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Summary

Persistent DNA double-strand breaks (DSBs) in neurons are an early pathological hallmark of
neurodegenerative diseases including Alzheimer’s Disease (AD), with the potential to disrupt
genome integrity. We used single-nucleus RNA-seq in human post-mortem prefrontal cortex
samples and found that excitatory neurons in AD were enriched for somatic mosaic gene fusions.
Gene fusions were particularly enriched in excitatory neurons with DNA damage repair and
senescence gene signatures. In addition, somatic genome structural variations and gene fusions
were enriched in neurons burdened with DSBs in the CK-p25 mouse model of neurodegeneration.
Neurons enriched for DSBs also had elevated levels of cohesin along with progressive multiscale
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disruption of the 3D genome organization aligned with transcriptional changes in synaptic,
neuronal development, and histone genes. Overall, this study demonstrates the disruption of
genome stability and the 3D genome organization by DSBs in neurons as pathological steps in the
progression of neurodegenerative diseases.
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Introduction

DNA damage and defective DNA repair are hallmarks of aging and several
neurodegenerative disorders including Alzheimer’s Disease (AD)1-3. Neurons are generally
post-mitotic cells that can last the life span of an organism making them especially
vulnerable to the accumulation of DNA repair defects. Studies using post-mortem human
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brain samples show that neurons, astrocytes, and oligodendrocytes accumulate DNA double-
strand breaks (DSBs) early in the progression of AD24-7. In addition to pathological
sources of DNA breaks, neurons also actively induce both DSBs and single-stranded breaks
as part of their normal physiology®11. Further, extensive active demethylation following
neuronal activity through the Tet-TDG pathway-associated base excision repair can also be
a source of DNA breaks812.13, While several studies have focused on understanding DNA
repair mechanisms in AD, only a few studies have attempted to understand the epigenetic
consequences of DSBs in AD%14.15,

Persistent DSBs are drivers of genomic instability'8. The major repair pathway that resolves
DSBs in neurons is the non-homologous end-joining (NHEJ)17. However, NEHJ is error-
prone and can cause genome structural variations, potentially leading to gene fusions with
pathological gain or loss of function!8-20, These pathological effects of structural variations
are well demonstrated in various cancers?1:22, In addition, structural variations have the
potential to rewire genes with ectopic regulatory elements23-25, Therefore, the observation
that DSBs accumulate in neurons in the early stages of AD begs the question of whether
these DSBs lead to genome structural variations in neurons26.

The genome is hierarchically organized at different scales within the nucleus. Chromatin
interactions including chromatin loops form self-interacting topologically-associating
domains (TADSs) that spatially segregate in the nucleus to give rise to the transcriptionally
active and repressive compartments. This organization of the genome is closely associated
with several fundamental biological paradigms including gene expression, DNA replication,
genome stability, DNA repair, development, cell cycle, antibody repertoire generation by
V(D)J recombination, etc. to name a few among the growing list of processes regulated

by the 3D folding of the genome27-3%, There is now emerging evidence that the 3D

genome is actively regulated during learning and memory formation 36-41, Further, the
disruption of 3D genome organization has been demonstrated in neurodevelopmental and
neurological neurodegenerative disorders such as Huntington’s disease, Fragile X syndrome,
Down syndrome, etc. 4243, Chromatin accessibility has also been shown to be disrupted

in the AD brain 4445, Other studies have demonstrated how disease-associated SNPs in non-
coding areas of the genome influence genes associated with diseases including Alzheimer’s
Disease (AD) 46-50, DSBs have the potential to directly affect the 3D genome organization
51-54 persistent DSBs in neurons could also indirectly impact the 3D genome organization
through genome structural variations®>-26,

To explore the genomic consequences of DSBs in Alzheimer’s Disease, we used both
human postmortem brain samples and a mouse model of neurodegeneration that recapitulate
the pre-symptomatic accumulation of DSBs. We show increased gene fusions, genome
structural variations, and changes in 3D genome organization in neurons harboring DSBs.
Our results demonstrate the disruption of genome stability and the 3D genome organization
mediated by DSBs as pathological steps in the progression of neurodegenerative diseases.
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Results

1. DSB-bearing neurons have mosaic genome structural variations in neurodegeneration

We obtained post-mortem human prefrontal cortex brain samples from 47 Religious
Orders Study and Rush Memory and Aging Project (ROSMAP) participants and classified
them into 23 non-pathologic AD individuals (NIA-Reagan 3—4) and 24 individuals

with pathologic AD (NIA-Reagan 1-2). We used well-based single-nucleus RNA-seq full-
transcript profiles (snRNA-seq, Smart-Seq2 v2.032) across all 47 individuals and obtained
6,180 cells (5,421 after QC) (Figure 1A, S1A, B, Table S1, page 1)°7. We used known
marker gene expression to annotate 2,121 oligodendrocytes (39.1%), 1,170 excitatory
neurons (21.6%), 255 microglia (4.7%), 221 inhibitory neurons (4.1%), 220 astrocytes
(4.1%), 94 OPCs (1.7%), and 40 endothelial cells (0.7%) (Table S1, page 2). We also
identified a cluster of 1,300 cells (24%) that we refer to here as “unidentified/dying” with
reduced transcription, and loss of cell-type-identity markers, positioned between neurons
and oligodendrocytes in the two-dimensional t-SNE cell embedding. This cluster also had a
lower number of reads and genes per cell, indicating that they are unlikely to be doublets
(Figure S1C).

We then called mosaic gene fusion events in each cell independently, using STAR-fusion

to detect chimeric snRNA-seq reads mapping between two genes as a proxy for genome
structural variations (Table S1, page 3)°8. As expected, the majority of cells did not have
any gene fusions, and 95% of the cells with gene fusions had between 1-4 fusion events
(Figure S1D). Only 3.3% of pairs of genes involved in intra-chromosomal fusions were
adjacent to each other, making gene fusions due to RNA polymerase run-through unlikely
as a major source of false positives (Figure S1E, F). We quantified enrichments of putative
fusion events across multiple conditions using a negative binomial regression framework
controlling for cell quality and individual-level covariates including post-mortem interval,
sex, and age of death. Strikingly, we found that gene fusions were significantly enriched

in cells from individuals with AD pathology as ascertained by the NIA-Reagan score
(pathology diagnosis, AD=1-2 and non-AD=3-4) relative to cells from non-AD individuals
(adj. p-value=0.046). We also found that gene fusions were significantly enriched in

cells from late-AD individuals, as defined by the presence of neurofibrillary tangles

(NFTSs) in their prefrontal cortex (Braak stages 5-6 versus non/early-AD stages 1-4, adj.
p-value=0.00031) (Figure 1B). Stratifying the gene fusion enrichment by cell type revealed
that excitatory neurons in particular were enriched for gene fusions and that they showed a
higher effect size compared to all other cell types in late AD individuals (Figure 1B, S1G).
To validate these results in a second cohort of individuals, we used 10x sSnRNA-seq data

for over 2 million cells from 380 individuals (profiled in the accompanying Mathys et al.
study®9). We re-aligned and called fusions on the 10x SnRNA-seq reads to detect gene fusion
junctions involving the 3’ end of the 10x cDNA molecule. Repeating the analysis done

in the Smart-seq2 cohort, we observed significantly increased gene fusion events (adjusted
p-value<0.001) in cells from AD individuals compared to non-AD individuals as ascertained
by NIA-Reagan and Braak stage (late-AD versus non/early-AD) (Figure 1B, Table S1, page
4).
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Since genome structural variations can result from errors in DNA repair and as DNA

repair pathways can be up-regulated in the presence of DNA damage, we asked whether
cells with increased activity of specific damage-associated and normal neuronal genes
showed different gene fusions burden8%, We scored all cells in the Smart-seq2 and 10x
datasets by their expression of genes involved in functional pathways (GO) related to

DNA damage, repair, senescence, neuronal, and synaptic functions. Excitatory neurons with
higher expression of DNA damage, repair, and senescence-associated gene sets (Table S2,
page 5) showed a significant increase in their gene fusion burden in the 10x dataset (Figure
1C). On the other hand, excitatory neurons with higher expression of genes associated with
neuronal identity and synaptic function were depleted for gene fusions in both datasets
(Figure 1C). Analyzing all cells jointly showed significant effects in the same directions

but with reduced effect sizes (in the 10x data) for the enrichment of fusions in repair,

DNA damage, and senescence-associated cells (Figure 1C). The increased mosaic gene
fusion burden in cells with these expression profiles suggests that DNA breaks in neurons
could potentially lead to a senescence-like state with increased genome structural variations.
DNA damage-related gene expression in excitatory neurons was associated with several key
measures of AD pathology in our 10x data, in line with previous studies that found a link
between DNA damage and Alzheimer’s Disease (AD) (Figure S1IH)24-7.

To investigate the genomic impact of DSBs in neurons, we utilized the CK-p25

mouse model of inducible and synchronous neurodegeneration which recapitulates the
pre-symptomatic accumulation of DSBs and expression of senescence-associated genes in
excitatory neurons®l. By using this model, we were able to isolate neurons at different
states of DSB accumulation, enabling us to more accurately assess the effects of DSBs on
genome integrity. In these mice, the expression of p25, an activator of cyclin-dependent
kinase 5 (Cdkb5), is under the control of the CamKII promoter and can be switched on by
withdrawing doxycycline from the animal’s diet through doxycycline (dox)-off system82. In
CK-p25, DSB accumulation starts at 1 week, with maximum levels of DSB at 2 weeks
after the removal of doxycycline3. Thereafter, intracellular amyloid-beta accumulation
occurs as early as 2-3 weeks after induction®4. Neuronal loss, learning deficits, and

tau hyperphosphorylation are also observed between 4 to 12 weeks after doxycycline
removal®2:64, Using fluorescence-activated nuclei sorting (FANS), we can isolate three
distinct populations of neuronal nuclei using pan-nuclear neuronal marker NeuN and DSBs
marker yH2AX. After 2 weeks of p25 induction in CK-p25 mice, we isolated 1) neurons
with high levels of NeuN and baseline levels of yH2AX (Control neurons), 2) neurons with
high levels of NeuN and -yH2AX (Step 1 neurons), 3) cells with low levels of NeuN and
high levels of yH2AX (Step 2 neurons) (Figure 1D). We previously showed that Step 2
neurons are indeed neurons that enter a later step of neurodegeneration that is characterized
by the expression of senescence and immune genes®l.

We used the previously published snRNA-seq in CK-p25 mice to test if neurons enriched
for yH2AX have increased levels of gene fusions as a proxy for increased genome structural
variation. Single-nucleus RNA-seq (Smart-seq2) was performed on all four FANS gates
(Control neurons - NeuNM9" vH2AXIOW, Glia - NeuN'oW yH2AX!oW Step 1 neurons -
NeuNPigh yH2AXN9 and Step 2 neurons - NeuN!oW yH2AXN8N ) from both CK and
CK-p25 mice induced for 1 or 2 weeks. Step 2 neurons from CK-p25 mice formed a
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distinct expression cluster, whereas Step 1 was distributed into three clusters (Ex1, Ex2,
and Ex3) between the Control (Ex0) and Step 2 clusters on a UMAP representation of

the cells (Figure 1E). Step 2 neurons were significantly enriched for gene fusion calls (p-
value=5.8e716) whereas Step 1 neurons showed a modest increase in gene fusions (p-value
> 0.05) (Figures 1F, G, S2 A-C, Table S1, page 6). We used Monocle 3 to order Control,
Step 1, and Step 2 neuron nuclei along a gene expression pseudotime trajectory®. As we
previously described, signatures of the Step 1 state (from comparing Step 1 vs Control bulk
RNA-seq) increased from Control to Step 1 and then plateaued, whereas the signatures of
Step 2 (from comparing Step 2 vs Control bulk RNA-seq) neurons continue to increase
into Step 2 neurons as a function of pseudo time81. Remarkably, gene fusion frequency
increased as a function of pseudo time, along with genes associated with senescence, similar
to the Step 2 signature. On the other hand, genes associated with DNA damage and repair
increased and plateaued similar to the Step 1 signature (Figures 1H, S2D, E). These results
show that neurons with increased DSB burden (Step 1) progress to a senescence-like state
that is characterized by increased gene fusions (Step 2).

We wondered whether increased gene fusions are the result of a general increase

in genome-wide genome structural variations. To test this, we performed long-insert
mate-pair sequencing to detect structural variations genome-wide. Here, genomic DNA

was fragmented by Tn5 transposase carrying biotinylated adaptors. The fragments were
circularized and then sheared into 200-300 bp fragments. The ligation junctions were then
enriched through biotin pull-down and paired-end sequenced (Figure 11). We first performed
mate-pair sequencing in neurons with baseline levels of yH2AX and in yH2AXM9" neurons.
Since the insert size was centered around 1-5 kb, pairs of reads that are separated by

much larger distances would indicate genome structural variations. As expected, the vast
majority of the read pairs (95.4 £ 0.9%) were separated by a distance of less than 10

kb. To measure structural variations with high confidence, we examined the percentage of
reads in each sample separated by distances of 0.2 to 1.5 Mb. We saw a modest increase
(22% increase) in the frequency of structural variations in yH2AXM9" neurons compared to
neurons with baseline levels of yH2AX (Figure S2F). Remarkably, mate-pair sequencing in
yH2AXN9N neurons partitioned into Step 1 and Step 2 revealed that Step 2 neurons had a
much higher frequency of structural variation events (241% increase), whereas the structural
variation frequency of Step 1 neurons was similar to that of Control neurons (Figure 1J).
Structural variation frequencies follow chromosome spatial organization and tend to decay
exponentially with the increasing genomic distance between the translocated 1oci30:66.67,
Consistent with this, structural variation frequencies in all samples decreased as a function
of distance (Figure 1J). These results suggest that the persistent DSBs and delayed repair in
Step 1 neurons may increase the chance of repair errors and cause them to transition into
Step 2 neurons with increased genome structural variations.

Next, we tested if inducing DSBs through an alternate mechanism would induce genome
structural variations in neurons. We treated primary cortical neurons with Etoposide (5
UM), a Topoisomerase I1b poison that induces widespread DSBs. To model the acute vs
persistent DSBs, we treated mouse primary cortical neurons with etoposide for either 2
hours (acute DSBs) or 12 hours (persistent DSBs) and allowed the neurons to recover

in a basal etoposide-free media for 36 hours. Mate-pair sequencing revealed that neurons
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with acute DSBs had similar levels of structural variations compared to DMSO-treated
baseline neurons, whereas neurons with persistent DSBs had a markedly higher frequency
of structural variation (201% increase) similar to that of the increase observed in Step 2
neurons (Figure 1J). The 2 hours of treatment with Etoposide was sufficient to induce DSBS,
as measured by yH2AX staining (Figure S2G), but not sufficient to accumulate structural
variation (Figure 1J). Together, these results show that delayed repair due to persistent DSBs
in excitatory neurons leads to the accumulation of mosaic genome structural variation.

2. Highly expressed genes and long genes are vulnerable sites of genome structural

variations.

We found that fusion genes from Control, Step 1, and Step 2 neurons had significantly
higher expression (from bulk RNA-seq) than expressed genes in neurons, suggesting that
increased transcription is associated with increased genome structural variation (Figure
2A)81. This is consistent with the finding that genome structural variation induced by
Top2B DNA breakage is dependent on transcription®8. Next, we mapped DSBs directly
using Break Labeling in situ and Sequencing (BLISS) in Control, Step 1, and Step 2
neurons and found that higher gene expression was strongly associated with increased DSBs
across Control, Step 1, and Step 2 neurons (Figures 2B, S3A)%9. Surprisingly, the level of
enrichment of DSBs at highly transcribed genes was lower in Step 1 and Step 2 neurons
compared to Control. This suggested that, while highly transcribed genes were hotspots
for DSBs, the increased DSBs in Step 1 are distributed stochastically across the genome.
BLISS uses Unigue Molecular Identifiers (UMIs) to differentiate between independent DSB
events and PCR duplicates. Therefore, conserved DSB locations across cells (hotspots)
will be associated with multiple UMIs, whereas stochastic DSBs will be supported by
fewer UMIs. Consistent with increased stochastic DSBs, Step 1 DSBs have fewer UMIs
per genomic location. Interestingly, Step 2 neurons had a UMI distribution closer to
Control suggesting partial repair of stochastic DSBs gained in Step 1 leading to possible
mosaic structural variations (Figure S3B). Finally, we observed enrichment of DSBs at the
gene fusion junctions with the highest enrichment in Control cells, indicating gene-fusion
junctions are frequent DSB locations (Figure 2C). Example top gene fusion calls (/nkaZ2—
Alp5f1 and CdipIl— Ubaldl), based on the number of fusion junction spanning fragments,
show increased gene expression and DNA breakpoints at the fusion junctions (Figure 2D,
Figure S3C). Interestingly, /nka2and Cdip1 are targets of p53, an important regulator of
senescence, and their transcriptional disruption through genome structural variation may
promote a senescent-like state’0-72,

Similar to our observations from BLISS in CK-p25, human fusion genes in excitatory
neurons also tended to have increased gene expression in both AD and control individuals
(Figure 2E). We saw a significant overlap between genes involved in fusions and a set

of actively transcribed, long neural genes that are important for synaptic function and
cell-cell adhesion and are known to harbor recurrent DSB clusters (RDC) in neural precursor
cells (Figure 2F)73. We found 25 of the 27 recurrent DSB cluster (RDC) genes in human
excitatory gene fusion calls, including CTNNDZ, LSAME, and NRXN1 (Table S1, page

7). The length and active transcription of these RDC genes likely drive their increased
propensity for DSBs and gene fusions. Across all genes, both higher transcription levels and
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increased gene length were significantly associated with increased gene fusions (Figure 2F).
The association between gene length and gene fusions was observed in mouse neurons and
is consistent with increased DSBs at highly transcribed genes and long genes (Figure 2A,
S3D, E). Interestingly, genes linked to AD by genome-wide association studies (GWAS)
were significantly longer than expected (Figure S3F) and were significantly enriched within
fusion genes (Figure 2F, Table S1, page 7)74. We also found a significant association
between fusion genes and a larger list of genes linked to AD by GWAS and polygenic risk
scores (Figure 2F) (NHGRI-EBI GWAS Catalog, ID: MONDO_0004975)7°.

Finally, to validate fusion events observed by short-read sequencing, we performed Oxford
nanopore technologies (ONT) long-read sequencing of cDNA from two AD post-mortem
samples. We identified several gene fusions which also included RDC genes (e.g. CADM_Z,
CTNND?2) (Figure 2G, Figure S3G). Taken together, these results show that increased DNA
breaks associated with long genes and highly transcribed genes make them vulnerable to
structural variation and gene fusion.

3. Neurons burdened with DSBs are associated with the disruption of 3D genome

organization

In parallel, we identified a significant elevation in cohesin complex expression along with

a coordinated increase in DNA damage response in excitatory neurons from subjects with
high AD pathology in the large-scale ShRNA-seq across 427 AD and control individuals
from our companion manuscript®. The cohesin complex is an important architectural
protein that organizes the 3D genome and is also important in DSB repair 32.76-78,

In particular, cohesin has been shown to protect against genome structural variations

79.80 Fyrther, loop extrusion mediated by cohesin and CTCF mediates the formation of
chromatin loops and self-interacting Topologically Associating Domains (TADs)’781-86_ To
directly investigate the levels of the cohesin complex in excitatory neurons with DSBs,

we stained the CK-p25 hippocampus for the cohesin subunit RAD21 after 2 weeks of
induction. RAD21 was significantly enriched in neurons with DSBs compared to those with
baseline DSBs (Figure 3A). Interestingly, SnRNA-seq revealed increased gene expression
of another nuclear architectural protein Lamin B1 (LmnbZ) in Step 1 neurons and a
subsequent decrease in expression from Step 1 to Step 2 (Figure S2E). Lamin B1 plays

a crucial role in the 3D genome organization by tethering heterochromatin to the nuclear
periphery8”. Additionally, Lamin B1 has been shown to control the release of DSB repair
protein 53BP1 and overexpression of LaminB1 impeded DSB repair leading to persistent
DSBs88. Immunohistochemistry of Lamin B1 in CK-p25 mice induced for 2 weeks revealed
increased Lamin B1 and abnormalities in the structure of Lamin B1 in neurons bearing
DSBs. Thereafter, Lamin B1 intensity decreased after 6 weeks of induction, consistent with
the snRNA-seq (Figure S4 A-C). Indeed, we show decreased Lamin B1 in late-stage human
AD associated with high epigenomic erosion in our companion manuscript (Xiong et al.89).

To investigate if DSBs and the alterations in chromatin structural proteins can impact the 3D
genome organization, we performed in situ Hi-C% in Control, Step 1 and Step 2 neurons.
Hi-C revealed genome-wide alterations in the 3D genome organization that involved both
gain and loss of long-range interactions (Figure 3B, C). Overall, there was a net decrease
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in the intensity of long-range interactions above 1 Mb, in Step 1 neurons. This was even
more pronounced in Step 2 neurons with the intensity of long-range interactions decreasing
from 0.5 Mb (Figure S4E). Chromosomes are spatially segregated into generally active

A compartment and repressive B compartment®1. While the A compartment is largely
localized to the nuclear interior, the B compartment is tethered to the nuclear periphery

by Lamin B192, Surprisingly, despite the disruption of Lamin B1, the nuclear A to B
compartmentalization derived from Hi-C was largely intact. However, approximately 8.5%
of the genome shifted compartments and these changes were generally progressive from
Step 1 to Step 2 (Figure S4 F, G, Table S1, page 8).

Since chromatin is organized into loops and self-interacting units called TADs by cohesin
and CTCF, we wondered how DSBs and the misregulation of cohesin would affect loop and
TAD organization. We used a metric called inclusion ratio that measures the ratio between
intra-TAD interactions to outside-TAD interactions to quantify changes in TAD definition
genome-wide?3. This analysis revealed an overall significant decrease in the TAD definitions
in Step 1 that was exacerbated in Step 2 (Figure 3 D, E, Table S1, page 9). Remarkably,

the accompanying manuscript by Xiong et al. describes widespread changes in cell-type
specific chromatin accessibility within excitatory neurons in human AD samples which they
term “epigenome erosion”8. This highlights the deterioration of chromatin structure and
organization as a general pathological step in AD progression.

We also observed the disruption of chromatin loops in Step 1 and Step 2 neurons compared
to control neurons (Figure 3F, Table S1, page 10). Aggregate plots of loops show genome-
wide disruption of loops involving both reduction and gain of loop intensity (Figure 3G).
Overall, more loops showed a reduction than a gain in intensity, and loop loss was much
more pronounced in Step 2 than in Step 1 neurons (Figure 3H). Given the overall reduction
in loop intensities, we wondered if loop boundaries are generally hotspots of DSBs in
neurons. We found an enrichment of DSBs at loop boundaries in Control, Step 1, and Step
2 (Figure 3I). This aligns well with the observation that loop boundaries are hotspots for
TOP2 B-mediated DNA breaks in T-cells and B-cells 28. The enrichment of DSBs at loop
boundaries was lowest in Step 1, followed by Step 2, which is consistent with the stochastic
increase in DSB burden in Step 1 and partial repair in Step 2 (Figures 31, S3B).

4. Induction of DSBs in neurons is sufficient to disrupt the 3D genome organization

Next, we sought to test if the induction of DSBs by an alternate mechanism independent

of the CK-p25 model would recapitulate the DSB-mediated effects on the 3D genome
organization. We observed increased genome structural variations in cultured primary
neurons where persistent DSBs were induced by etoposide treatment (Figure 1J). Therefore,
we wondered if the induction of DSBs by Etoposide would also elicit changes in the 3D
genome organization. To test this, we treated primary mouse cortical neurons with either

5 UM etoposide for 48 hours or DMSO. We FANS sorted NeuN*Ve neurons with high
yH2AX from the etoposide treatment and NeuN*v€ neurons with baseline yH2AX from the
DMSO treatment (Figure 4A). Next, we performed in situ Hi-C, but at a lower read depth.
We observed a reduction in TAD integrity and loop intensities similar to CK-p25 (Figure
S5A). Quantifying TAD integrity using inclusion ratio revealed a significant reduction in the
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etoposide-treated primary neuronal cultures similar to that of /n-vivo neurons from CK-p25
mice with high DSB burden (Figure 4B, Table S1, page 11). The level of induction of
DSBs, as measured by yH2AX levels in FANS, was dependent on etoposide concentration
(Figure S5B), and treating primary neurons with a lower concentration of etoposide (1 UM,
48 hours) also produced a significant reduction in the inclusion ratio (Figure S5C).

CK-p25 neurons burdened with DSBs exhibited disruption of RAD21 and Lamin B1, two
structural proteins involved in DSB repair and 3D genome organization (Figures 3A, S4A-
D). To measure the effect of etoposide-induced DSBs on levels of cohesin, we stained for
RAD21 in primary cortical neurons treated with 5 uM etoposide for 48 hours compared

to DMSO-treated control. Like CK-p25 neurons with high DSB burden, RAD21 levels
were significantly elevated in neurons harboring etoposide-mediated DSBs (Figure 4C, D).
Next, we stained for Lamin B1 in primary neurons treated with etoposide and observed

the disruption of Lamin B1 at the nuclear envelope similar to the CK-p25 mouse model
(Figure 4E, F, S4D). Etoposide-treated neurons also showed increased senescence-like and
immune gene expression signatures indicating the similar molecular mechanisms underlying
the disruption of genome organization and stability between etoposide-treated neurons and
the CK-p25 mouse model (Figure S5D).

To further explore the association between DSBs and the 3D genome disruption in

neurons, we turned to the Tau P301S model of tauopathy, an additional mouse model of
neurodegeneration®4. While not as pronounced as the CK-p25 model, where a distinct subset
of neurons harbors high levels of DSBs, neurons in Tau P301S mice show a pan-neuronal
increase in DSBs%. We performed in situ Hi-C on FANS-sorted NeuN*'€ neuronal nuclei
from the Tau P301S forebrain and WT litter mates. Consistent with the observations in
CK-p25 mice and etoposide-treated neurons, Hi-C in P301S neurons showed a decreased
number of chromatin loops and a significant decrease in TAD integrity as measured by
inclusion ratio (Figure S5E, F, Table S1, pages 12, 13). Together, these results demonstrate
that DSBs in neurons are sufficient to disrupt the 3D genome organization.

5. Disruption of the 3D genome organization by DSBs is associated with differential gene

regulation.

The 3D genome plays an important role in neuronal gene expression and
function36:38-40.96.97 Chromatin loops enable interactions between enhancers and promoters
enabling fine control of gene expression, in addition to the regulation mediated by
transcription factors and other epigenetic modifications2”-9. To investigate if the chromatin
loop dysregulation in Step 1 and Step 2 neurons is associated with gene expression changes,
we stratified differential loops at increasing fold-change thresholds and calculated the
percentage of differential up and down-regulated genes (fold-change > 2, p-value<0.05)
near these loops (+/- 5 kb from anchors) using bulk RNA-seq from Control, Step 1, and
Step 2 neurons (Figure 5A)5L. Reduction in loop intensity was strongly associated with
higher percentages of down-regulated genes in both Step 1 and Step 2 neurons and with
lower percentages of up-regulated genes (Figure 5B). Down-regulated genes associated with
loop loss were significantly enriched for synaptic, cell adhesion, and neuronal development
genes (Figure 5C, Table S1, page 14). On the other hand, loops with increased intensity

Cell. Author manuscript; available in PMC 2023 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dileep et al.

Page 11

did not have a consistent relationship with differential gene expression, suggesting that the
association between loop gain and gene expression is context-dependent (Figure S6A)%°.

Among the differential genes in Step 1 and Step 2 neurons, we found that cohesin complex
genes were up-regulated alongside several previously reported DNA damage, senescence,
and immune response genes (Figure 6A)%1. Cohesin complex genes were consistently and
significantly up-regulated in excitatory neurons from subjects with high AD pathology in
the 10x snRNA-seq data across 427 individuals (Figure 6B)°%. The increase in cohesin
complex gene expression is also consistent with the increased levels of RAD21 in both
CK-p25 neurons and etoposide-treated primary neuronal cultures (Figure 3A, 4C). Finally,
we used immunohistochemistry to measure the levels of cohesin subunit RAD21 in human
post-mortem tissue and found significantly increased levels of RAD21 in neurons from
subjects with AD pathology (Figure 6C, D).

Interestingly, we noticed histone genes were consistently and progressively upregulated

in Step 1 and Step 2 neurons (Figure 6A). Their differential changes were significantly
correlated with increased histone gene expression in etoposide-treated primary neuronal
cultures, suggesting that DSBs play a key role in their dysregulation (Figure S6B). To
measure the regulation of histone genes in human AD pathology, we leveraged snRNA-seq
across 427 individuals from Mathys et al.%9 Indeed, we found that several histones were
upregulated in human AD in excitatory neurons along with the upregulation of the cohesin
complex genes (Figure 6B). Strikingly, the strongly up-regulated histone genes included
HZAFX, which encodes the histone H2AX, whose phosphorylation marks DNA damage.
Another upregulated histone gene, HZAFV;, codes for H2A.Z, whose increase is associated
with persistent DNA damage, brain aging, and is negatively associated with memory
formation100-102 A Jarge number of histone genes are located as clusters in a 1 Mb region
on mouse chromosome 13193, Remarkably, along with the increased gene expression of
histone genes, the histone gene clusters on chromosome 13 gained de novo loops in Step 1
and Step 2 neurons (Figures 6E, F, S6C, D). This highlights the 3D genome level regulation
underlying the upregulation of histone gene clusters. Together these results demonstrate
the association between DSB-mediated 3D genome changes and gene regulation programs
underlying neurodegeneration.

Discussion

Neurons’ long lifespan and the lack of sister chromatids for homologous recombination
repair leave them vulnerable to DSBs194. Recent studies have shown neuronal activity-
dependent DSBs and associated repair mechanisms®11:105 |n addition, extensive neuronal
activity-induced demethylation could be a source of DNA single-stranded breaks through
the Tet-TDG pathway-mediated base excision repairt2:13, Neuronal genomes have a non-
random distribution of DNA damagel8, notably, neuronal enhancers are hotspots of single-
stranded breaks presumably through multiple cycles of enhancer cytosine methylation and
demethylation819, These processes compound the vulnerability of neurons to DNA damage
compared to other brain cell types.
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Neurons start accumulating DSBs early in the progression of AD24-7. We found a
significant association between the expression of DNA repair pathway genes and AD
pathology in single-nucleus profiling of AD brains (Mathys et al. co-submitted). In
addition, mutations in DNA repair pathway components lead to neurodevelopment and
neurodegenerative diseases'97:108_ |nterestingly, we found a modest but not significant
enrichment of protein-coding genes related to DNA damage repair in the published

AD GWAS catalog (NHGRI-EBI, OR= 1.22, 62 GWAS/DNA damage repair genes)’>,
including crucial DSB repair genes such as ATM, HMGAZ, and EXOJ. This apparent
lack of statistical significance may be because certain mutations in DNA repair genes
predispose individuals to premature death before AD onset through accelerated aging and
other severe diseases such as cancer and diabetes, leading to their underrepresentation in
GWAS109.110_ Consistent with this hypothesis, DNA damage repair pathways were found
to be significantly enriched in Huntington’s disease GWAS analysis, a neurodegenerative
disease with a much earlier age of disease onset!11,

DSBs are repaired via the classical non-homologous end joining (NHEJ) pathway in post-
mitotic cells and can lead to genome structural variations®-20, Further, genome structural
variations can lead to gene fusions and are often drivers of cancer!12, and are detectable
from bulk RNA-seq®8:113-115_ Gene fusions are an attractive proxy for comparing the rate
of genome structural variations in AD and non-AD individuals using single-cell RNA-seq,
but detection and validation of independent mosaic fusions or structural variations in single
cells remain challenging in the absence of clonality}16-120, |nstead, in this study we report
an increased burden of mosaic gene fusions in excitatory neurons in individuals with AD
pathology by calling fusion events in single-cell RNA-seq in human post-mortem samples
in each cell independently. Gene fusions are also particularly enriched in excitatory neurons
with DNA damage, senescence, and cohesin gene signatures. Indeed, accumulation of DNA
damage can lead to a senescence-like state in neurons and has been implicated in the
progression of AD.121-123,

In the CK-p25 model of neurodegeneration, neurons progress through an initial step with
increased DSBs (Step 1) to a later step enriched for gene fusions and structural variation
and marked by senescence genes (Step 2)%1. We hypothesize that persistent DSBs in
neurons lead to genome structural variations, consistent with DSB induction by etoposide,
where persistent but not acute DSB induction leads to increased structural variations. Gene
fusion junctions were enriched for DSBs and fusions were enriched for genes with higher
expression and length, consistent with previous observations in non-neuronal cells and
neural precursor cells®8:73, Surprisingly, Step 1 showed lower DSB enrichments for highly
transcribed and long genes, and DSBs were supported by fewer UMIs, suggesting that

Step 1 DSBs are largely stochastic. By contrast, UMIs in Step 2 were distributed similarly
to controls, suggesting increased repair of DSBs at the price of structural variations. We
propose that the increased stochastic DSB burden strains the DNA repair resources, leading
to defective DNA repair and genome structural variations that disproportionately affect
hotspots of DNA breaks such as highly expressed genes, long genes, and loop anchors.
Future studies that map DSBs directly in post-mortem tissue could reveal additional hotspots
associated with structural variations in AD.
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Previous studies have shown increased neuronal genomic mosaicism (including SNVs, copy
number variations, and cDNA insertions in neurodegeneration)124-128, Recently, a study
identified an increase in mosaicism due to recombination between Alu and L1 elements in
Parkinson’s and Alzheimer’s disease20. Here we report gene fusions and genome structural
variations mediated by DSBs in neurons as a class of mosaic somatic genomic change
exacerbated in neurodegeneration. Genome structural variations can bring ectopic regulatory
elements next to genes causing pathological up or down-regulation of genes. Interestingly,
genome structural variations have been shown to cause pathological TAD fusions and create
neo-TADs in several cancers. For instance, a neo-TAD caused by structural variation was
associated with higher expression of the oncogene MYC in neuroblastomas?3. Therefore,
it’s likely that structural variations in neurons could impact the expression of important
neuronal genes in AD. Gene fusions at important neural genes can result in a pathological
gain or loss of their function and result in defects in neuronal function. Indeed, we find

that long-neural genes with synaptic and cell adhesion genes associated with the recurrent
DNA double-strand breaks and AD GWAS genes are enriched for gene fusions /3. We

also demonstrate a link between genome structural variations and the senescence-like state
in neurons. Indeed, genomic mosaicism by retro transposition of LINE-1 elements has

been associated with the neuronal genome and the derepression of LINE-1 elements has
been associated with senescencel29-131, These observations combined with our results
suggest that genomic mosaicism is an important driver of senescence in neurons and could
contribute to the pathogenesis of neurodegenerative disease.

In addition to the disruptions in the linear genome, we show that the DSB-mediated
senescence-like state in neurons leads to the disruption of the 3D genome in
neurodegeneration. We observed a general loss of TAD definition and loop intensities
especially in Step 2 senescence-like neurons along with differential regulation of several
genes associated with neuronal identity. This is strikingly similar to epigenome erosion,
particularly in excitatory neurons and oligodendrocytes, characterized by the loss of
cell-type specific chromatin accessibility profile reported in the companion manuscript8®.
Interestingly, erosion of epigenetic information, TAD insulation, and cell identity was
recently reported in a mouse model with inducible DNA damage (ICE mouse model)
accompanied by brain aging and cognitive decline®2, A recent study proposed that DSBs
can act as roadblocks to loop extrusion32. It’s conceivable that adjacent DSBs may cause
premature loop extrusion block on both sides, thereby disrupting chromatin loops and
larger domains. Surprisingly, X-ray radiation-induced DSBs increased the segregation of
TAD fibroblasts®*. Future studies should explore how acute DSBs formed by irradiation
vs. persistent DSBs impact genome organization, and additionally how post-mitotic cells
and dividing cells differ in their response to DSBs. We also observed DSB-mediated
changes in the levels of nuclear structural proteins, cohesin, and Lamin B1, in neurons
enriched for DSBs, similar to previous observations in AD neurons and also in senescent
astrocytes33.134_ Despite the disruption of Lamin B1, the A/B compartmentalization of the
genome remained relatively unaffected which is in concordance with the observations in
retinal rod neurons, where despite the loss of heterochromatin interactions with the nuclear
lamina, phase separation drives the formation of A/B compartments13®,
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Changes in the 3D genome aligned with transcriptional changes overall, with reduced loop
intensities having a striking correlation with the down-regulation of genes. Interestingly,

we observed the de-novo establishment of loops at histone gene clusters that aligned with
the upregulation of several histone genes. Previous studies have shown the importance of
histones in DNA damage response, senescence, brain aging, neuronal identity, and memory
formation100-102,136-139 Thege results highlight a link between the 3D genome organization
in neurons and transcriptional programs associated with the neurodegenerative state. Indeed,
while the gain of chromatin loops is associated with histone gene up-regulation, other
independent mechanisms of gene regulation may underlie the up-regulation of genes in
degenerating neurons. Additionally, studies have shown senescence-associated 3D genome
reorganization in dividing cell types#2:140-143 Our results show that the 3D genome
organization changes in neurons in a senescence-like state may mediate genome dysfunction
in neurodegeneration.

Overall, our work demonstrates that DNA double-strand breaks lead to mosaic genome
structural variations and the disruption of 3D genome organization in neurons. We observe
increased mosaic gene fusions caused by genome structural variations in excitatory neurons
associated with increased cohesin, DNA damage, and senescence-like gene expression

in Alzheimer’s disease. These data link neuronal genomic integrity and 3D genome
organization to cellular pathologies underlying neurodegeneration.

Limitations of the Study

Gene fusions arise from a subset of genome structural variations and future technologies
coupling single-cell RNA sequencing with long-read single-cell genome sequencing will be
required to resolve the full extent of DNA damage-dependent genome structural variations in
neurodegeneration. Single-cell RNA seq provides a sparse readout of gene expression and is
likely to generally underestimate the number of gene fusions in each cell. While relatively
uncommon, chimeric molecules arising through PCR artifacts and random ligations during
library preparation are difficult to distinguish from chimeric molecules arising from true
mosaic gene fusions. We make the assumption that AD vs. Control classification and various
gene expression pattern enrichments explored in this do not modify PCR artifacts and
random ligations during library preparation. The disruption in the 3D genome organization
could be caused both directly by unresolved DSBs and by genome structural variations. In
the current study, we are unable to resolve the precise role of each of these components.
Future studies that perform targeted Hi-C at unresolved DSBs locations vs. post-repair
locations will be better positioned to answer these questions.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Li-Huei Tsai (Ihtsai@mit.edu).

Materials availability—This study did not generate new unique reagents.
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Data and Code Availability

. Single-nucleus RNA-seq data will be available through the AD Knowledge
Portal on Synapse upon publication of this manuscript. The data will be available
here: https://www.synapse.org/#!Synapse:syn52293426. The data are available
under controlled use conditions set by human privacy regulations. To access the
data, a data use agreement is needed. This registration is in place solely to ensure
the anonymity of the ROSMAP study participants. A data use agreement can
be agreed with either Rush University Medical Center (RUMC) or with SAGE,
which maintains Synapse, and can be downloaded from their websites (https://
adknowledgeportal.synapse.org/)

. All mouse data generated in this study, including raw and processed files, are
available at GSE227445.

. We have established a web portal for this paper at http://compbio.mit.edu/
ad_dna_damage/ to better describe and provide access to our datasets and code,
which is also available at https://doi.org/10.5281/zenod0.8290268.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects—We selected 427 individuals from the Religious Orders Study and
Rush Memory and Aging Project (ROSMAP), both ongoing longitudinal clinical-pathologic
cohort studies of aging and dementia, in which all participants are brain donors. The studies
include clinical data collected annually, detailed postmortem pathological evaluations,

and extensive genetic, epigenomic, transcriptomic, proteomic, and metabolomic bulk-

tissue profiling44. Individuals were balanced between sexes (male:female ratio 212:215).
Informed consent was obtained from each subject, and the Religious Orders Study and Rush
Memory and Aging Project were each approved by an Institutional Review Board (IRB)

of Rush University Medical Center. Participants also signed an Anatomic Gift Act, and a
repository consent to allow their data to be repurposed. Participants enrolled without known
dementia and agreed to annual clinical evaluation and organ donation.

For single-nucleus Smart-seq2, we selected a subset of 47 individuals comprised of 24 and
23 age and sex-matched cases with AD pathology (NIA-Reagan 1-2) and no pathologic AD
(NIA-Reagan 3-4). For the gene fusion burden analysis, we additionally split the samples
independent of NIA-Reagan by:

1. Braak stage (Bennett et al., 2005), where stages 1-4 indicate the absence of
NFTs in the prefrontal cortex (PFC) and stages 5-6 indicate the presence of
NFTs in the PFC.

2. Clinical diagnosis (variable cogdx), where 1-3 indicate no or mild cognitive
impairment and 4-5 indicate AD demential4°146,

Animal models—All the experiments were approved by the Committee for Animal Care
of the Division of Comparative Medicine at the Massachusetts Institute of Technology
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(MIT) and carried out at MIT. Tg(Camk2a-tTA) and Tg(Prnp-MAPT*P301S)PS19 were
obtained from the Jackson laboratory. Tg(tetO-CDK5R1/GFP) was generated in our lab.

All the transgenic mice were bred and maintained in our animal facility. We used male
TauP301S mice at 3 months and 11-12 months of age. CK-p25 mice are generated by
breeding CaMKIlla promoter-tTA mice (CK controls) with tetO-CDK5R1/GFP mice and
raised on doxycycline-containing food to repress p25 expression. CKp-p25 mice were
induced for 1, 2, or 6 weeks depending on the experiment by replacing the doxycycline diet
with a normal rodent diet. We used adult CK-p25 mice (4—8 months old) for all experiments.
Both male and female mice were used for Hi-C, and female mice were used for all other
experiments.

Primary Neuron Culture—Cortices were dissected from E15 Swiss-Webster embryos

in ice-cold HBSS (Thermo Fisher Scientific, 14175103) and dissociated with papain
(Worthington Biochemical Corp, LS003126) and DNase | (Roche, 10104159001). Cells
were resuspended in plating media (Neurobasal media (Thermo Fisher Scientific,
21103049), 1% Penicillin/Streptomycin Solution (Gemini Bio-Products, 400-109), 10%
FBS) and filtered through a 100 uM cell strainer (VWR, 21008-950). Cell density

was quantified using a Countess Il Automated Cell Counter (Thermo Fisher Scientific,
AMQAX1000), then plated on poly-D-Lysine-coated 12-well culture dishes at 0.5x106 cells
or in 100mm culture dishes at 5x106 cells. Cultures were maintained in 5% CO2 at 37

°C in a cell culture incubator. After allowing four hours for the cells to adhere to the

plate, the media was replaced and maintained with neurobasal media supplemented with
B-27 (Invitrogen, 17504-044), 1% Penicillin/Streptomycin, and 1% GlutaMAX Supplement
(Thermo Fisher Scientific, 35050-079).

MADRC brain tissue samples—Immunohistochemistry was performed using fresh
frozen postmortem PFC brain samples which were generously provided by the
Massachusetts Alzheimer’s Disease Research Center (MADRC). Sample selection was
based on the Braak staging. Braak stagel4”, where stages 1-4 indicate the absence of NFTs
in the prefrontal cortex (PFC), and stages 5-6 indicate the presence of NFTs in the PFC.
Three of the samples identified as AD had a Braak score above 5. Meanwhile, the remaining
three non-AD samples had Braak scores less than or equal to 3. For more information on the
samples, the sample metadata can be found in Supplementary Table S1, page 15.

METHOD DETAILS

Single-nucleus Smart-seq2—\We adapted the protocol for the isolation of nuclei from
frozen postmortem brain tissue from Swiech et al. 2015148. All procedures were carried

out on ice or at 4 °C. Briefly, postmortem brain tissue was homogenized in 2 ml
Homogenization Buffer (320 mM Sucrose, 5 mM CaCl,, 3 mM Mg(Ac),, 10 mM Tris-HCI
pH 7.8, 0.1 mM EDTA pH 8.0, 0.1% IGEPAL CA-630, 1 mM b-mercaptoethanol, 0.4
U/microliter Recombinant RNase Inhibitor (Takara, 2313A) using a Wheaton Dounce Tissue
Grinder (10 strokes with the loose pestle). 3 ml of Homogenization Buffer was added

(final volume 5 ml) and the homogenized tissue was incubated on ice for 5 minutes. Then
the homogenized tissue was filtered through a 40 um cell strainer, mixed with an equal
volume of Working Solution (83% OptiPrep™ Density Gradient Medium (Sigma-Aldrich),
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5 mM CaCl2, 3 mM Mg(Ac)2, 10 mM Tris HCI pH 7.8, 0.1 mM EDTA pH 8.0, 1 mM
B-mercaptoethanol) and loaded on top of an OptiPrep density gradient (10 ml 29% OptiPrep
solution (29% OptiPrep™ Density Gradient Medium, 134 mM Sucrose, 5 mM CaCl2, 3
mM Mg(Ac)2, 10 mM Tris-HCI pH 7.8, 0.1 mM EDTA pH 8.0, 1 mM p-mercaptoethanol,
0.04 % IGEPAL CA-630, 0.17 U/microliter Recombinant RNase Inhibitor) on top of 5

ml 35 % OptiPrep solution (35% OptiPrep™ Density Gradient Medium, 96 mM Sucrose,

5 mM CaCl2, 3 mM Mg(Ac)2, 10 mM Tris-HCI pH 7.8, 0.1 mM EDTA pH 8.0, 1

mM B-mercaptoethanol, 0.03 % IGEPAL CA-630, 0.12 U/microliter Recombinant RNase
Inhibitor)). The nuclei were separated by ultracentrifugation using an SW32 rotor (20
minutes, 9000 rpm, 4 °C). 3 ml of nuclei were collected from the 29%/35% interphase and
washed with 15 ml ice-cold PBS containing 0.5% BSA and 2 mM EDTA. The nuclei were
centrifuged at 100 g for 5 minutes (4 °C) and resuspended in 1 ml PBS containing 0.5%
BSA and 2 mM EDTA. Then the nuclei were stained by adding two drops of NucBlue

Live ReadyProbes Reagent (ThermoFisher Scientific, R37605) and passed through a 40

pm cell strainer (Falcon Cell Strainers, Sterile, Corning, 352340). Single Hoechst-positive
nuclei were sorted into 96-well plates (Eppendorf twin.tec PCR Plate 96, 951020401)
containing 5 microliters of Buffer TCL (QIAGEN, 1031576) per well containing 1% beta-
mercaptoethanol (Sigma-Aldrich, M6250), snap frozen on dry ice, and then stored at —80 °C
before whole transcriptome amplification, library preparation, and sequencing.

Single-nucleus RNA sequencing libraries were generated based on the Smart-Seq2
protocol®” with the following modifications. RNA from single cells was first purified

with Agencourt RNACIean XP beads (Beckman Coulter, A63987) before oligo-dT primed
reverse transcription with Maxima H Minus Reverse Transcriptase (Thermo Fisher,
EP0753), which was followed by 21 cycle PCR amplification using KAPA HiFi HotStart
ReadyMix (KAPA Biosystems, KK2602) with subsequent Agencourt AMPure XP bead
(Beckman Coulter, A63881) purification. Libraries were tagmented using the Nextera XT
DNA Library Preparation Kit (Illumina, FC-131-1096) and the Nextera XT Index Kit v2
Sets A, B, C, and D according to the manufacturer’s instructions with minor modifications.
Specifically, reactions were run at one-fourth the recommended volume, the tagmentation
step was extended to 10 minutes, and the extension time during the PCR step was increased
from 30 seconds to 60 seconds. Libraries from 192 cells with unique barcodes were
combined and sequenced on the Illumina HiSeq 2000 platform at the MIT BioMicro Center.

Oxford Nanopore Technology (ONT) sequencing and analysis—We

selected two AD subjects (Female, age=83, NIA-Regan=2 and Male, age=76,
NIA-Regan=1) from the Mathys et al.>® cohort to perform Oxford Nanopore

Long-read sequencing. cDNA (2-10 ng) from the 10x sSnRNA-seq pipeline was

amplified using custom universal primers NNNCTACACGACGCTCTTCCGATCT and
NNNAAGCAGTGGTATCAACGCAGAGTACAT using Q5® High-Fidelity 2X Master Mix
(New England Biolabs, M0492S) for 10 cycles. Amplified cDNA libraries were purified
with 0.65x SPRISelect and ONT sequencing libraries were prepared with the Ligation
Sequencing Kit (ONT, SQK-LSK109 ) (PCR-free) and barcode using Native Barcoding Kit
24 V14 (ONT, SQK-NBD114.24) according to the manufacturer’s instructions4,
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Fluorescence-activated nuclei sorting.—Frozen forebrains were disrupted with a
loose dounce homogenizer (30 strokes) in ice-cold PBS with protease inhibitors (Roche,
11836170001) and RNase inhibitors (Thermo Fisher Scientific, EO0382). Samples were
fixed with 1% formaldehyde for 10 minutes at room temperature, then quenched with 2.5M
glycine for 5 minutes. Homogenized tissue was centrifuged at 1000g at 4°C for 5 minutes
and the pellet was suspended in lysis buffer (Sigma, Nuclei PURE Prep, NUC201-1KT)
followed by dounce-homogenization using the tight pestle (30 strokes) followed by filtration
with a 70 uM cell strainer (VWR, 21008-952). Nuclei were isolated through sucrose
gradient centrifugation (Ultra-Clear Centrifuge Tubes, 1 x 3.5 in. (25 x 89 mm), Beckman,
344058) at 30,000xg for 45 minutes at 4°C as per manufacturer’s instructions for Sigma
Nuclei PURE Prep. Primary neuronal cultures were processed as described above, except
the cells were fixed in the dish and scraped using a cell scraper. The following antibodies
were used to immunostain nuclei: anti-H2A.X-Phosphorylated (Ser139) antibody conjugated
to APC (BioLegend, 613416), anti-NeuN antibody conjugated to Alexa Fluor 488 (EMD
Millipore, MAB377X). Antibodies were incubated with nuclei in 1% BSA/PBS at 4°C for
one hour or overnight. Samples were strained through a 40um filter (VWR, 21008-949)

and stained with DAPI (Sigma Aldrich, D9542) before sorting. Sorting was performed on a
FACSAria at the Koch Institute Flow Cytometry Core (BD Biosciences, US).

In situ Hi-C—In situ Hi-C was performed as previously described in Rao et al., 2014%.
80-120k FANS isolated nuclei were used for CK-p25. Nuclei were permeabilized. DNA was
digested with 100 units of Mbol, and the ends of restriction fragments were labeled using
biotinylated nucleotides and ligated in a small volume. After reversal of crosslinks, ligated
DNA was purified and sheared to a length of ~400 bp, at which point ligation junctions were
pulled down with streptavidin beads and prepped for lllumina sequencing. lllumina libraries
were sequenced in 38 bp paired-end mode. Three replicates were performed, where each
replicate was a pool of 3 CK-p25 mice forebrains (Table S1, page 16). P301S Tau mice and
primary neuronal culture Hi-C were performed using 120-170k FANS isolated nuclei with
the Dovetail Hi-C kit (SKU: 21004) according to the manufacturer’s instructions.

Break-Labeling in situ and Sequencing (BLISS)—BLISS was performed as
previously described with minor modifications®®. Sorted neurons were attached to a MatTek
35 mm dish, No. 1.0 Coverslip, 14 mm Glass Diameter, Poly-D-Lysine Coated (P35GC-1.0-
14-C) by adding the cells to the center coverslip in 4% formaldehyde in PBS and spinning

at 2000xg for 2 minutes. The attached nuclei were then end-repaired using the NEBNext
End Repair Module (New England Biolabs, E6050S) and A-tailed using the NEBNext
dA-Tailing Module (New England Biolabs, E6053S), with washes using cold PBS and
equilibrations using 1X CutSmart Buffer (New England Biolabs, B7204S) performed
between the reactions. BLISS adaptors with unique barcodes were ligated to respective
samples overnight at 16°C using the T4 DNA Ligase (2,000,000 units/ml) (New England
Biolabs, M0202M). The excess BLISS adaptors were removed using a High Salt Buffer
wash according to the original protocol. Nuclei were then scraped off the coverslip using

a mini scraper and DNA extraction buffer with proteinase K. Samples were reverse cross-
linked overnight at 55°C, and genomic DNA was isolated using ethanol precipitation, adding
1 pl GlycoBlue™ Coprecipitant (Ambion by Life Technologies, AM9515), 0.1 volume 3M
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NaoAc, and 2.5 volumes of 100% ethanol, followed by overnight incubation at -80°C
and ethanol wash. The purified DNA was sonicated to an average size of 500 bp and

was then in-vitro transcribed using the HiScribe T7 High Yield RNA Synthesis Kit (New
England Biolabs, E2040S) for 14 hours. Following this, template DNA was removed by
incubating the in-vitro transcription (IVT) products with 1 pl of DNasel (RNase-Free)
(New England Biolabs, M0303S) for 15 min, and the RNA was purified using RNAXP
clean beads. The RA3 adapter (/5rApp/TGG AAT TCT CGG GTG CCA AGG /3SpC3/)
was ligated onto the RNA using T4 RNA Ligase 2, truncated (New England Biolabs,
M0242L). The RNA was then reverse transcribed using the reverse primers RTP (5'-
GCCTTGGCACCCGAGAATTCCA-3") and the SuperScript™ IV First-Strand Synthesis
System (Thermo Fisher Scientific, 18091050). Lastly, the DNA was amplified using the
Q5® High-Fidelity Master Mix, 2X (New England Biolabs, M0492S) using RP1 and RPI
primers for 16-17 cycles. The libraries were purified using 0.8X volume AMPure beads and
sequenced using single-end 75 bp reads on an lllumina NextSeq 500.

Mate-pair sequencing—Mate-pair sequencing was performed using Nextera Mate Pair
Library Prep Kit (Illumina, FC-132-1001). Briefly, formaldehyde-fixed FANS sorted nuclei
were reverse crosslinked, and genomic DNA was purified. Genomic DNA was tagmented
to a size range of 1-5 kb using mate pair transposome containing biotinylated adaptors
followed by strand displacement to repair single-stranded gaps. Tagmented genomic DNA
was circularized and then fragmented using sonication. The junctions were purified using
streptavidin beads. Sequencing libraries were prepared using TruSeq DNA LT Sample
Prep (Illumina, 15027084) provided with the mate pair kit or NEBNext Ultra I| DNA
Library Prep Kit for lllumina (NEB, E7645S) and NEBNext Multiplex Oligos for Illumina
(NEB, E6440S). lllumina libraries were sequenced in 75bp or 40bp paired-end mode using
Nextseq500.

Minor modifications were made to the manufacturer’s instructions to account for the lower
amount of genomic DNA from FANS isolated nuclei used for the assay as described below.
A minimum of 100k nuclei obtained by FANS was used for the experiments. Samples
were reverse-crosslinked in a 300 pl reaction with 0.2M NaCl, 0.5% SDS, and 4U of
Proteinase K (NEB, P8107S) and heating at 95°C for 30 minutes with shaking at 900

rpm. An additional 4U of Proteinase K was added and incubated at 55°C for 30 minutes.
DNA was purified by ethanol precipitation by adding 1 pl GlycoBlue™ Coprecipitant
(Ambion by Life Technologies, AM9515), 0.1 volume 3M NaoAc, and 2.5 volumes of
100% ethanol, followed by overnight incubation at —80°C and ethanol wash. Genomic DNA
was resuspended in Tris-EDTA buffer and quantified using Qubit dsDNA HS Assay Kit
(Invitrogen, Q32851). A maximum of 250 ng of DNA was used to proceed with mate-pair
sequencing protocol as described per the manufacturer’s instructions. All reactions were
performed at 0.5X volume unless otherwise noted. Tagmentation was performed using
0.25X Tn5 enzyme for 30 minutes. Circulation was performed in 124 pl instead of 300

ul and all reagents were scaled down accordingly. Circularized DNA was sheared using
Covaris E220 using microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm (Covaris, 520045)
to an average size of 500 bp. Purification of biotinylated DNA was performed using 0.5x
the recommended amount of Dynabeads™ M-280 Streptavidin (Thermo Fisher Scientific,
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11205D). The final PCR amplification was done in 50 pl according to the kit instructions.
Illumina libraries were sequenced in 75 bp paired-end mode.

Immunofluorescence microscopy—Mice were transcardially perfused with ice-cold
PBS, then fixed with ice-cold 4% paraformaldehyde in PBS. Dissected mouse brains or
human brain tissue were drop-fixed overnight in 4% paraformaldehyde in PBS at 4°C.
Brain tissue or entire forebrains (mice) were sectioned with a vibrating microtome (Leica
BioSystems, Wetzlar Germany) to generate 40 uM coronal slices. Slices were blocked

for two hours at room temperature in blocking buffer (10% NGS, 0.3% Triton X-100,
PBS), then incubated with primary antibody overnight at 4°C. Slices were washed 3 x

10 minutes with PBS, and Alexa Fluor Secondary antibodies (Thermo Fisher Scientific)
were added at a 1:1000 dilution for 1 hour at room temperature. Slices were washed

again 3 x 10 minutes with PBS, then stained with DAPI (Millipore Sigma, D9542)

and mounted onto Fisherbrand™ Superfrost™ Plus Microscope Slides (Thermo Fisher
Scientific, 12-550-15) with Fluoromount-G™ Slide Mounting Medium (VWR, 100502—
406). Primary neurons cultured on cover glass were washed once with PBS, then fixed with
4% paraformaldehyde/PBS for 10 minutes at room temperature. Immunostaining proceeded
as described.

Primary neurons cultured on poly-D-Lysine-coated coverslips (VWR, 194310012A) were
washed once with PBS, then fixed with 4% paraformaldehyde/PBS for 10 minutes at room
temperature. Immunostaining proceeded as described.

We stained for RAD21 with Anti-RAD21 antibody (Millipore, 05-908, 1:500 dilution),
Lamin B1 with Anti-Lamin B1 antibody (Abcam, ab16048, 1:500 dilution), NeuN with
Anti-NeuN antibody (Synaptic Systems, 266 004, 1:500 dilution), and +H2AX with
Anti-phospho-Histone H2A.X antibody (Millipore, 05-636, 1:100 dilution) or anti-H2A.X-
Phosphorylated (Ser139) antibody conjugated to APC (BioLegend, 613416). Mounted
samples were imaged with Zeiss LSM 710 and 880 confocal microscopes. Images were
quantified using ImageJ (NIH Image Analysis) and Imaris (Oxford Instruments). At least
two coronal slices were used for each mouse for image quantification.

QUANTIFICATION AND STATISTICAL ANALYSIS

Smart-seqg?2 cell identities.—For each of the 6,180 cells in the smart-seq2 dataset,

we used HTSeg-count50 on its filtered and recalibrated bam file to compute the cell’s
transcriptomic coverage over each gene’s exons in GENCODE gene annotation (v28 lifted
to b37). We used SCANPY15! to process and cluster the expression profiles and infer

cell identities. We kept only 19,765 protein-coding genes detected in at least 3 cells and
filtered out 37 cells with less than 100 expressed genes. We identified and filtered out

322 additional cells showing very strong individual-specific batch effects, leaving 5,821
cells over 47 individuals. We used the filtered dataset to calculate the low dimensional
embedding of the cells (t-Stochastic Neighbor Embedding: t-SNE) (default parameters,
perplexity=50), built a nearest neighbors graph (n=10), and clustered it with the Louvain
clustering (resolution=2), giving 24 preliminary clusters. We then manually assigned clusters
based on the following 2—-3 major marker genes per class: Neuronal: GRIN1, SNAP25,
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SYT1; Excitatory neurons: CAMK2A, NRGN, SLC17A7; Inhibitory neurons: GAD1,
GAD2; Astrocytes: AQP4, GFAP; Microglia: C3, CD74, CSF1R; Oligodendrocytes: MBP,
MOBP, PLP1; Oligodendrocyte progenitor cells (OPCs): PDGFRA, VCAN; Endothelial:
FLT1 and CLDN5. We merged clusters sharing marker genes to obtain 9 final clusters,
defining two broad neuronal subtypes (1,170 excitatory and 221 inhibitory cells), four

glial clusters (220 astrocytes, 255 microglia, 2121 oligodendrocytes, and 94 OPCs), 40
endothelial cells, 400 cells with strong individual-specific batch effect and cancer signatures
(DNMT3A, COL6A3), and 1,300 senescent cells, marked by CARDS, FAM126A, IRX2,
ALK, SENP7, and GMFB and lower overall transcription (Table S1, page 2).

For the 10x dataset, we collected 2,026,710 cells across 380 unique individuals in the
ROSMAP cohort from Mathys et al. (co-submitted). We removed the ‘SM_171013Tsa’
batch from the original dataset due to markedly lower quality, number of reads, and number
of genes detected per cell. These batch effects were because this was the oldest batch in

the collection and had been collected using 10x v2 chemistry as opposed to v3. The cell
annotation was performed as described in Mathys et al. (co-submitted) and the resulting 2M
cells contained 902k excitatory neurons (44.5% of cells). Differential expression analysis
was performed in each excitatory neuron subtype separately at the pseudo-bulk level using
Muscat for differential testing 152.

Gene fusions calling—For the human PFC Smart-seq2 and 10x datasets, we ran STAR-
Fusion v1.10.1 on the GRCh37 genome and GENCODE v19 Mar012021 CTAT library with
STAR version v2.7.3 but with the --max-sensitivity flag to collect all high-quality chimeric
read alignments in each cell separately 114, For 10x we removed any non-uniquely mapping
reads, assigned each read to its corresponding barcode, and kept only those barcodes with
cell assignments within the final set of 2M cells. We further filtered the human fusion

calls by keeping unique breakpoints across all fusion calls and removing ribosomal and
mitochondrial genes, immunoglobulin locus, pseudogenes, and MALAT1 (Table S1, page 3).
Mouse Smart-seq2 data QC, quantification, cell type annotation, and pseudotime trajectory
analysis is previously described in Welch et al., 2022. To re-align, call, and quantify gene
fusions for each cell in this dataset separately, we ran STAR-Fusion v1.10.1 on the mm10
genome and GENCODE M24 Apr062020 CTAT library, with STAR version v2.7.3 and
default parameters 58, We further filtered the mouse fusion calls by removing fusions
containing promiscuously chimeric INcCRNA Snhg14 (Table S1, page 4).

Gene fusions quantification—Quantification of fusions in the mouse Smart-seq2
analysis was performed both at the mouse and cell level, grouping all close fusions (<1Mb)
and inter-chromosomal events. For human Smart-seq2 and human 10x data, we evaluated
the relative contribution to detected fusion counts of the following individual-level variables:
AD status (NIA-Reagan score 1-2 vs. 3—4, Braak stage 5-6 vs. 1-4, and AD cognitive
impairment diagnosis 1-3 vs. 4-5), APOE e4 genotype, post-mortem interval (PMI, in units
of 10 hours), age of death (in units of 10 years). We quantified the enrichment of putative
fusion events at the cell level across conditions using a negative binomial generalized linear
model where we model the number of fusions in each cell with an offset term for the number
of reads captured for that cell (log(n_counts)). We include as cell-level covariates the cell

Cell. Author manuscript; available in PMC 2023 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dileep et al.

Page 22

type (if not evaluating on a single cell type), the number of captured genes (log(n_genes)),
and the number of reads per gene. As individual-level variables, we include sex, age of
death (rescaled by dividing by 10), and PMI (also rescaled by a factor of 10). We adjust the
resulting p-values using the Benjamini-Hochberg method (BH in p.adjust in R). Regression
coefficient plots show regression estimates plus or minus 2*SE on either side.

Gene set signatures were built by taking all unique genes in GO terms containing the
relevant keywords (senescence, repair, DNA damage, synapse, neuron) from MGI (mouse,
2022-08-06) and GO (human, 2019-11-02). In CK/CK-p25 mouse analysis, Step 2 and Step
1 signatures are as previously described 1. Gene set signatures in each cell were computed
as the sum of expression of all constituent genes (TP10k), log1p transformed, z-scored,

and cells stratified into high (z-score > 1) and low (z-score <= 1) signature expression for
comparison with fusions. For the cell-level stratified gene signature scores we performed the
same regression analysis as for the human individual-level variables and included the same
cell and individual-level covariates.

For gene-level tests, we aggregated putative fusions in each gene across all individuals in the
10x cohort. We tested the contribution of various gene-level labels on the number of fusions
in each gene by a negative binomial generalized linear model. We tested whether the gene
was in the RDC gene set, in the AD GWAS gene set, or whether their length or expression
(log-transformed), contributed to the number of fusions. We tested the GWAS association
using both a reduced set of 91 prioritized genes and an expanded set of 1329 genes covering
the majority of genes in GWAS loci’4.

Mate-pair seq analysis—Mate-pair paired-end fastq reads were trimmed using cutadpt
to remove any Illumina adaptors. The paired reads were aligned separately to the mm10
genome using bowtie2 with a quality score above 10153, Mapped reads were converted to
bam files using samtoolsView in samtools. The bam files were filtered for PCR duplicates
using samtools Rmdup and converted to bed files using bamtobed in bedtools. Bed files
from corresponding paired fastq files were merged to make pair files for each sample.

BLISS data analysis—BLISS fastq reads were demultiplexed into individual sample
fastq reads based on sample-specific barcodes. The reads were filtered based on Unique
Molecular Index (UMI) to remove PCR duplicates. The resulting fastq files were trimmed to
remove any sample barcodes using cutadapt (https://cutadapt.readthedocs.io/en/stable/). The
reads were aligned to the mm10 genome using bowtie2 with a quality score above 101°3,
Mapped reads were converted to bam files using samtoolsView in samtools, then aggregated
into bed files using bamtobed in bedtools1>4. These steps were performed using R wrapper
scripts from the R travis package (https://github.com/dvera/travis). Bed files binned into

0.5 kb windows were used for the visualization of data using Integrative Genomics Viewer
(IGV).

Oxford Nanopore Technology (ONT) sequencing analysis—We filtered ONT reads
for complete, non-chimeric 10x cDNA products with appropriate flanking primers following
Lebrigand et al., 2020149, We mapped reads to the hg38 genome using minimap2 (v2.22-
r1101) with parameters “-ax splice -uf --MD --sam-hit-only -t 20 --junc-bed” and junction
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bed file built from the GENCODE v28 release with additional scaffolds 15°. We added
overlapping gene and sequence tags and extracted reads with clipped alignments over genic
regions. We remapped these with “-ax splice -k 13 -t 20” and the same junction file. To

scan for fusion events, we filtered the resulting alignments with sam flags “-F 1792 -f 2048”
to keep reads whose primary alignment passed QC and was tagged with supplementary
alignments. We further filtered to reads with alignments over coding regions and removed
any malformed or chimeric reads remaining. We sorted the alignments by alignment quality
and alignment edit distance to visualize examples, which we further confirmed by running
Blast on the original reads.

Hi-C analysis—Hi-C was analyzed using the HOMER Hi-C analysis pipeline (http://
homer.ucsd.edu/homer/interactions2/index.html)92 and Juicer?9-156, A/B compartment
scores and changes in compartment scores were computed using HOMER default settings
with a resolution of 25 kb. For Control and Step 1 neurons, all three bio-replicates were used
for the calculation of statistical significance, and for Step 2 neurons bio-replicates 2 and 3
were used. Bio-replicate 1 of Step 2 neurons was excluded from the analysis of differential
A/B compartment statistical significance owing to its lower read depth. Compartment bins
were marked as differentially regulated if there was a magnitude change of greater than 0.5
along with a sign change and an adjusted p-value < 0.05. TADs and Loops were called using
HOMER default settings with -res 3000 -window 15000 and -res 10000 -window 25000 and
merged. (Table S1 pages 9, 10). For low-resolution Hi-C from primary neuronal cultures and
P301S Tau mice, TADs were called using -res 25000 -window 50000, and loops were called
using HOMER setting -res 10000 -window 25000 (Table S1, pages 11-13), and Juicer tools
were used to visualize Hi-C heatmaps and create aggregate plots of loops.

Gene Ontology analysis—Gene ontology analysis in Figure 5C was performed using
GOrillal® with two unranked lists of genes, downregulated genes (adj. p-value < 0.05, log,
(fold change) > 1), and all expressed genes. Only GO terms with adj. p-value < 0.01 in at
least Step 1 or Step 2 were kept.

Human RAD21 staining analysis—To assess the differences in RAD21 values between
control and Alzheimer’s disease (AD) individuals, we employed a linear mixed-effects
model using the Ime4 package in R1°8. The dataset consisted of Rad21 mean intensity
values measured in each neuron and the percentage of neurons with high RAD21 (> 50th
percentile) per image from both control and AD individuals. We fitted a linear mixed-effects
model with the percentage of high RAD21 neurons or mean intensity of RAD21 as the
response variable, group (Control or AD) as the fixed effect, and individual (ID) as the
random effect. To test the significance of the group effect, we performed a likelihood ratio
test comparing the full model (with the group effect) against a null model excluding the
group effect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: DSBs in neurons lead to mosaic genome structural variations. See also Figure S1, S2
and Table S1, pages 1-6.

A) Schematic of SnRNA-seq (Smart-seg2) analysis in human post-mortem brains.

B) The effect size of the number of gene fusions using human snRNA-seq as a function of
human sample covariates. Significantly increased (red) or decreased (blue) gene fusions
shown for adjusted p-value < 0.05. Human sample covariates include AD cognitive
impairment score (AD Cog, Imp) and post-mortem interval (PMI).

C) The effect size of the number of gene fusions as a function of gene sets associated with
different Gene Ontology (GO) terms, similar to panel B.

D) Representative FANS dot-plot of CK/CK-p25 forebrain after 2 weeks induction using
NeuN (neuron) and yH2AX (DSB) marker.

E) UMAP embedding of CK/CK-p25 snRNA-seq after 1 or 2 weeks of induction. Colors
indicate cell-type annotations. Control neurons (Ex0) and Step 1 neurons are represented by
clusters Ex1, Ex2, and Ex3.

F) Overlay of cells containing at least 1 gene fusion event (blue) on the ShRNA-seq UMAP
embedding.

G) Quantification of the number of cells with at least one gene fusion and the total number
of cells for Control, Step 1 (Ex1, Ex2, Ex3 clusters), and Step 2. Significance from Fisher’s
exact test between Control and Step 2 in CKp25 mice.

H) Trajectory analysis of Control, Step 1, and Step 2. Lines indicate the fraction of cells
with gene fusions (dotted red lines) or smoothed expression of gene sets along the pseudo-
time trajectory. Step 1 and Step 2 gene sets are defined as significantly upregulated genes
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from Step 1 vs. Control and Step 2 vs. Control comparisons from bulk RNA-seq (Welch et
al.,2022) respectively (adjusted p-value<0.05, log, fold-change=1.0).

I) Schematic of mate-pair sequencing. Genomic DNA is tagmented to sizes between 1 — 5 kb
with Tnb transposase carrying biotinylated adaptors. The fragments are circularized and then
sheared into 200-300 bp fragments. The ligation junctions are then enriched through biotin
pull-down and paired-end sequenced. Mapped read pairs will be separated by 1- 5 kb and
large deviations from the expected separation indicates genome structural variation events.

J) Plots of mate-pair sequencing quantifying the percentage of read pairs separated by large
genomic distances greater than 200 kb that indicate genome structural variation events.
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Figure 2: Highly expressed genes and long genes are vulnerable sites for genome structural
variations in neurons. See also Figure S3, Table S1, pages 1-4, 6, 7, and 17.

A) Expression level of genes involved in CK-p25 gene fusions (Wilcoxon test with
Benjamini—Hochberg correction).

B) Aggregate plots of BLISS reads centered at gene starts for the top 2500 expressed
(yellow) and the bottom 2500 silent genes (blue), for Control, Step 1, and Step 2 neurons.
C) Aggregate plots of BLISS reads centered at gene fusion junctions called by snRNA-seq
in CK-p25 neurons.

D) Genome browser snapshot of example gene fusion in CK-p25 mice Step 2 neurons.
Panels show fusion junctions (top), bulk RNA-seq signal (panels 2—4), and BLISS in the
three populations (panels 5-7).

E) Expression level of genes involved in human gene fusions (10x snRNA-seq) vs all
expressed genes (Wilcoxon test with BH correction).

F) Effect size of the number of gene fusions as a function of: genes identified as RDC gene,
AD GWAS genes, gene expression level (reads), and gene length (bp).

G) Schematics of example gene fusions identified through ONT long-read cDNA
sequencing.
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Figure 3: Neurons burdened with DSBs exhibit global disruption of the 3D genome organization
at multiple scales. See also Figure S4, Table S1, pages 8-10 and 16.

A) Representative immunohistochemistry images and quantification of RAD21 (cohesin
subunit) in 2-week induced CK-p25 mice, comparing neurons with baseline DSBs to
neurons enriched for DSBs. Representative images show dentate gyrus (left) and higher-
magnification images (right). Violin plots quantify RAD21 levels between neuronal nuclei
with baseline DSBs (+H2AX relative intensity < 1) and neurons enriched for DSBs (vH2AX
relative intensity > 1) (Wilcoxon test). The mean relative intensity of +H2AX (gray) and
RAD?21 (red) was measured within NeuN surfaces. Control (n=5,316 cells), DSB (n=725
cells).

B) Full chromosome (chr8) Hi-C chromatin interaction heatmaps.

C) Differential heatmaps comparing Step 1/Control and Step 2/Control, colored by increased
(red) or decreased (blue) interactions over control.

D) Representative Hi-C interaction plots showing the disruption of TADs. Hi-C heatmaps
were rotated 45 degrees and only the upper triangle is shown.

E) Quantification of TAD disruption through Inclusion Ratio (IR). IR is the ratio of intra-
TAD interactions to outside-TAD interactions (Wilcoxon test with BH correction).

F) Representative Hi-C interaction plots showing the disruption of chromatin loops.

G) Aggregate heatmaps of reduced intensity (>2-fold), increased intensity (>2-fold), and
conserved (<25% change) chromatin loops for Step 1 vs. Control and Step 2 vs. Control.
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H) Bar plot indicating quantification of chromatin loop disruption in Step 1 (red) and Step 2
(dark red).
I) Aggregate plots of BLISS reads centered at loop anchors in CK-p25 neurons.
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Figure 4: DSBs in neurons are sufficient to disrupt the 3D genome organization. See also Figures
S5, Table S1, page 11 and 16.

A) FANS dot-plots of NeuN versus vH2AX immunoreactivity after etoposide (5uM for 48
hours) or vehicle (DMSQ) treatment in primary neuronal culture.

B) Quantification of TAD disruption (IR, Wilcoxon test).

C) Representative images and quantification of RAD21 (cohesin subunit) IHC in primary
culture neurons (DIV 12) after Etoposide (5uM for 48 hours) or vehicle treatment (DMSO).
D) Violin plots quantifying the images for +H2AX levels (gray) and RAD21 levels (red) in
control neurons and etoposide-treated neurons (Wilcoxon test). The mean relative intensity
of tH2AX and RAD21 was measured within NeuN surfaces. Control (n=111 cells), ETP
(n=112 cells).

E) Representative images of Lamin B1 IHC in primary culture neurons (DIV 12) after
Etoposide (5uM for 48 hours) or vehicle treatment (DMSO).

F) Violin plots quantifying the images for vH2AX levels (red) and Lamin B1 ellipticity
(green) in control neurons and etoposide-treated neurons (Wilcoxon test). The mean relative
intensity of +H2AX was measured within Lamin B1 surfaces that were positive for NeuN.
Control (n=78), ETP (n=809).
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Figure 5: DSB-associated dysregulation of the 3D genome aligns with the differential gene
expression. See also Figure S6, Table S1, page 10, 14 and 16.

A) Schematic for comparison of differential loops to differential gene expression in neurons
with DSBs. Differential loops were identified for increasing fold change thresholds of loop
score. For each differential loop, genes within +/- 5 kb of the loop base were identified and
the percentage of differentially expressed genes (DEGs) was calculated. Percentage DEGs
were then plotted against the thresholds used for calling the differential loops.

B) Percentage of up (green) and down (red) DEGs vs loop fold change for loop loss in both
Step 1 and 2. Red and green dotted lines are the baseline percentage of up and down DEGs
genome-wide, respectively.

C) Gene ontology analysis (GORILLA) of loop loss-associated down-regulated genes.
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Figure 6: Up-regulation of cohesin and histone genes in Alzheimer’s Disease. See also Figure S6
and Table S1, page 5, 15, and 16.

A) Heatmap of differential gene expression as z-scores from bulk RNA-seq in Control, Step
1, and Step 2 for signature gene sets. The right panels show average values for each set.

B) Heatmap of differential expression of histone and cohesin genes across excitatory
subtypes in 10x sSnRNA-seq from Mathys et al. (*differential).

C) Representative immunostaining images of RAD21 in AD and Control human post-
mortem tissue.

D) RAD21 staining was quantified as the percentage of neurons with high RAD21 (mean
intensity > 50 percentile) per image (left) or using RAD21 mean intensity (right).
Significance was calculated using a linear mixed-model approach across 3 AD and 3 Control
individuals (Table S15).

E) Hi-C interaction matrix for histone gene cluster (green blocks, chr13). The lower
diagonal is Step 1 or 2, upper is Control.

F) Differential Hi-C heatmaps comparing Step 1/Control and Step 2/Control, colored by
increased (red) or decreased (blue) interactions over control. Hi-C heatmaps were rotated 45
degrees and only the upper triangle is shown.
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