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Abstract

Millions of Alu and LINE-1 copies in our genomes contribute to evolution and genetic
disorders via non-allelic homologous recombination (NAHR), but the somatic extent of these
rearrangements has not been systematically investigated. Here we combined high-throughput
capture and sequencing of repeat elements with a new bioinformatic pipeline to show that
somatic NAHR of Alu and LINE-1 elements is common in human genomes. We describe
tissue-specific hallmarks of NAHR, and show that retroelements acting as recombination
hotspots are enriched in cancer genes and structural variants. Analysis of recombination in
human induced pluripotent stem cells and differentiated neurons revealed a neuron-specific
recombination signature suggesting that the emergence of cell type-specific recombination
profiles accompanies cell-fate determination. Finally, we found that somatic NAHR profiles
are altered in Parkinson’s and Alzheimer’s disease, indicating a link between retroelements
recombination and genomic instability in neurodegeneration. This work shows that somatic
recombination of repeat elements contributes massively to genomic diversity, and that
extensive recombinogenic activity of retroelements may act as a grey eminence in the transition

from health to disease.
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Introduction

Alu and Long Interspersed Nuclear Element-1 (LINE-1, abbr. 1) are the two most abundant
retrotransposons in the human genome, with ~1.2 and ~1 million annotated copies that together
account for almost 30% of the genome (/). The main Alu subfamilies, in order of increasing
evolutionary age, are AluY, AluS and AluJ (2). Primate-specific L1 subfamilies are classified
as L1PA1-16, from most recent to oldest; L1PA1 (also known as L1HS) includes the only
known autonomously active human retrotransposons (3). Key discoveries in recent years have
transformed our view of genomic repeats from just parasites to evolutionarily co-opted
symbionts with important functions in chromatin and gene regulation (4-§). Alu and L1 can
also alter the genomic information via retrotransposition and recombination.
Retrotransposition originates from a variable but small number of active young L1 and Alu
copies per genome and is restrained by several layers of genomic surveillance (9-12).
Homology-based recombination of repeat elements is not restricted by the same rules
governing retrotransposition: any pair of the millions of homologous Alu and L1 elements in
the genome can be the substrate for non-allelic homologous recombination (NAHR), a class of
rearrangements believed to be a major driving force in genome evolution and a source of
pathogenic structural variants (/3—/6). Erroneous pairing during cell division and repair of
DNA damage via the DNA double-strand repair (DSBR) pathway are believed to be the major
trigger for NAHR in the human genome (/7). During repair, components of the DSBR complex
scan for regions homologous to the damaged locus and fix the breaks via the formation of
heteroduplexes and other unstable structures (/8). The resolution of these temporary
configurations can be neutral (non-crossover NAHR), or can lead to dramatic chromosomal
rearrangements in the case of crossover between the recombined loci (79, 20). NAHR with
crossover can therefore disrupt the genetic information causing aberrant phenotypes; repeat

elements have often been found at the breakpoints of NAHR events associated with cancer and
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genomic disorders caused by erroneous meiotic pairing (2/—23). Considering the substantial
number of Alu and L1 elements interspersed throughout the genome, the mutational burden
imposed by NAHR has been hypothesized to exceed that of other types of structural variations.
Although several studies have sought to reveal the mechanisms behind NAHR and its
contribution to diseases (24—27), a comprehensive investigation of somatic Alu and L1 NAHR
in different cells, tissues or biological contexts is unavailable. Here, we combined high-
throughput capture and sequencing of retroelements with a new bioinformatic pipeline to
comprehensively investigate somatic NAHR of Aluand L1 in the human genome. We describe
new features of tissue-specific retroelement recombination in various biological contexts, and
show that somatic recombinogenic activity of Alu and L1 elements is an important contributor

of genomic structural variants in normal physiological and pathological conditions.

Results

High-efficiency capture and sequencing of Alu and L1 elements from genomic DNA

At the time we started this study, the rate of somatic recombination for repeat elements in the
human genome had not been reported. Therefore, considering the low prevalence of somatic
structural variants associated with repeat elements (28—37), we developed a protocol to
maximize the discovery power and enrich for genomic retroelement sequences prior to
sequencing (“capture-seq”). We designed tiled DNA capture probes to span the full model
sequences of young AluY elements (32) and to cover ~250bp of the 5’- and 3’-regions of the
youngest L1 element consensus sequence (L1HS) (33) (Table S1). This design coupled to
random shearing of genomic DNA allows for stochastic inclusion of uniquely mapping, non-
repeated genomic regions flanking the captured repeats; we further joined paired reads to
generate longer contigs and improved the global mapping quality. The probes:target

hybridization time was reduced substantially from several days in previous capture-seq
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protocols iterations (34, 35) down to 5 minutes. This allowed a 1-day library production time
while retaining a low number of post-enrichment PCR cycles (n=12) and optimal enrichment
efficiency (Fig. S1A, B).

We applied our capture-seq workflow to a panel of post-mortem tissues from 10 donors
showing no obvious disease at the time of death (Table S2). For each donor, we selected
available tissues derived from the 3 developmental germ layers: kidney (mesoderm), liver
(endoderm) and 3 cortical brain regions (frontal cortex, temporal cortex, parietal cortex;
ectoderm). The brain samples were stained with neuron-specific antibody NeuN and underwent
fluorescence-activated nuclei sorting (FANS) to separate the neuronal and non-neuronal
fractions (36, 37) (Fig. 1A and Fig. S2). We sequenced 78 capture-seq libraries yielding ~960
millions raw reads (Table S3). Quality control performed on uniquely mapping reads
confirmed the consistent and efficient capture of designated targets for a panel of L1HS (28,
35) and reference AluY elements (Fig. S3A, Fig. S4A). In protocols for enrichment of repeat
elements based on capture probes, the repeated nature of the genomic targets overpowers the
specificity of the probes. For instance, in our dataset we also detected a comprehensive and
highly reproducible enrichment of L1 and Alu elements that were not originally targeted by
experimental design (Fig. S3B, C; Fig. S4B-D). We took advantage of the richness and
complexity of our capture-seq libraries by extending downstream analyses to all Alu and
primate-specific L1 subfamilies annotated in the Dfam database (32) (Table S4). The median
capture rate across the whole dataset was 94% + 0.7% for annotated AluY elements, 83% +
5% for AluS elements and 45% + 7% for AlulJ elements with an overall Alu capture rate of
75% + 3% (Fig. S3A-D). For L1, we divided the enriched elements into 4 groups (Table S4).
As expected, LIHS showed the highest capture rate (94% + 1%), followed by L1PA2-L1PA7
(85% + 1%), L1IPA8-L1PA10 (63% * 3%) and LIPA12-L1PA17 (31% + 6%). The collective

capture rate for L1 elements was 64% + 2% (Fig. S4A-E).
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Genome-wide discovery of Alu and L1 NAHR events with TE-reX

To find NAHR events in Alu and L1 capture-seq libraries we developed TE-reX, a new
bioinformatic pipeline based on LAST (38). TE-reX was designed to identify recombination
events from split reads that join repeat elements at homologous positions (Fig. 1B). Using TE-
reX on capture-seq data we retrieved thousands of putative Alu and L1 NAHR events. The
number of Alu and L1 recombination events per sample was higher in kidney and liver
compared with brain, whereas we did not detect any difference between the neuronal and non-
neuronal fractions (Fig. 1C, D; Table S5). The number of recombination events per
chromosome was highly correlated with the number of repeats annotated per chromosome in
RepeatMasker (cumulative median across chromosomes for Alu dataset: r = 0.98, p = 2.2e-16;
for L1 dataset: r = 0.95, p =7.7e-13; Fig. S5A, B). Within each library the relative abundance
of Alu recombination events exceeded that of L1 recombination events by several folds (Fig.
S6A) as expected from the higher similarity among the Alu elements examined than among
the L1 elements. We confirmed the TE-reX results by a thorough validation based on
polymerase chain reaction (PCR) followed by Sanger sequencing. To avoid cross-amplification
of homologous repeat sequences, we focused the validation on those recombination events
where we could identify non-repeat sequences flanking the recombined repeats. We designed
forward and reverse oligonucleotides for 112 recombination events (79 inter-chromosomal, 33
intra-chromosomal) found across all libraries; of these, 101 (90%) were supported by a single
contig, 10 (9%) by 2 contigs and 1 (1%) by 4 contigs (Table S6). The low number of supporting
contigs is strongly indicative of the somatic quality of the selected targets and it directly implies
that templates for the recombination events, while present in the capture libraries, will most
likely be depleted from the starting genomic material. Hence, using as input the same capture

libraries subjected to sequencing we obtained clean amplicons for 103/112 targets. Sanger
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sequencing verified the target identity for 93/103 amplicons and confirmed that NAHR events
detected by TE-reX can be validated with a sensitivity of 92% and specificity of 90%

(illustrative PCR results in Fig. S7).
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Fig. 1 Discovery of Alu and L1 NAHR by capture-seq and TE-reX pipeline.

A) Schematic of the production of the capture-seq dataset. Genomic DNA samples purified
from bulk tissues and sorted nuclei were enriched for Alu and L1 elements by using
biotinylated RNA capture probes spanning the entire sequence of young AluY elements and
the 5-” and 3’- regions of L1HS. gDNA: genomic DNA.

B) The TE-reX pipeline identifies NAHR from split-alignments of contigs with breakpoints
that are mapped within repeats of the same family, and are located in homologous positions

with respect to repeat model sequences.
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C, D) Box plots of NAHR event counts for Alu (C) and L1 (D) elements in capture-seq libraries
from post-mortem samples; counts are normalized by sequencing depth. FC, frontal cortex;
Kid, kidney; Liv, liver; PC, parietal cortex;TC, temporal cortex. PC, parietal cortex; +, neuron-
specific antibody (NeulN) positive; —, NeuN, negative. *P < 0.05; **P < 0.01; ***P < 0.001

(single factor ANOVA).

Genome-wide annotation of Alu and L1 NAHR and tissue-specific characteristics of
somatic recombination

To confidently annotate NAHR events genome-wide we relied solely on recombination
breakpoints with extremely low mismapping probability (p < 1el10-5), reported as “mismap”
in LAST alignments (38). The median relative abundance of high mapping confidence (HMC)
events in the total Alu and L1 events across the capture-seq dataset were 54% and 42%,
respectively (Fig. S8A, B; Table S7). Interestingly, within the HMC dataset the relative
abundance of somatic NAHR events involving mobile, young AluY and L1HS elements was
higher in brain samples compared with kidney and liver (Fig. S9A, B). In addition, among all
L1HS elements the relative abundance of recombined full-length L1HS elements (>6 kb) was
higher in brain samples compared to kidney and liver (Fig. S9C).

We investigated the enrichment and depletion of HMC Alu and L1 NAHR events in gene and
regulatory regions by comparing the real dataset (O, observed) to datasets comprising random
permutations of the genomic coordinates of NAHR breakpoints (E, expected) (Fig.S10-S11).
We did not observe any substantial enrichment or depletion within the gene body, except for a
mild depletion of L1 NAHR events in 3’ untranslated regions (UTR). L1 events, but not Alu
events, were significantly enriched in transcription start sites (TSS) of genes. A similar trend
of enrichment, but to a larger extent, was observed in promoters (39), in particular across the

brain tissues (log2 O/E ratio 1.5 to 2.9). In contrast, we observed an overall mild but significant
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depletion of both Alu and L1 events within enhancers (39) across all tissues and samples (log2
O/E ratio—0.4 to—1.2, P < 0.05, Student’s t-test). Intriguingly, separating the regulatory regions
according to their cell-type and tissue activity (39) (Fig. S12-S13) showed that the enrichment
of L1 events in promoters was prominently attributed to the promoter active in stem cells,
independent of the tissues in which the NAHR events were observed (Fig. S13B). We did not
observe consistent enrichment or depletion of NAHR events in regulatory regions active in the
matched tissues (e.g. liver NAHR events in liver active promoters). These observations implied
the occurrence of NAHR events might be attributed to genomic (i.e. cell-type independent, e.g.
sequence composition) and/or epigenomic (i.e. cell-type dependent, e.g. chromatin
modification) factors.

The brain samples showed a consistent and significantly higher rate of intra-chromosomal
recombination compared with kidney and liver samples; among the 3 tested cortical brain
regions the temporal cortex samples had the highest rate of intra-chromosomal recombination
(Fig. 2A, B). To deepen this observation, we compared the chromosome-to-chromosome
recombination rate of each sample with a dataset of random Alu and L1 pairs generated in
silico. This analysis confirmed the enrichment of Alu and L1 intra-chromosomal NAHR events
in all brain samples over the random dataset, whereas kidney and liver samples showed only a
very marginal enrichment (Fig. 2C, D; enrichment of intra-chromosomal recombination rates
of merged kidney and liver vs. merged brain: p = 2.6e-24, two-tailed Student’s 7-test. Unmerged
data, Fig. S14-S15).

The number of Alu NAHR events in the dataset was sufficient to repeat this analysis separating
the data for male and female donors, to eliminate the potential confounding factor of sex
chromosome ploidy. After adjusting the random background dataset for sex chromosome
ploidy, we confirmed that there was no depletion of intra-chromosomal NAHR for

chromosome X in either male or female donors (Fig. S16). Conversely, the depletion of intra-
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chromosomal NAHR for chromosome Y in male donors remained substantial even after
correcting for ploidy (Fig. S16). According to Umap data (40), a possible explanation for this
observation is the lower mappability score of chromosome Y compared with all other

chromosomes.
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Fig. 2 Tissue-specific profiles of somatic recombination of Alu and L1 elements.
A, B) Intra-chromosomal and inter-chromosomal recombination rates for Alu (A) and L1 (B)
somatic recombination. For tissue and sample abbreviations, see Fig. 1B. *P < 0.05; **P <

0.01; ***P < 0.001 (single factor ANOVA).
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C, D) Chromosome-to-chromosome matrices of somatic NAHR rates for Alu (C) and L1 (D).
Chromosomes are ranked by Alu and L1 RepeatMasker content in (C) and (D) panels,
respectively. Colors show folds enrichment of recombination rates for each individual
chromosome compared with aggregated recombination rates of 10 random Alu and LI
recombination datasets of comparable size. Merged brain, combined data for the neuronal and

non-neuronal fractions of the 3 tested cortical regions.

Profiling of intra-chromosomal recombination and tissue-specific recombination
landscapes

Next we explored the landscape of intra-chromosomal recombination by calculating the
genomic distance (d) between members of each pair of Alu and L1 elements that we found
recombined in the HMC dataset, based on their RepeatMasker annotation. After binning the
distances in four intervals (d<25 kb, 25 kb<d<250 kb, 250 kb<d<2.5 Mb, d>2.5 Mb) we
observed that, in all samples, the majority of intra-chromosomal recombination events were
established between retroelements that are either proximal to (d<25 kb) or far away (d>2.5 Mb)
from each other, suggesting different NAHR mechanisms for close and distant repeats (Fig.
3A). The distance profiles for kidney and liver samples were overall similar, with ~95% of the
intra-chromosomal recombination involving repeat >2.5 Mb apart. In contrast, somatic NAHR
in brain samples showed a significantly higher relative abundance of intra-chromosomal events
in the d<25 kb interval; this was more pronounced in the temporal cortex (~75%) than the
frontal or parietal cortex (~50%). Most Alu recombination events in the d<25 kb interval
involved pairs distanced <5 kb, with a higher relative abundance in non-brain samples
compared with brain samples (Fig. S17A).

The human genome sequence is depleted of inverted proximal Alu pairs, an evolutionary

consequence of the genomic instability of close Alu elements in this configuration (41, 42).
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Analysis of strand orientation for proximal recombined repeats in our data revealed a distinct
recombination bias towards repeats in inverted configuration over those in direct configuration
(Fig. 3B). For both Alu and L1 NAHR events the bias was significantly stronger in brain
samples compared with other tissues. Regardless of the orientation, in all tissues the bias was
dependent on the distance of recombined elements and it was absent in NAHR of repeats >2.5
Mb apart (Fig. SI8A).

Previous analyses of deletions mediated by Alu in human genome evolution and in vitro
recombination analyses of Alu pairs have found a similar enrichment of breakpoints in the 5°-
region of Alu model sequence (73, 25). In our dataset the breakpoints frequency profile along
the Alu model sequence for inter-chromosomal recombination events was similar in all samples
(Fig. S18C); however, intra-chromosomal recombination profiles showed an enrichment of
breakpoints frequency in the 5’-region of brain samples (Fig. S18D). When separating the
intra-chromosomal breakpoints frequency profiles according to genomic distance and
directionality of recombined Alu pairs we observed a clear difference between the profiles of
proximal recombined Alu in direct or inverted configuration. Inverted proximal recombined
Alu pairs showed strong breakpoints frequency enrichment in their 5'-region in all samples,
while proximal recombined Alu in direct configuration lacked any 5’-enrichment (Fig. 3C).
Profiles for distant recombined Alu pairs were very similar in all samples and devoid of any

enrichment in their 5’-regions, regardless of the orientation (Fig. S18E, F).
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Fig. 3 Profiling of intra-chromosomal recombination and directionality bias of proximal
somatic recombination.

A) Boxplots of somatic intra-chromosomal NAHR profiles of Alu and L1; data are binned into
non-overlapping consecutive intervals of genomic distance
(d) between members of the recombined pair.

B) Analysis of directionality for recombined proximal Alu and L1 elements shows a strong

bias against recombination of elements in inverted configuration. No directionality bias was
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observed for recombined pairs distanced more than 2.5Mb. DIR, direct configuration; INV,
inverted configuration. *P < 0.05; **P < 0.01; ***P < 0.001 (single factor ANOVA).

C) Breakpoints frequency displayed along Alu model sequence showing different profiles for
somatic NAHR events involving proximal Alu elements in direct and inverted

configurations. For tissue and sample abbreviations, see Fig. 1B.

Detection of Alu and .1 NAHR in capture-free and PCR-free libraries

The above characterization of somatic NAHR of Alu and L1 has established its tissue-
specificity and sharp divergence from randomness. To verify that somatic NAHR events are
not a byproduct of the capture-seq workflow, we prepared capture-free libraries for 3 kidney
samples and 3 temporal cortex NeuN+ samples by omitting the steps for enrichment and
capture (RNA:DNA hybridization, on-beads capture and post-capture PCR). These samples
therefore exclusively underwent random genomic DNA fragmentation and the minimum 3
PCR cycles required to introduce the platform-specific sequencing linkers. These capture-free,
quasi-PCR-free libraries were sequenced on Illumina Miseq at 300 bp reads in paired-end mode,
yielding in total ~30 millions of raw reads. After data processing with TE-reX and downstream
analyses, we readily detected recombination events in these libraries (Table S7). Genome-wide
annotation of NAHR events detected in capture-free conditions returned results consistent with
those from the capture-seq dataset (Fig. 4A, B).

Relatively short reads sequenced on Illumina platforms rarely extend to non-repeat flanking
regions, thus making it impossible to understand the complete anatomy of the identified
recombination events. To overcome this issue and to further substantiate our findings, we again
sequenced the 3 kidney and 3 temporal cortex NeuN+ samples on the Oxford Nanopore
Technologies (ONT) MinION platform. Library construction was performed with the 100%

PCR-free Rapid Barcoding Kit; sequencing the 6 pooled samples yielded in total ~750.000 raw
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reads.

Using TE-reX we identified respectively 62 Alu and 5 L1 NAHR events with high mapping
confidence, the majority of which were intra-chromosomal (57/67). Most Alu pairs (44/62) and
L1 pairs (3/5) detected by ONT were detected also in the capture-seq dataset. Notwithstanding
ONT platform limitations in sequencing depth, the ultra-long reads offered a wider view around
the recombination breakpoints (Fig. 4C-J). The median length of the split reads for the 67 HMC
events was 5328 bp (longest 45580 bp, shortest 68 bp). The majority of intra-chromosomal
recombination events between repeats in direct configuration (48/57) caused deletions of
intervening genomic regions ranging from 176 bp to 1.6 Mb (median, 1037 bp). Nine
recombinations between repeats in inverted configuration caused intra-chromosomal
inversions of genomic fragments sized from 68 bp to 8625 bp (median 228 bp). The 10 inter-
chromosomal recombination events confirmed by ONT sequencing caused exchange of
fragments sized between 85 bp and 3079 bp (median 197 bp). Forty-seven percent of
recombined elements were located in introns of RefSeq protein-coding genes, and 59% of the
recombined intra-chromosomal pairs were within the same gene; none of these recombination

events affected intervening exons.
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Fig. 4 NAHR of Alu and L1 elements detected in capture-free Illumina libraries and in
PCR-free ONT libraries.

A) Merged chromosome-to-chromosome Alu recombination matrices for kidney and temporal
cortex NeuN+ samples of 3 donors in capture-free short-reads libraries sequenced on Illumina
Miseq. For each tissue, data for the 3 control donors are merged. Kid: kidney; TC+: Temporal

Cortex NeuN+ fraction.
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B) Genomic distance (d) of intra-chromosomal Alu and L1 recombinaed pairs for kidney and
temporal cortex NeuN+ samples of 3 control donors in capture-free short-reads libraries. Dots
represent values for individual samples.

C-J) Representative examples of Alu (C-F) and L1 (G-J) recombination events detected in
PCR-free ultra-long DNA reads libraries sequenced on the ONT MinlON platform. The
vertical stripes are repeat annotations in the reference genome: pink = forward-oriented repeat
elements, blue = reverse-oriented repeat elements. *P < 0.05; **P <0.01; ***P <0.001 (single-

factor ANOVA).

Annotation of Alu and L1 elements with high recombinogenic activity

Alu and L1 elements have frequently been found at the boundaries of structural variants
associated with genetic disorders, however the genomic prevalence of somatic NAHR hotspots
in normal physiological conditions has never been addressed systematically. To gain additional
statistical power, we merged the whole dataset and screened for Alu and L1 elements involved
in recombination events recurring more than expected from random genomic distribution.
Although the vast majority of Alu and L1 pairs in the dataset were non-recurrent (i.e., detected
once) we identified hundreds of Alu and L1 pairs recurring across the whole dataset more than
expected (n>5 times, see methods for definition of thresholds) (Fig. S19). Interestingly,
recurrently recombined pairs were predominantly intra-chromosomal (Fig. S20A-C). In
addition, recurrent intra-chromosomal NAHR was strongly biased towards proximal repeats,
in contrast with non-recurrent intra-chromosomal recombination (Fig. S20D-F). These
differences between recurrent and non-recurrent recombination events may indicate a
mutational bias or a purifying selection of inter-chromosomal and long-range intra-

chromosomal recombination.
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To investigate the recombinogenic activity of individual Alu and L1 elements, we disjoined
the Alu-Alu and LI1-L1 pairing information and calculated the number of individual
recombination events per each repeat across the whole dataset (“recombination index”, RI).
About 50% of Alu and L1 elements had RI exceeding the threshold of random genomic
distribution and were flagged as hotspots (“hot” elements) (Fig. S21 and Table S8).

We then explored the potential relevance of particularly hot Alu and L1 elements (R[>40) in
genomic instability; the most represented subfamilies in this subset were the youngest Alu
(AluY) (7792/8073) and L1PA3/L1PA4/L1PAS (cumulatively 2860/3570). These highly
recombinogenic Alu and L1 elements were overall enriched in genomic intervals
encompassing structural variations annotated in the Structural Variants Database of the 1000
Genomes Project (Fig 5A, B) (43). For Alu elements the enrichment was dependent on the
genomic distance from the structural variants suggesting that highly recombinogenic Alu
elements may be involved in genomic rearrangements underlying the annotated variants (Fig.
5C). Alu and L1 are responsible for recurrent mutations in several cancer types (16, 44—47).
Hence, we analyzed the genomic relationship of recombined retroelements with oncogenes and
tumor suppressor genes included in the COSMIC database (48). Overall, the average RI of all
recombined Alu elements annotated in COSMIC cancer genes (RI=10.48) was higher than the
average RI of recombined Alu elements annotated in cancer-unrelated RefSeq protein-coding
genes (R1=10.34) (p=0.003, single factor ANOVA). Hot Alu elements with RI>40 were found
more frequently in COSMIC cancer genes than in cancer-unrelated RefSeq genes (Fig. 5D).
Conversely, the RI of L1 elements in COSMIC genes and cancer-unrelated RefSeq genes were
not statistically different from each other (data not shown), and hot L1 elements were depleted
from cancer genes (Fig. SE). In addition, hot Alu and L1 elements with RI>40 localized in
proximity to centromere and telomeres on several chromosomes (Fig. S22D, G, I, K, L, N, O,

P, R, S, U, V). Figure 5F depicts a cluster of hot retroelements in the subtelomeric region of
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chromosome 4, which were involved in 698 NAHR events genome-wide. This highly
recombinogenic repeats cluster encompasses the 5'-region of the gene ZNF595, which exhibits
copy number variation and overexpression in several cancers (49). Coinciding hot Alu and L1
clusters were observed in the peri-centromeric region of the acrocentric chromosomes 21 and
22 (Fig. 5G, H); interestingly, the chromosome 21 locus hosting this cluster of highly
recombinogenic repeats is involved in recurrent structural variants including Robertsonian

translocations underlying some Down Syndrome cases (50).
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Fig. 5 Highly recombinogenic Alu and L1 elements are enriched in genomic features

relevant to pathological contexts.

A, B) Hot Alu (A) and L1 (B) elements with Recombination Index (RI) >40 were enriched in

Structural Variants (SVs) dataset of the 1000 Genomes Project Phase 3. Dots represent the

number of hot elements per each donor that intersect the SVs intervals or 100x random datasets
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with matching interval and sample sizes. Horizontal red bars indicate median. ***P < 0.001
(single-factor ANOVA).

C) The enrichment of Hot Alu elements with RI>40 in 1000 Genomes Project Phase 3 SVs
intervals was dependent on genomic distance from the center of SVs genomic intervals. In
comparison, cold Alu elements (RI=1) and control Alu elements from 100x random datasets
showed no significant enrichment.

D, E) Hot Alu (D) and L1 (E) elements with RI>40 were enriched and depleted, respectively,
in cancer genes annotated in the COSMIC database versus cancer-unrelated RefSeq protein-
coding genes. Dots represent the count of hot elements per donor that intersected the
coordinates of Alu or L1 annotated in COSMIC genes or in 100x equally sized random datasets
obtained by shuffling RepeatMasker annotations of all Alu or L1 contained in cancer-unrelated
Refseq protein-coding genes. Horizontal red bars indicate the median. ***P < 0.001 (single-
factor ANOVA).

F) A cluster of hot Alu and L1 elements in a subtelomeric region of chromosome 4 is
responsible for 698 individual recombination events across the merged dataset. Numbers in
parentheses indicate the respective RI values. Chromosome 4 (bottom) is shown expanded in
positions 35,000-75,000.

G, H) Representative examples of hot Alu and L1 elements and hot clusters (red arrows) in
peri-centromeric regions of chromosome 21 and chromosome 22. Dots represent individual

repeat elements found recombined in the merged dataset, irrespective of the RI.

Differentiation of induced pluripotent stem cells to neurons triggers emergence of cell-
specific recombination profiles
To gain insights into the origins of tissue-specific recombination profiles observed in post-

mortem tissues, we exploited an in vitro model of neuronal differentiation (57). This protocol
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allows for the differentiation of induced pluripotent stem cells (iPSCs) into medial ganglionic
eminence (MGE)-progenitor cells within 26 days, after which the specific induction towards
GABAergic interneurons is started and prolonged for an additional 24 days (Fig. S23). We
applied our capture-seq workflow to 3 biological replicas of iPSCs and differentiated neurons
(“iNEU”; induced from iPSCs) and paired-end sequenced the libraries on Illumina Miseq
platform at 300 bp reads yielding a total of ~32 millions of raw reads. TE-reX analysis and
annotation of NAHR events in iPSCs and iNEUs revealed that the differentiation triggered
significant changes in the recombination profiles of the induced neurons. Although the total
number of recombination events did not differ, the intra-chromosomal recombination rates of
1PSCs and iNEUs were marginally but significantly different (median intra-chromosomal rate
iPSCs=6.51%, median intra-chromosomal rate iNEUs=6.76%, p=0.037, two-tailed Student’s
t-test). The analysis of intra-chromosomal recombination distance intervals showed
significantly higher recombination of proximal Alu and L1 pairs in iNEUs compared with
iPSCs (Fig. 6A), reminiscent of the difference between postmortem samples of brain and non-
brain tissues. These results show that cell-fate commitment is accompanied by changes in
recombination profiles and suggest that tissue-specific recombination profiles may be

established during early developmental stages.

Somatic recombination is altered in neurodegeneration

The observation that somatic NAHR is pervasive in normal physiological conditions provokes
questions about how the tissue-specific, complex network of genome-wide recombinations
described so far is affected in disease. We probed the dynamics of Alu and L1 NAHR in the
two most common forms of neurodegeneration, sporadic Parkinson’s disease (PD) and
sporadic Alzheimer’s disease (AD). We obtained post-mortem tissue samples with equal

composition to the main dataset from an equal number of PD and AD donors (Table S2).
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Sequencing of 159 PD and AD capture-seq libraries yielded ~960 and ~990 millions of raw
reads, respectively; quality control of PD and AD libraries showed capture efficiency and
enrichment of Alu and L1 elements comparable to that of control donor libraries with no major
differences (Fig. S1C-F; Fig. S3E-L; Fig. S4F-O; Fig. S5C-F; Fig. S6B, C; Fig. S8C-F; Fig.
S9D-I). Genome-wide annotation of somatic NAHR events in PD and AD datasets
recapitulated the findings of the control dataset in most aspects regarding the high counts of

NAHR events (Fig. S24), genomic distribution (Fig. S10-S13), inter- vs intra-chromosomal

recombination rates (Fig. S25), distance profiles of intra-chromosomal NAHR, recombination
bias towards proximal inverted elements (Fig. S17C-F; Fig. S26-S27,) and enrichment or
depletion of hot elements in COSMIC genes and structural variants (Fig. S28). A comparison
of the total number of recombination events per sample revealed that the temporal cortex of
AD donors was characterized by a significantly higher number of Alu and L1 recombination
events compared with control donors (Fig. 6B); no differences were observed in other brain
regions for AD samples or in PD samples versus controls. Moreover, analysis of chromosome-
to-chromosome recombination matrices in PD and AD revealed a significant enrichment of
intra-chromosomal recombination specific for the NeuN+ fraction of parietal cortex samples,
for both Alu and L1 NAHR, compared with the respective control samples. A similar result
was observed also for the frontal cortex samples of AD, while in PD both the NeuN- and
NeuN+ fractions showed an increase of intra-chromosomal NAHR compared with the control
dataset (Fig 6C, D: illustrative results for parietal cortex in PD and AD; complete list of panels
in Fig. S29-S36). These findings suggest that pathological processes related to
neurodegeneration can affect genome-wide NAHR profiles in a cell- and tissue-specific

fashion.
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Fig. 6 Alu and L.1 recombination profiles are shaped by in vitro neuronal differentiation
and are altered in neurodegeneration.

A) GABAergic cortical interneurons (iNEU) derived from human iPSCs were specifically
enriched in proximal intra-chromosomal recombination of Alu and L1 elements compared with
iPSCs. Dots represent the 3 biological replicates per condition. *P < 0.05 (single-factor
ANOVA).

B) Somatic NAHR of Alu and L1 elements is higher in temporal cortex samples of sporadic
AD donors compared with control donors. Each dot represents the median of the recombination

event count per chromosome for 10 AD or 10 control donors; the horizontal red bar denotes
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the median across all chromosomes. *P < 0.05; **P < 0.01; ***P < 0.001 (single-factor
ANOVA).

C, D) Chromosome-to-chromosome recombination matrices of parietal cortex samples
normalized to values of control donors show a NeuN+ specific enrichment of intra-
chromosomal recombination rates in sporadic Parkinson’s disease (PD) and Alzheimer’s
disease (AD) donors.

Colors show Log2 fold-enrichment of recombination rates for each individual chromosome
compared with recombination rate values of respective samples in the control dataset.

Data for chromosome Y not shown. PC: parietal cortex; -/+: NeuN- and NeuN+ fractions.

Discussion

One of the most puzzling discoveries in the first draft of the human genome sequence was that
roughly half of the bases in our genomes belonged to repeated sequences, for long considered
as inert remnants of our evolution. However, evidence accumulated during the intervening 20
years shows that many repeats are responsible for genomic diversity and mechanisms
fundamental for life, bringing an evolutionary gain that has its trade-off in sporadic diseases
generated or promoted by repeat element activity. Here, we show that somatic mosaicism
caused by recombination of repeats in the human genome is extensive and complex, adding a
new page to the developing story of how a myriad of genomic variants coexist in the same
individual. A conservative estimate from our capture-seq libraries is that there are ~5 and ~1.2
Alu recombination events per cell in non-brain and brain tissues respectively, whereas for L1
recombination the count is ~10-fold lower (~7 events per 10 cells in kidney or liver, ~1.6 events
per 10 cells in brain samples). These figures are coherent with estimates of somatic
retrotransposition in the brain (30, 37) and suggest an important contribution of NAHR to

somatic genome diversity; however, dedicated and more sensitive technical approaches will be
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required to confirm our data at the single-cell level. Besides being pervasive, somatic NAHR
exhibits tissue-specific characteristics that distinguish the brain regions from other tissues
assayed. Brain-specific NAHR is characterized by a higher rate of intra-chromosomal
recombination and by higher recombination rates between close repeat elements. In addition,
close-range recombination in the brain exhibits a strong directionality bias in favor of repeats
in inverted configuration. These differences could arise from several factors, including cell-
and tissue-specific DSBR pathways, chromatin architecture, epigenetic modifications, and
developmental factors. Our analyses of recombination in iPSC and differentiated neurons
suggest that the specific recombination profiles observed in post-mortem samples may be
generated in progenitor cells during early developmental stages; this notion is supported by the
homogeneity of intra-sample profiles and in the lack of fundamental differences in the NeuN-
and NeuN+ fractions in the control donor samples. It is nevertheless an open question whether
tissue-specific recombination profiles are a cause or consequence of cell-fate determination. It
is tempting to speculate that recombination of repeat elements is actively engaged in genome
remodeling during developmental programs; another possibility is that differentiation from
stem cells into a given progenitor cell type may trigger specific changes in chromatin
conformation accompanied by reproducible patterns of DNA damage, resulting in discrete
recombination profiles. Similarly, the higher enrichment of intra-chromosomal recombination
in the NeuN+ fraction than the NeuN- fraction in our comparison of AD and PD versus control
sample may be the consequence of cell-type specific neurodegenerative processes causing
differential DNA damage and cell-type specific alterations of recombination profiles.

The extent of somatic recombination detected in this study poses the problem of compatibility
of the observed rearrangements with genome fitness. Ultra-long read sequencing showed that
Aluand L1 NAHR events are responsible for deletions, inversions and translocations spanning

a wide range of sizes. While none of the NAHR events detected by ONT sequencing affected
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intervening coding exons, inter- and intra-genic regulatory elements may be affected by
NAHR-induced CN'Vs with consequences on close and distant chromatin architecture and gene
expression in the affected cells (52). Spatial genome organization at single cell level is
characterized by high variability (53); on the basis of its magnitude we speculate that somatic
NAHR, as well as other structural variants coexisting in the same genomic milieu, may
contribute to this heterogeneity. The enrichment of highly recombinogenic Alu and LI
elements in contexts of genomic instability and particularly in cancer genes suggests that
somatic recombination of Alu and L1 may occasionally prime the genome of individual cells
at vulnerable sites and drive the transition from healthy to pathological states. This scenario
becomes even more plausible when considering possible complex interplay between different
types of somatic mutation events; for example, a somatic retrotransposition event may be
accompanied by a local genomic destabilization and consequent recombination if the newly
inserted retroelement finds itself flanked by inverted homologous repeats (54). This is of
particular interest also for estimates of the rate of retrotransposition in the human genome,
because insertion of a young retroelement followed by recombination may create complex
rearrangements masking the structural hallmarks of canonical retrotransposition events,
namely target site duplications and a poly(A) tail, possibly resulting in underestimation of
germ-line and somatic retrotransposition rates. A recurrent question in repeat elements research
is, what possible benefit can counterbalance the risk of tolerating the presence in our genomes
of such a high number of potentially mutagenic elements? Restricting the range of answers to
the field of DNA repair, it is possible that when a DNA break occurs interspersed repeats with
high homology offer an ideal repertoire of “rapid emergency kits" conveniently available at
every genomic corner. Furthermore Alu, LINE-1 and LTR (Long terminal repeat) sequences
can form G-quadruplex structures that may help to stabilize complexes formed with the DNA

double-strand break repair components via liquid-liquid phase separation (55-57). The
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thorough characterization of somatic recombination of Alu and L.1 elements in this study paves
the way to future experiments that will explore the dynamics of somatic NAHR events and

their impact on the structure and function of our genomes.
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