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ABSTRACT

The genetics of an individual is a crucial factor in understanding the risk of developing the neurodegenerative
disease amyotrophic lateral sclerosis (ALS). There is still a large proportion of the heritability of ALS, particularly
in sporadic cases, to be understood. Among others, active transposable elements drive inter-individual vari-
ability, and in humans long interspersed element 1 (LINE1, L1), Alu and SINE-VNTR-Alu (SVA) retrotransposons
are a source of polymorphic insertions in the population. We undertook a pilot study to characterise the land-
scape of non-reference retrotransposon insertion polymorphisms (non-ref RIPs) in 15 control and 15 ALS in-
dividuals’ whole genomes from Project MinE, an international project to identify potential genetic causes of ALS.
The combination of two bioinformatics tools (mobile element locator tool (MELT) and TEBreak) identified on
average 1250 Alu, 232 L1 and 77 SVA non-ref RIPs per genome across the 30 analysed. Further PCR validation of
individual polymorphic retrotransposon insertions showed a similar level of accuracy for MELT and TEBreak.
Our preliminary study did not identify a specific RIP or a significant difference in the total number of non-ref
RIPs in ALS compared to control genomes. The use of multiple bioinformatic tools improved the accuracy of
non-ref RIP detection and our study highlights the potential importance of studying these elements further in
ALS.

1. Introduction

understood, however several mechanisms that are thought to be
involved include protein aggregation, oxidative stress, mitochondrial

The rapidly progressive neurodegenerative disease amyotrophic dysfunction, axonal transport, inflammation and RNA processing and
lateral sclerosis (ALS) is clinically and genetically heterogeneous and toxicity (van Es et al., 2017). An individual’s risk of developing ALS is a
characterised by the loss of motor neurons in the brain and spinal cord. complex interaction of genetic and environmental factors with the
The processes resulting in this neurodegeneration are not fully proportion of attributable risk from the genetic and environmental
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components variable between individuals (Al-Chalabi and Hardiman,
2013). There have been over 30 different genes linked to familial ALS
and the genetic component has been identified in ~ 70 % of cases; the
most commonly mutated genes in Europeans are C9orf72; SODI;
TARDBP and FUS (Mathis et al., 2019; Renton et al., 2014). Traditionally
ALS has been separated into two groups, the approximately 10 % of
individuals who have a family history of the disease with the remaining
90 % classified as sporadic. However, there is significant overlap be-
tween the two as many of the genes involved in familial ALS are also
involved in the sporadic form (Al-Chalabi and Lewis, 2011; Brown and
Al-Chalabi, 2017). In addition, genetics is an important factor in an in-
dividual’s risk of developing sporadic ALS as the heritability is estimated
at 60 %, and first-degree relatives of sporadic ALS patients have an 8-
fold increased risk of developing the disease (Hanby et al., 2011; Al-
Chalabi et al., 2010).

Research into the genetics of ALS has identified an increasing num-
ber of variants involved in disease susceptibility, but the majority of the
heritability remains to be elucidated. We hypothesise that part of this
unidentified heritability is due to classes of genetic variation that have
not yet been studied extensively in large ALS and control cohorts. One
such type of variation is driven by Transposable Elements (TEs) (Kaza-
zian and Moran, 2017), mobile pieces of DNA that can drive genetic
variability among individuals. Of the different classes of TEs, retro-
transposons are typically active in mammals. Retrotransposons can be
subdivided in Long Terminal Repeat (LTR)-containing (including human
endogenous retroviruses or HERVs) and non-LTR retrotransposons, and
can create new insertions within genomes through a ‘copy-&-paste’
mechanism. Members of the non-LTR retrotransposon group in the
human genome include the families long interspersed element class 1
(LINE-1 or L1), and short interspersed elements (SINEs), majority of
which are Alus, and the composite element SINE-VNTR-Alu (SVA). As
these elements continue to mobilize in humans, their activity generates
presence/absence insertion polymorphisms in the human population.
Recent estimates have established that the germline retrotransposition
rates in humans are 1/40 births for Alu, and 1/63 for both L1 and SVA
elements (Feusier et al., 2019). The 1000 Genomes Project data revealed
that the average European genome harbours 919 Alu, 123 L1 and 53 SVA
non-reference retrotransposon insertions (Genomes Project C et al.,
2015), however this is likely to be an underestimation due to the low
coverage of the sequencing data. This highlights the contribution of non-
reference retrotransposon insertion polymorphisms (non-ref RIPs) to the
genetic variation of the human genome, as the ongoing retro-
transposition of these elements results in insertions that are unique to
specific individuals or enriched in specific ancestral groups. To date, 124
cases of genetic diseases have been demonstrated to be caused by ret-
rotransposon insertions, including cystic fibrosis (Alu), heamophilia A
(L1), X-linked dystonia-parkinsonism (SVA) and hereditary cancers
(Hancks and Kazazian, 2016). However, these cases represent so-called
Mendelian diseases caused by very deleterious mutations that are
expressed with high penetrance. Retrotransposon insertions have also
been suggested as candidate causal variants at an increasing range of
disease loci due to their strong linkage disequilibrium (LD) with trait
associated single nucleotide polymorphisms (SNPs) (Payer et al., 2017).
It was shown earlier that TE insertion polymorphisms also exert regu-
latory effects on the human genome (Wang et al., 2017). Specifically,
polymorphic TE insertions were shown to contribute to both inter-
individual and population-specific differences in gene expression and
to facilitate the re-wiring of transcriptional networks. A subset of
genomic retrotransposons insertions can be expressed from their own
promoter and several of these retrotransposon families have been re-
ported to be transcriptionally dysregulated in ALS (Douville et al., 2011;
Lietal., 2012, 2015r; Pereira et al., 2018; Prudencio et al., 2017; Savage
etal., 2019; Tam et al., 2019a,b). Of particular interest was the study by
Tam et al., 2019b who identified three subtypes of ALS based on their
frontal and motor cortices transcriptomic profile, one of which was
characterised by retrotransposon overexpression and TAR DNA-binding
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protein 43 dysfunction and was observed in 20 % of ALS patients (Tam
et al., 2019b).

TE-derived sequences have contributed a wide variety of gene reg-
ulatory elements to the human genome (Chuong et al., 2017; Elbarbary
et al., 2016; Faulkner et al., 2009; Rebollo et al., 2012), including pro-
moters (Conley et al., 2008; Marino-Ramirez et al., 2005), enhancers
(Chuong et al., 2016; Chuong et al., 2013; Notwell et al., 2015), tran-
scription terminators (Conley and Jordan, 2012) and several classes of
small RNAs (Kapusta et al., 2013; Piriyapongsa et al., 2007; Weber,
2006). Human TEs can also influence gene regulation by modulating
various aspects of chromatin structure throughout the genome (Jacques
et al., 2013; Lander et al., 2001; Schmidt et al., 2012; Sundaram et al.,
2014; Wang et al., 2015). We have recently demonstrated that decreased
methylation can be observed over specific L1 elements in the CNS which
would be consistent with the model for these domains having an influ-
ence on genomic regulation in the brain (Savage et al., 2020).

Recent findings have revealed potential mechanistic links between
polymorphic TE-induced gene regulatory changes and the endopheno-
types that underlie human health and disease (Wang et al., 2017). For
example, the disruption of the B4GALT1 enhancer by an SVA insertion is
associated with down-regulation of the gene in B-cells. B4GALTI en-
codes a glycosyltransferase that functions in the glycosylation of the
Immunoglobulin G (IgG) antibody in such a way as to convert its activity
from pro- to anti-inflammatory (Lauc et al., 2013). Down-regulation of
this gene in individuals with the enhancer SVA insertion should thereby
serve to keep the IgG molecule in a pro-inflammatory state. Consistent
with this idea, the B4GALT1 enhancer SVA insertion is linked to a
genomic region implicated by genome wide association studies (GWAS)
in both inflammatory conditions and autoimmune diseases such as
systemic lupus erythematosus and Crohn’s disease (Wang et al., 2017;
Lauc et al., 2013). Changes in mRNA and protein expression of retro-
transposons, both of the non-LTR class and human endogenous retro-
viruses, have been linked to ALS although this potential role in disease
development needs to be fully understood (Pereira et al., 2018; Savage
et al., 2020; Mayer et al., 2018). Retrotransposon activity has also been
linked to several other neurological conditions including multiple scle-
rosis, Rett Syndrome, Aicardi-Goutieres syndrome, Autism-spectrum
disorder and Alzheimer’s disease (Faulkner and Billon, 2018; Saleh
et al., 2019; Tam et al., 2019b). The mechanisms implicated in this
pathogenicity are thought to occur through an inflammatory response,
and it has been proposed that the presence of RNAs and DNAs from these
elements could induce neurotoxicity (Volkman and Stetson, 2014).

Here, we focus on the characterisation of polymorphic non-LTR
retrotransposons and their contribution to genetic variation within
known ALS haploblocks as a first step towards an understanding of how
these might influence gene expression at these loci. We hypothesise that
non-ref RIPs could play a role in the genetic heritability of ALS, either
through common variants contributing to risk or through rare or even de
novo insertions that could generate a phenotype. Large-scale whole
genome sequencing (WGS) projects, such as Project MinE (https://www.
projectmine.com) (Project MinE, 2018), are paving the way to enable
these elements to be studied. However, such studies are computationally
intense, and specialist bioinformatics tools are required to characterise
this type of genetic variation accurately (Ewing, 2015; Goerner-Potvin
and Bourque, 2018). Therefore, we undertook an objective compari-
son to validate two such tools, mobile element locator tool (MELT)
(https://melt.igs.umaryland.edu) (Gardner et al., 2017) and TEBreak
(https://github.com/adamewing/tebreak) (Salvador-Palomeque et al.,
2019; Schauer et al., 2018), to characterise non-ref RIPs in a pilot study
of 15 ALS and 15 control whole genomes from Project MinE. MELT, a
tool developed to be used on a population scale, has been used to ge-
notype over 2500 genomes from the 1000 Genomes Project (Gardner
et al., 2017; Sudmant et al., 2015) and has recently been used as part of
the genome aggregation database (gnomAD) to characterise Alu, L1 and
SVA insertions in over 10,000 genomes and this data is available on the
gnomAD-SV browser (https://gnomad.broadinstitute.org/). We were
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able to compare the non-ref RIPs identified by each tool and characterise
the genetic landscape of these variants in known ALS-associated regions.
Although this pilot study is too small to enable case-control comparisons
of the frequency of each insertion, we expanded the number of samples
analysed using PCR amplification and LD analysis with known disease
associated SNPs. We investigated whether characterisation of poly-
morphic TE insertions may allow us to better understand their ability to
influence the outcome of this neurological disorder.

2. Results

2.1. Comparison of two bioinformatics tools, TEBreak and MELT, to
identify non-reference RIPs in WGS data

The analysis of WGS data from 30 whole genomes which represent
15 control and 15 ALS individuals from the UK samples of Project MinE
(Project MinE, 2018) sequenced to a depth of ~ 30x to identify poly-
morphic retrotransposon insertions, yielded a different number for non-
ref RIPs of each non-LTR retrotransposon family per genome (Alu, L1
and SVA) when the two tools TEBreak and MELT were compared
(Fig. 1A-C). TEBreak identified fewer Alu non-ref RIPs (on average 991
vs 1113), a greater number of L1 non-ref RIPs (on average 179 vs 157)
and a greater number of SVA non-ref RIPs (on average 56 vs 44) per
genome compared to MELT. The differences in the average number of
non-ref RIPs observed between TEBreak and MELT were significantly
different: Alu, p = 5x10724 L1, p= 3.0x10°'%; SVA, p= 5x10°!1. The
mean number of unique non-ref RIPs per genome identified in total (data
from TEBreak and MELT combined) were as follows: Alu, 1250; L1, 232;
SVA, 77. The loci of non-ref RIPs identified by both TEBreak and MELT
per genome showed the greatest concordance for Alus (68 %) followed
by L1s (45 %) and SVAs (26 %) (Fig. 1D). In total across the 30 genomes
analysed, TEBreak identified 4129 Alu, 802 L1 and 344 SVA unique non-
ref RIPs compared to MELT, that identified a total of 4305 Alu, 785 L1
and 306 SVA unique non-ref RIPs. Using a bed file provided with
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TEBreak of 38,512 non-ref RIPs previously identified we determined
how many of the insertions detected in the study had been reported
previously. This bed file was compiled from insertions identified from 15
publications, including from the 1 k genomes project analysis, and the
dbRIP database (Ewing, 2015; Sudmant et al., 2015). Of the Alu non-ref
RIPs identified by TEBreak and MELT 83.1 % and 82.5 % respectively
had been reported previously. For the L1 non-ref RIPs this was 76.8 % of
those identified by TEBreak and 66.8 % of those by MELT and SVAs 59.3
% by TEBreak and 60.5 % by MELT.

There are multiple subfamilies of Alu, L1 and SVA retrotransposons
that have shown different dynamics of expansion during evolution
(Lander et al., 2001; Batzer and Deininger, 2002; Wang et al., 2005).
Both TEBreak and MELT classify the Alu and L1 non-ref insertions by
subfamily, however MELT does not determine the subtype of each SVA
insertion whereas TEBreak does. In addition, many of the L1 insertions
were classified by MELT as ambiguous, therefore here we report on the
subfamily distribution using TEBreak data alone. The largest proportion
(66 %) of non-ref RIP Alus belonged to the currently most active sub-
family AluYa5 (Figure S1A), which represents the most abundant sub-
family with the highest levels of mobilization in humans (Lander et al.,
2001; Gardner et al., 2017; Batzer and Deininger, 2002; Bennett et al.,
2008; Konkel et al., 2015; Mills et al., 2007; Wang et al., 2006).
Consistently, the L1 non-ref RIPs were classified into the subfamilies
L1PA2, L1preTa and L1Ta, and 79 % of the insertions were members of
the youngest and human-specific subfamily L1Ta (Figure S1B). The SVA
non-ref RIPs were divided into the subtypes A-F and the majority
belonged to the younger subtypes D-F with the largest proportion (55 %)
classified as F (Figure S1C). For all three of the non-LTR retrotransposon
families, there was no significant difference in the distribution of the
subfamilies between control and ALS genomes.

2.2. PCR validation of non-reference RIPs

Non-ref RIPs from each non-LTR retrotransposon family (12 Alu, 11
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Fig. 1. The average number of non-reference RIPs identified per individual differed between the bioinformatic tool MELT and TEbreak used to analyse WGS datasets.
A —C Numbers of non-ref Alu, L1 and SVA RIPs identified in each genome by TEBreak, MELT and the two tools in combination, respectively. D — The percentage
overlap of non-ref Alu, L1 and SVA RIPs that were identified by both TEBreak and MELT. Two-tailed T-test ***=p < 0.001.
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L1 and 6 SVA insertions) were validated by PCR in multiple DNA sam-
ples (a minimum of 9 for each insertion and a total of 335 PCRs overall)
to include individuals with different genotypes (homozygous present,
heterozygous and homozygous absent) called by TEBreak and MELT
(Fig. 2). Of the 29 insertions, chosen for PCR validation 93 % were called
by both tools in at least one genome. Five of the retrotransposon in-
sertions were chosen for validation based on their presence in introns of
ALS associated genes, two were retrotransposition competent L1s and
the remainder were chosen at random. There were no false positives
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Fig. 2. PCR validation of non-reference RIPs identified in WGS datasets using
TEBreak and MELT. (a)- Representative gel image of 9 different ALS and control
individuals (lanes 1-9) for the PCR validation of a specific intergenic Alu
insertion into chrl3 using one primer pair to amplify the empty site (357 bp)
and the filled site (667 bp). 147 Alu validation PCRs were carried out for 12
different Alu non-ref RIPs in a minimum of 9 ALS and control individuals each
whose genomes had been analysed using TEBreak and MELT. (b)- Represen-
tative gel image of 7 different individuals (lanes 1-7) for the multiplex PCR
validation of an intronic full length L1 insertion in the SCFDI gene at position
31,150,808 of chromosome 14. Primers flanking the insertion site were used to
generate an empty site product (229 bp) and a primer in the 5'end end of the L1
sequence to generate a PCR product (371 bp) if L1 was present. 117 L1 non-ref
RIP validation PCRs were carried out for 11 different L1 RIPs in a minimum of 9
ALS and control individuals each whose genomes had been analysed using
TEBreak and MELT. (c)- Representative gel image of 9 different individuals
(lanes 1-9) for the PCR validation of a SVA insertion into chrl4 using one
primer pair to amplify the empty and filled sites. The empty site PCR product
was 606 bp; the filled site was approximately 3000 bp, however TEBreak or
MELT could not definitively predict the length of the filled site product due to
the large size and possible variability in length due to the VNTR domain. 71
SVA non-ref RIP validation PCRs were carried out for 6 different SVA RIPs in a
minimum of 9 ALS and control individuals each whose genomes had been
analysed using TEBreak and MELT. ES — empty site, FS — filled site.
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identified in this validation, namely insertions called present by the
bioinformatics tools but absent in the PCR assay. However, there were
multiple instances of false negatives where the retrotransposon insertion
was present in the PCR validation assay but not identified by TEBreak or
MELT. We did not further validate by sequencing analyses of the ob-
tained PCR products. The false negative and false positive rates, accu-
racy, sensitivity and specificity for each software tool were calculated
(Table 1) and the raw numbers are reported in Table S1. Of the three
retrotransposon families, the Alu non-ref RIPs were the most accurately
called by TEBreak and MELT with the lowest false negative rate and
highest accuracy and sensitivity (Table 1). SVAs were the most poorly
called non-ref RIPs by both tools, most likely because they harbour long
tracts of tandem repeats consisting of 35-50 repeat copies that can
accumulate to ~ 2300 bp, making them difficult to characterise from
short read sequencing data (Wang et al., 2005; Chaisson et al., 2015). In
addition, individual SVA elements can be polymorphic in length due to
the differing numbers of repeat copies their variable number tandem
repeat (VNTR) regions contain and arise after their de novo insertion
into a particular locus; this adds a further layer of complexity when
analysing non-ref SVA RIPs. This is exemplified by the SVA insertion
validated in Fig. 2C, where two different length alleles of the SVA
insertion can be detected (Fig. 2C, compare lanes 8 and 9). The specific
changes were not further determined by sequence analysis of the ob-
tained PCR product. The false negative rate, accuracy and sensitivity
were very similar between the two tools for calling Alus and SVAs.
Notably, combining the calls made by both tools increased the accuracy
and sensitivity and reduced the false negative rate in all three retro-
transposon families, with perfect agreement between the combined calls
for the polymorphic Alus and their PCR validation. In some instances the
false negatives of a particular insertion was due to the lack of detection
by the caller in any of the genomes analysed, for example an Alu in the
intron of the TRNAU1AP gene was not detected by MELT, whereas other
false negatives were due to the lack of detection in a particular genome
but was identified in other individuals by the caller, for example an Alu
in the UNCI13A gene. Further inspection of the insertion site of the Alu

Table 1
The false negative and false positive rates, accuracy, sensitivity and specificity
for each family of non-ref RIPs are reported with 95% confidence intervals.

TEBreak MELT Combined
Alu False positive 0 (0, 0.05) 0 (0, 0.05) 0 (0, 0.05)
rate
False negative 0.04 (0.01, 0.08 (0.03, 0 (0, 0.05)
rate 0.11) 0.17)
Accuracy 0.98 (0.94, 0.96 (0.91, 1.00 (0.95,
1.00) 0.98) 1.00)
Sensitivity 0.96 (0.89, 0.92 (0.83, 1.00 (0.95,
0.99) 0.97) 1.00)
Specificity 1.00 (0.95, 1.00 (0.95, 1.00 (0.95,
1.00) 1.00) 1.00)
L1 False positive 0 (0, 0.06) 0 (0, 0.06) 0 (0, 0.06)
rate
False negative 0.21 (0.11, 0.10 (0.03, 0.06
rate 0.35) 0.21) (0.01-0.16)
Accuracy 0.91 (0.84, 0.96 (0.90, 0.97 (0.93,
0.95) 0.99) 0.99)
Sensitivity 0.79 (0.65, 0.90 (0.79, 0.94 (0.84,
0.89) 0.97) 0.99)
Specificity 1.00 (0.94, 1.00 (0.94, 1.00 (0.94,
1.00) 1.00) 1.00)
SVA  False positive 0 (0, 0.08) 0 (0, 0.08) 0 (0, 0.08)
rate
False negative 0.35 (0.17, 0.38 (0.20, 0.19 (0.07,
rate 0.56) 0.59) 0.39)
Accuracy 0.87 (0.77, 0.86 (0.76, 0.93 (0.84,
0.94) 0.93) 0.98)
Sensitivity 0.65 (0.44, 0.62 (0.41, 0.81 (0.61,
0.83) 0.80) 0.93)
Specificity 1.00 (0.92, 1.00 (0.92, 1.00 (0.92,
1.00) 1.00) 1.00)
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into the intron of the TRNAU1AP gene in the gnomAD-SV browser (https
://gnomad.broadinstitute.org/) identified an insertion of 388 bp at the
site reported by TEBreak detected by the structural variant callers
DELLY and Manta. MELT has also been used to call variants in the ge-
nomes analysed in the gnomadSV browser and the lack of detection in
over 10,000 genomes suggests it is not particular features of the ge-
nomes analysed in our study but difficulties in MELT detecting this
insertion at this particular locus.

2.3. Distribution of non-reference RIPs across ALS and control genomes

There was no significant difference in the overall number of Alu, L1
and SVA non-ref RIPs in the genomes of individuals with ALS compared
to controls using data combined from both tools (Fig. 3). Of the total
number of unique non-ref RIPs (5101 Alu, 1086 L1 and 480 SVAs)
identified across the 15 control and 15 ALS genomes, 45 %, 37 % and 44
% of Alu, L1 and SVA insertions, respectively, occurred into genes. The
majority of those genic insertions were in introns, however 49 Alu, 3 L1
and 2 SVA insertions occurred into non-coding exons, and 3 Alu and 2
L1s in coding exons. The largest proportion of non-ref RIPs located in
non-coding exons inserted in the 3'UTR of genes (72.2 %) followed by
the exons of ncRNAs (22.2 %) and the remainder were in the 5’UTR of
genes (5.6 %). The non-ref RIPs identified in coding exons occurred in
both controls and ALS genomes or had been reported previously in the
literature with an updated list available at Github (https://github.
com/adamewing/tebreak) to complement the following manuscript
(Ewing, 2015).

Pathway analysis was performed to identify the function of the genes
containing non-ref RIPs and identified a 1.23-fold enrichment for those
genes expressed in brain tissue (Bonferroni corrected p = 1.2x10718)
(Fig. 4A). There was also an enrichment for genes encoding proteins
located in cellular components related to synapses such as the post-
synaptic membrane (2.5-fold Bonferroni corrected p = 8.1x107) and
postsynaptic density (2.6-fold Bonferroni corrected P = 1.9x10°)
(Fig. 4B). This bias towards neuronal pathways reflects hereditary or
early developmental somatic variation but does not include adult brain
somatic insertions. Notably, TEBreak and MELT analysis of the 30 ge-
nomes identified 10 Alu and 1 L1 non-ref RIPs within the introns of 5/32
ALS-associated genes analysed (Table 2), and these were found to be
common insertions occurring in multiple individuals. Eight of these non-
ref RIPs were located in ERBB4, although in 4 different introns, a large
gene 1.16 Mb in length; however the number of RIPs per kb in ERBB4
was one of the lowest out of these five ALS-associated genes (Table 2).
The majority of the insertions into the ERBB4 gene were in introns to-
wards the 5’ end of the gene (introns 1 and 2) where the largest introns
are located. The insertions into ERBB4 were characterised by the hall-
marks of L1 medicated target primed reverse transcription, such as
target site duplications 10-24 bp in length.

In an initial experiment to address these RIPs in a larger N number

Alu

1350 300
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1300 260
240
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the allele frequencies for 2 Alu and 1 L1 RIPs located in the ALS-
associated genes (SPAST, FIG4 and ERBB4) were determined through
PCR amplification in ALS and controls from the MNDA UK DNA bank
cohort (Table 3). However, there was no significant association of these
particular variants with ALS identified.

In 11 haploblocks containing SNPs associated with ALS through
GWAS, there were 47 Alu, 7 L1 and 6 SVA non-ref RIPs identified, and
the majority of these insertions occurred in multiple individuals
(Table 4). Of those non-ref RIPs in ALS-associated haploblocks, 5 Alu, 1
L1 and 1 SVA insertions were located in introns of the reported genes
linked to the GWAS SNPs (UNC13A, SCFD1, SARM1 and DPP6). An L1
and Alu non-ref RIP had inserted into the same intron that contained an
ALS-associated SNP in the genes SCFD1 (rs10139154) and UNCI13A
(rs12608932) respectively (Table 4). However, the GWAS SNPs
rs10139154 and rs12608932 did not tag either of these two non-ref
RIPs, (the intronic full length L1Ta in SCFDI and the intronic AluYb9
in UNC13A), when analysed for linkage disequilibrium (LD) between the
variants. On analysis of UNC13A in 196 individuals from the MNDA UK
DNA bank for which the SNP and Alu genotypes were available (a subset
of those in genotyped Table 3), the presence of the Alu and the non-risk
allele of the SNP were inherited together (D’=1). Although the presence
of the Alu insertion was predictive of the non-risk allele of rs12608932,
it was not true for the reverse. This can be attributed to the lower fre-
quency of the present allele of the Alu insertion compared to the fre-
quency of the non-risk allele of rs12608932 @*® = 0.06). In 192
individuals from the MNDA UK DNA bank (a subset of those genotyped
in Table 3) analysed, the L1 non-ref RIP in SCFD1 was not in LD with
rs10139154 (r? = 0.03, D’=0.6). Association analysis of the Alu inser-
tion in UNC13A and the L1 insertion in SCFD1 in the MNDA UK DNA
bank samples did not identify an association with disease (Table 3).
While we could not find strong non-ref RIP candidates linked to ALS, our
data does not rule out that such transposable element insertions could
play a role in ALS progression or severity by modifying genomic pa-
rameters such as RNA splicing or gene expression in individuals har-
bouring a known genetic risk.

3. Discussion

Candidate gene and large-scale sequencing studies have identified
many genes and genetic variants that are involved in the development of
or an increased susceptibility to ALS (Mejzini et al., 2019). The majority
of these studies have addressed single nucleotide variants, as they are
the easiest and most cost effective to study on a large scale. However,
initiatives such as Project MinE (https://www.projectmine.com/) are
enabling the analysis of whole genome sequencing data to address
additional types of genetic variation, such as structural variants, tandem
repeats and the presence or absence of retrotransposon insertions, to aid
the discovery of novel variants contributing to disease susceptibility.

We utilised two bioinformatics tools, TEBreak and MELT, to carry out

L1 SVA

120
1104
100

»
[4 & g gl
4 T E(:
k3 5 200 2 704
_é 1200 - é 180 g 609
€ ]
z 2 160 5 %
1150 140 404
120 30
1100 100 20

M Controls ALS

I Controls ALS

I Controls ALS

Fig. 3. Identification of comparable numbers of non-reference RIPs in control and ALS genomes. The number of Alu, L1 and SVA non-ref RIPs identified in the
genome of each individual using TEBreak and MELT were combined and no significant difference in the number in those with ALS compared to the unaffected control
was found (two-tailed T-test). In total, the number of different non-ref RIPs found across the 30 individuals were as follows: 5101 Alu, 1086 L1 and 480 SVA in-

sertions (controls n = 15, ALS n = 15).
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Fig. 4. Genes containing a non-reference RIP were enriched for expression in the brain and neuronal structures. (a) - Six tissues were significantly enriched for the
expression of genes containing a non-ref RIP (Bonferroni adjusted p-value > 0.05). (b) — The proteins encoded by genes containing a non-ref RIP were significantly
enriched in particular cellular components, most frequently those relating to neurons (Bonferroni adjusted p-value > 0.05).

Table 2
Numbers of different non-ref RIPs located in introns of ALS-linked genes and
identified using TEBreak and MELT to analyse WGS data.

Gene coordinates (hg19) Gene Number of RIPs
No. of
Alu L1 SVA RIPs per
kb
chr2 32,288,680 32,382,706 SPAST 1 0.011
chr2 202,564,986 202,645,895  ALS2 1 - - 0.012
chr2 212,240,442 213,403,352  ERBB4 7 - 0.007
chr6 110,012,424 110,146,634 FIG4 1 - - 0.007
chr12 111,890,018 112,037,480 ATXN2 1 - - 0.007

a small pilot study to analyse polymorphic non-reference non-LTR ret-
rotransposon insertions in ALS and control genomes from Project MinE.
Our analysis on average identified 1250 Alu, 232 L1 and 77 SVA non-ref
RIPs per genome, which is higher than the number identified in the 1000
Genomes Project data set (for Europeans — 919 Alu, 123 L1 and 53 SVA
insertions) using MELT alone. This may be attributed to the higher depth
of coverage of the Project MinE sequencing and the use of two tools to
complete the analysis. An additional factor to consider is read length, as
the Project MinE UK samples are 150 bp in length whereas the genomes
from Phase 3 of the 1000 genome are a range of read length > 70bps.
Combining the calls made by both tools generated the highest level of
accuracy when compared to the PCR validation (Fig. 2) and RIP detec-
tion was greatly improved when using two callers, however the use of
two tools for genotyping a large number of genomes can be impractical.
The VCF (variant caller format) output from MELT enables the data to be
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Table 3
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The insertion allele frequencies (IAF) of non-ref RIPs in ALS linked genes or haploblocks reveal that there is no significant difference in the frequency between ALS cases
and controls (chi-squared test). Five non-ref RIPs from table 1 or 3 were chosen to be PCR validated in a larger number of controls and ALS samples from the MNDA UK

DNA bank cohort.

IAF Number of samples
Coordinates (hg19) Family Gene Controls ALS Controls ALS
chr2 32,365,841 32,365,856 Alu SPAST 0.07 0.03 50 54
chr6 110,102,976 110,102,981 Alu FIG4 0.66 0.67 48 53
chr19 17,752,493 17,752,493 Alu UNC13A 0.09 0.08 143 142
chr2 213,114,162 213,114,173 L1 ERBB4 0.31 0.31 48 54
chr14 31,150,808 31,150,825 L1 SCFD1 0.12 0.12 142 137
Table 4

Numbers of different non-ref RIPs that were located in haploblocks containing SNPs associated with ALS risk and identified using TEBreak and MELT to analyse WGS
data. The list of SNPs was taken from the GWAS catalog and filtered to retain those SNPs that were identified in European populations and reached genome wide

significance (p-value<5x10'8).

Number of RIPs

Haploblock (hg19) GWAS SNP Reported Gene Alu L1 SVA No. of RIPs per kb
chr3 38,356,116 40,221,298 rs616147 MOBP 2 1 - 0.002
chr5 148,662,624 150,561,298 rs10463311 TNIP1 3 - 2 0.003
chr7 153,674,019 154,964,730 rs10260404 DPP6 4 - 1 0.004
chr9 26,111,757 28,224,283 rs2814707, rs3849942, rs3849943, rs10122902 C9orf72 3 - - 0.001
chr12 57,548,860 59,308,666 rs113247976, KIF5A 6 - 1 0.004
chr12 64,032,461 65,559,695 rs74654358 TBK1 2 - - 0.001
chr14 29,972,145 32,383,265 rs10139154 SCFD1 4 3 0.003
chr17 21,290,357 27,334,244 rs35714695, rs34517613 SARM1 12 2 0.003
chr19 16,374,416 18,409,862 rs12608932 UNC13A 6 - - 0.003
chr21 32,668,642 34,376,999 rs13048019 SoD1 4 1 - 0.003
chr21 44,506,268 46,177,105 rs75087725 C2Iorf2 1 - - 0.0006

integrated with other types of genetic variation and to be used in
downstream analyses more easily than the text output from TEBreak.
MELT has been used both in the 1000 Genomes Project (Gardner et al.,
2017; Sudmant et al., 2015) and the genome aggregation database
(gnomAD) to characterise Alu, L1 and SVA insertions and this data is
available on the gnomAD-SV browser (https://gnomad.broadinstitute.
org/). Therefore, at present MELT is the most suitable tool of the two
for use in large-scale analyses such as for the Project MinE dataset if a
single tool was to be used.

Although our study is comparatively small, it has highlighted the
need to validate targets identified by the bioinformatics analyses due to
the inconsistencies found between the two tools and the false negatives
identified when the insertions were PCR validated (Fig. 2). We consid-
ered PCR an appropriate tool to validate the RIPs identified with our
bioinformatic pipeline. Additional variation within the VNTR regions,
both central and flanking CT domain, of SVA elements is not captured by
bioinformatics tools addressing presence or absence, such as TEBreak
and MELT, and is difficult to characterise in short read sequencing data.
The importance of changes in the length of an SVA insertion is high-
lighted by the disease causing SVA insertion in TAFI that causes X-
linked dystonia parkinsonism. In this case the length of the 5’ CCCTCT
repeat within the SVA has been shown to modify the age on onset of the
disease (Bragg et al., 2017). Therefore, further analyses of poly-
morphism intrinsic within an SVA insertion is required to determine if it
is also an important parameter for disease risk.

De novo retrotransposition events, depending on the site of their
insertion, could affect gene function through multiple mechanisms such
as loss of function mutations, exonisation and changes in mRNA
expression and splicing (Savage et al., 2019; Chuong et al., 2017; Payer
and Burns, 2019). By using the expression quantitative trait loci (eQTL)
analytical paradigm, hundreds of associations between human TE
insertion variants and gene expression levels have been discovered
(Wang and Jordan, 2018). These include population-specific gene reg-
ulatory effects as well as coordinated changes to gene regulatory net-
works. Additionally, analyses of linkage disequilibrium patterns with

previously characterized GWAS trait variants have uncovered TE
insertion polymorphisms that are likely causal variants for a variety of
common complex diseases. For instance, applying the eQTL approach
uncovered that polymorphic TE loci are associated with differences in
expression between European and African population groups, and a
single Alu locus was shown to be indirectly associated with the expres-
sion of numerous genes via the regulation of the B cell-specific tran-
scription factor PAX5 (Wang et al., 2017). A recent study identified 211
and 176 polymorphic Alu, L1 and SVA insertions that affected gene
expression in lymphoblastoid cell lines and human induced pluripotent
stem cells respectively (Goubert et al., 2020). One of these transposable
element quantitative trait loci identified was an Alu insertion in the ALS2
gene that we also found as a non-ref RIP in our cohort (Table 2) and was
shown to in part regulate the expression of the gene (Goubert et al.,
2020).

Although our N number was not sufficient, we hypothesise that
germline non-ref RIPs either could play a role in the heritability of ALS
through rare or de novo insertions that generate a phenotype or smaller
effects of common variants (Savage et al., 2019). This is consistent with
our analysis of reference genome SVA RIPs in Parkinson’s disease using
data in the longitudinal study Parkinson’s Progressive Markers Initiative
in which we correlated presence or absence of a specific RIP with Par-
kinson’s disease progression (Pfaff et al., 2021). Non-ref RIPs that occur
at higher frequencies could contribute to ALS susceptibility and be used
to identify novel loci or occur in regions that are currently known to be
involved in the disease. SNPs identified through GWAS do not neces-
sarily identify the causative variant, but highlight regions of the genome
containing variants linked to disease. For example, an Alu insertion in
the CD58 gene, that altered splicing and was found to be in perfect LD
with the SNP associated with multiple cclerosis at this locus, has been
suggested as the functional causative variant (Payer et al., 2017; Payer
et al., 2019). We therefore tested the LD of two non-ref RIPs at the ALS
GWAS loci, UNC13A and SCFD1, with the respective SNPs. These two
RIPs variants were not found to be in LD with the risk alleles of the SNPs,
but these RIPs could have an effect on risk independent of the GWAS
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loci. Rare retrotransposon insertions that compromise gene function, for
example by exon disruption, cause a range of genetic diseases (Hancks
and Kazazian, 2016) and of the insertions in the gnomAD-SV browser
(https://gnomad.broadinstitute.org/), 0.21 % of Alu, 0.25 % of L1 and
0.36 % of SVA non-ref RIPs are loss of function variants (Alu, L1 and SVA
insertions were extracted from VCFs downloaded from the gnomAD-SV
browser and the percentage of those classified as loss of function vari-
ants calculated). The majority of these variants are very rare with 89 %
of Alu, 92 % of L1 and 92 % of SVA insertions which cause a loss of
function, having an allele frequency of < 0.0005 as reported in the VCF
file. Non-ref RIPs have not been addressed in ALS genomes previously,
therefore it is currently unknown if there are rare insertions causal for
the disease. In addition, ongoing retrotransposition of these elements is
an important consideration in sporadic ALS, as de novo insertions unique
to specific individuals could be part of their genetic risk.

It is clear from the literature that retrotransposons have the ability to
alter gene regulation and that their polymorphism is correlated with
differential gene expression (Savage et al., 2019; Pfaff et al., 2021;
Frohlich et al., 2022; Petrozziello et al., 2020; Pfaff et al., 2020; Pozo-
jevic et al., 2022; Price et al., 2021). Our attempts are not to define
somatic variation that occurs over the lifetime of an individual with ALS
but rather the uncharacterised hereditability. To that end, we plan to
extend our analysis of retrotransposon variation into the larger ALS
genomic WGS dataset within ProjectMinE that currently consists of 6500
cases and 2500 controls. This would provide sufficient power to detect a
potential significant association (p < 1.7x10°° based on 3000 RIPs
tested) at an allele frequency of 0.05 with a relative risk of 1.42. Such
analysis will allow further stratification of the ALS genetic factors
associated with risk for, or progression of ALS. Validation of this hy-
pothesis and strategy is not only supported by data in this study but also
previous reports demonstrating that the analysis of reference SVA
variation in Parkinson’s disease can be correlated with disease pro-
gression (Pfaff et al., 2021) and that an increased burden of retro-
transposition competent L1s is associated with Parkinson’s disease (Pfaff
et al., 2020). Interestingly, the bulk of these retrotransposon insertions
are located in the non-coding DNA and most probably regulatory in
nature, which would also support the hypothesis that the genetic risk of
an individual for ALS is in part modified by the environment/life events
as demonstrated in many conditions (Savage et al., 2019; Gianfrancesco
et al., 2019; Marshall et al., 2021; Quinn et al., 2019).

4. Materials and methods

4.1. Identification of RIPs in whole genome sequencing data of 30
individuals from Project MinE

The samples from Project MinE used in this study were sequenced to
~ 25X coverage with 150 bp reads on the HiSeq X respectively. Table S2
summarises the phenotype data for 30 individuals used in the analysis.
The input bam files for TEBreak and MELT required alignment using
Burrow Wheeler Aligner (BWA-MEM) (Li, 2013), therefore the bam files
for 30 individuals (15 controls and 15 ALS) from Project MinE were
sorted by name and converted to fastq files using SAMtools (Li et al.,
2009). The fastq files were aligned to GRCh37/hgl19 using BWA-MEM
with parameters -M -Y, converted to bam format and sorted using
SAMtools and duplicates marked using Picard (https://broadinstitute.
github.io/picard/). The subsequent bam file was used as input into
TEBreak (installed 11/2016) and MELT-SINGLE (MELTv2.1.5) pipe-
lines. Non-reference RIPs were identified and the insertions resolved
using the tebreak.py and resolve.py scripts obtained by downloading the
TEBreak folder from https://github.com/adamewing/tebreak. The list
of RIPs generated using TEBreak in the output text file were filtered
using the following parameters; a minimum of 4 split reads, a minimum
of 4 discordant read pairs, a minimum element match of 0.90 and a
minimum reference match of 0.95 (using the general filter.py script).
The insertions were then annotated to identify those that had been
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previously reported in the literature, this used a file compiled for the
TEBreak program (nonref.collection.hgl9.bed.gz) and the annotate.py
script. The number of variant and reference reads are reported to
distinguish heterozygotes from homozygotes (using genotyper.py
script). The BWA aligned bam file was also used as input into MELT-
SINGLE using the default parameters (for details on running MELT-
SINGLE see MELT documentation https://melt.igs.umaryland.edu/m
anual.php) to generate a VCF file of the non-ref RIPs per individual
analysed. MELT-SINGLE performs the pre-processing of the bam file and
the four steps of the MELT-SPLIT pipeline for each family of non-ref RIPs
(Alu, L1 and SVAs) on a single genome at a time. Analogous to TEBreak
the RIPs were annotated for their location in relation to genes and if they
had been previously identified. However, the priors file for MELT only
included those non-ref RIPs identified in the 1000 Genomes Project in
which MELT was used to characterise retrotransposon variation
(Sudmant et al., 2015). The non-ref RIPs generated by MELT were
filtered to remove those with two or fewer split reads and an assess score
of less than three. The minimum number of split reads between the two
tools differs because the number recommended specifically for each tool
was used.

4.2. PCR validation of target RIPs and amplification in the MNDA UK
DNA bank cohort

PCR assays were designed to validate presence/absence of 12 Alu, 11
L1 and 6 SVA insertions (randomly selected) by genotyping PCR.
Primers were either placed in the genomic flank of the RIP to amplify the
empty/filled site or an additional primer was placed in either the 5’ or 3’
end of the particular RIP to amplify the empty site and the 5’ or 3’ end of
the element (see Table S4 for primer sequences). GoTaq Hot Start po-
lymerase (Promega) was used under standard conditions to amplify the
empty/filled sites for Alu and truncated L1 insertions and the 5" and 3’
ends of the RIPs. KOD Hot Start polymerase (Novagen) under standard
conditions with the addition of betaine (1 M final concentration) was
used to amplify the empty/filled site of the SVA RIPs. DNA samples (1 ng
input for PCR assays) from the MNDA UK DNA bank cohort (ref
DNAO0042) were used for validation of the RIPs identified in the TEBreak
and MELT analyses as DNA was available from 18 individuals whose
whole genomes were included in the analysis. Each non-ref RIP identi-
fied in silico was validated by PCR analysis in at least 9 of these DNA
samples to incorporate a range of genotype calls from TEBreak and
MELT. Each non-ref RIP was categorised as one of the following: true
positive — presence of RIP called by TEBreak or MELT and confirmed
present by PCR; true negative — absence of RIP called by TEBreak or
MELT and confirmed absent by PCR; false positive — presence of RIP
called by TEBreak or MELT but absent in PCR; false negative — absence of
RIP called by TEBreak or MELT but present in PCR. False positive rate,
false negative rate, sensitivity, specificity and accuracy for Alu, L1 and
SVA insertions were calculated individually for TEBreak and MELT, and
for the two tools combined with 95 % confidence intervals using the epi.
tests function in the epiR package in R. Five of the non-ref RIPs identified
in either an ALS-associated gene or haploblock were amplified in addi-
tional samples from the MNDA UK DNA bank cohort to determine the
allele frequencies in controls and ALS samples. Association of these
particular variants with ALS was tested using a Chi-squared test (PLINK
v1.07) (Purcell et al., 2007).

4.3. Pathway analysis of genes containing RIPs which were identified in
ALS and control genomes

Coordinates of genes from the UCSC genome browser were exported
to Galaxy and intersected with the merged list of non-ref RIPs identified
in the TEBreak and MELT analyses to identify genes containing non-ref
RIPs. The gene list generated was analysed using DAVID (Huang da
et al., 2009a,b) to identify those tissues, pathways and cellular compo-
nents enriched for genes containing a non-ref RIP. The Bonferroni
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corrected p values are reported in Fig. 4 for the GO term cellular
component direct and UP tissue categories.

4.4. Linkage disequilibrium analysis of non-reference RIPs with SNPs
associated with ALS through GWAS

The genotypes of the SNPs in the genes SCFD1 (rs10139154) and
UNC13A (rs12608932), that were associated with ALS through genome
wide association studies (GWAS), were obtained for the UK Project MinE
samples that had been genotyped for the L1 insertion in SCFD1 and the
Alu insertion in UNC13A using PCR. PLINK v1.07 was then used to
calculate LD between rs10139154 and the SCFD1 L1 and rs12608932
and the UNC13A Alu.

4.5. Analysis of the distribution of RIPs in ALS associated loci in ALS and
controls genomes

A list of ALS associated genes was compiled from two reviews (White
and Sreedharan, 2016; Zufiria et al., 2016) and the chromosomal start
and stop coordinates (GRCh37/hgl19) were obtained from the UCSC
genome browser (https://genome.ucsc.edu/). The coordinates of hap-
loblocks associated with ALS were generated by intersecting the chro-
mosomal loci of trait associated SNPs from the GWAS catalogue track on
UCSC genome browser that reached genome wide significance (p <
5x10°®) for association with ALS risk with haploblock loci for the Eu-
ropean population (Berisa and Pickrell, 2016). The coordinates of non-
ref RIPs were intersected with those of the ALS-associated genes and
haploblocks.
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