp. E. Violin
plots of the length distributions of eccDNAs (< 10° bp) across all murine chromosomes as exemplified for

a control (C8) and ALS (A8) sample. Mean and median eccDNA read lengths derived from each

chromosome are displayed as red crosses and green squares, respectively. Data points are overexposed
in light blue. For controls, n = 10; for ALS samples, n=9.
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Identification of a distinctive eccDNA profile in ALS based on split-reads differential analysis. A. For
differentiation of PpGCs in ALS and control samples, boundaries were set at log, FC 1 (FC 2 in linear
scale) as indicated in the pairwise scatter plot by diagonal black lines. PpGCs spectra are visualized by
histograms (blue). Those up- or down-produced in abscissa compared with ordinate samples are shown
with green and red dots, respectively; orange dots indicate significant DPpGCs from selected genes. Color
bar depicts scattering density, with darker blue corresponding to higher scattering density. PpGCs levels
are scaled in log,. B. Volcano plot of the PpGCs in ALS versus control samples. The vertical black lines
are the boundaries of the log, FC 1 thresholds in the eccDNA production levels between the groups. The
horizontal black line is the 2-boundary of the p-value in -log;, scale (corresponding to p-value = 0.01 in
linear scale) in ALS versus control samples. PpGCs beyond these thresholds were inferred to be
significantly distinct from control eccDNAs and denominated as DPpGCs. Their distributions are
visualized by histograms. DPpGCs up-produced in ALS samples are indicated with green dots; orange
dots indicate the most significant DPpGCs. C. Heatmaps of the 225 genes that led to up-DPpGCs
formations in ALS relative to control samples. Color bars codify the value of PpGCs in log, scale. Higher
level of difference corresponds to a redder color. The -log;y(p-value) of the up-DPpGCs and the FC in log,
scale are presented in a two-column table to the right of the respective heatmaps. These annotations are
displayed in descending order of statistical significance. Gene names in red mark the cases with
corresponding proteome changes.

Page 35/43



\‘C' . .j.'l 1 ‘ ”I:
.‘II . ] L 14z "
P‘ ] % L 0 1
c10 . ..
co _ ) ‘
c8 ! - 1 | 1 Ty i
c7 L N 1 - L . .
CG a7 RET 1w
C:—) i F 3
04 “0 (1 £l
c3 1630 "
c2 151 - a5 i "
C 1 | HP— e . - - " - ns i BN E——— al
Large? Csmd1 Sox5
- - - ot ol ) - - ) o - - o s - - .
- L .
.I.II.\ " b 18
o . l
Ad | »w 1 11
.;'III.':: | " l)lla
!\\2 2 A3
A1 _ '. -
c10 ) ' e
Cg 5%
c8 N B
c7 . ’
c6 i
c5 ] -
Cd 2 o
c3 | i s
C2 " 1493
C 1 L - | | E—_— L I
Cdh4 Nitm Gainte!
B 8 > T T I T T T T T
&_ 5 R“:0.15175 '_ _
—
) o7 —
U= 7 - X e -
2 22766+5.AT4T —F—
() .
E -
©
> =
Q
o
-
o -
‘—? 1 i 1 1 1 1
2 2.5 3 3.5 4
Gene length «10°
Figure 4

Coordinates of eccDNAs hotspot /oci, gene coverages and relation to gene lengths. A. Track plots of the
loci of the six top-ranked up-DPpGCs in ALS. The genes and corresponding gene coverages represent the
results in relation to controls. Each horizontal line represents the length of a gene. The green bars
represent the deletion/excision /oci of the eccDNA. The color bars codify the value of PpGCs in a log,
scale. B. Relation between the -log,y(p-value) of the DPpGCs from ALS spinal cord and the size of the
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underlying gene. Red dots discriminate the 225 statistically significant up-DPpGCs in ALS from all other

PpGCs (blue). The red line is the regression line of the -log,y(p-value) of the statistically significant up-

DPpGCs in ALS in function of the respective gene lengths.
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Association of up-DPpGCs with ALS proteome changes and ALS risk genes. A. Venn diagram displaying
intersections of DPpGCs up-produced in ALS with NHGRI-EBI Catalog of human GWAS, Harmonizome
database, and the ALS DEPs. B. Overlap of DPpGCs (blue) with proteomic DEPs (green) and GWAS ALS
risk gene annotations (purple). In total, 28.0 % of DPpGC related genes conveyed an ALS risk in GWAS,
and 18.7 % showed a DEP pendant; an additional ALS risk annotation for those with DEP partner was
found for 45.2 %. C. Pair-correlation of DPpGCs and DEPs in ALS. Out of the 225 DPpGCs, 42 showed
altered protein abundance. While all DPpGCs were up-produced, DEPs were up- or down in content.
DPpGCs with strongest up-regulation (large dot diameters) predominantly showed discordant DEP
regulation (blue in color code). Up-DPpGCs and DEPs are illustrated in red; down-regulated DEPs are
marked in blue. sNE, soluble nuclear fraction; cNE, chromatin-bound nuclear fraction; Cysk, cytoskeletal
fraction; CP, cytoplasmic fraction; ME, membrane fraction. n =9 for DPpGCs; n = 5 for DEPs. p-value for
DPpGCs =< 0.01; g-value for DEPs < 0.05. Threshold average log, ratio for DEPs > 0.38. D. Percentages of
DPpGCs pair-correlated with DEPs in the 5 proteomics fractions in ALS. E. Cellular functions of the 42
DPpGC - DEP tandems, according to GeneCards (https://www.genecards.org/cgi-bin/carddisp.pl?gene).
Pairs conveying neuronal and ALS-counteracting functions were primarily down-regulated (blue on color
bar), while those mediating a more general cell biology were up-regulated (red on color bar). Some
functional categories were either up- or downregulated in the different cellular subfractions (purple on
color bar). F. Color-encoded in the map are the cell types with enriched expression of the individual genes,
as assessed from the Human Protein Atlas. The cell type with clustered expression is indicated in the
heading. White background color indicates no clustering. NEU, neurons, OLG, oligodendrocytes; AST,
astrocytes; MIC, microglia; SM, skeletal muscle cells.
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Figure 6

Gene set enrichment analyses (GSEA) for the 225 DPpGCs up-regulated in ALS. A. Functional categories
and GSEA representing genes ranked according to their log2 (p-values). B. Heatmap of all eccDNA
embedded genes (DPpGCs and PpGCs) that are related to the adenylate cyclase modulating g protein
signaling pathway found enriched by the GO term analyses given in (A). C. Violin plot of the eccDNA-
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related genes assigned to the GO term ‘adenylate cyclase modulating g protein pathway’ in the control
and ALS samples. The graph reveals a numerical enrichment of gene representants in ALS.
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Chromosomal mapping of DPpGCs, of PpGCs in RDC genes, and telomere related ECTR. A. Chromosomal
landscaping of the genomic /oci giving rise to statistically significant up-DPpGCs in ALS relative to
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controls. B. Chromosome-specific up-DPpGC enrichment scores in ALS. C. Heatmap of the PpGCs derived
from the 27 RDC-associated neural coding genes identified in mice [73], as detected in control and ALS
samples. D. Violin plots illustrating the distribution of the PpGCs from the 27 RDC-associated neural
coding genes in controls and ALS. The blue circle and the red cross mark the position of the median and
the mean of the distributions, respectively. E. Length (log4g) of repetitive telomere structures (ECTR) on
eccDNA estimated for different numbers of hexanucleotide repeats in control (blue) and ALS samples
(red). F. Length of ECTR estimated for at least 4 hexanucleotide repeats for each control (blue) and ALS
(red) sample per group. C, control samples; A, ALS samples; ECTR, extrachromosomal telomere repeats.
For ALS samples, n = 9; for control samples, n = 10.
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Figure 8

Inter-group distribution of the common PpGCs (CPpGCs) and full gene eccDNAs. A—B. Histogram of all
PpGCs in (A) control and (B) ALS samples. The vertical red line shows the position of the maximum of
the distribution. C—D. Heatmaps of the CPpGCs in (C) control and in (D) ALS as obtained with the
democratic method. The color bars codify the value of the PpGCs a log, scale. The number of votes for
each CPpGC is presented in tables to the right of the heatmaps. E. Boolean heatmap of the entirety of
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whole coding genes embedded in eccDNA in any of the samples. Blue and red colors correspond to the
presence and absence of full genes, respectively.
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