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ABSTRACT

Dynamic mutations by microsatellite instability are the molecular basis of a
growing number of neuromuscular and neurodegenerative diseases.
Repetitive stretches in the human genome may drive pathogenicity, either by
expansion above a given threshold, or by insertion of abnormal tracts in
nonpathogenic polymorphic repetitive regions, as is the case in
spinocerebellar ataxia type 37 (SCA37). We have recently established that
this neurodegenerative disease is caused by an (ATTTC). insertion within an
(ATTTT)n in a noncoding region of DAB1. We now investigated the mutational
mechanism that originated the (ATTTC). insertion within an ancestral
(ATTTT).. Approximately 3% of nonpathogenic (ATTTT), alleles are
interspersed by AT-rich motifs, contrarily to mutant alleles that are
composed of pure (ATTTT), and (ATTTC). stretches. Haplotype studies in
unaffected chromosomes suggested that the primary mutational mechanism,
leading to the (ATTTC). insertion, was likely one or more T>C substitutions
in an (ATTTT). pure allele of approximately 200 repeats. Then, the (ATTTC),
expanded in size, originating a deleterious allele in DAB1 that leads to SCA37.
This is likely the mutational mechanism in three similar (TTTCA), insertions
responsible for familial myoclonic epilepsy. Because (ATTTT). tracts are
frequent in the human genome, many loci could be at risk for this mutational

process.

INTRODUCTION

Spinocerebellar ataxia type 37 (SCA37; MIM# 615945) is an autosomal dominant
neurodegenerative disease, characterized by onset of dysarthria, followed by
progressive gait and limb ataxia (Seixas et al., 2017; Serrano-Munuera et al.,, 2013).

We have recently reported that SCA37 is caused by an (ATTTC). insertion in the
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Unaffected subjects carry (ATTTT), alleles ranging from seven to 400 units, while
affected individuals showed an allele with the configuration (ATTTT)eo0-79 (ATTTC)31-
75 (ATTTT)ss.90 (Seixas et al,, 2017). We have previously shown that pathogenic
SCA37 alleles present intergenerational instability toward expansion; the (ATTTC)x
increases in size in 81% of parent-offspring transmissions, whereas repeat insertion
contractions have never been detected in SCA37 pedigrees (Seixas et al,, 2017). In
pathogenic alleles, the flanking 5’-ATTTT repeat is also unstable during
transmission; the 3'-ATTTT sequencing is incomplete, but for two branches with full
sequencing the ATTTT length shows instability upon transmission. In SCA37
pedigrees, the large non- pathogenic (ATTTT), alleles have also shown instability
upon transmission; in one family branch, two siblings inherited from their unaffected
parent nonpathogenic alleles with different sizes (Seixas et al., 2017).

Over the last three decades, expansions of microsatellites with tri-, tetra-, penta-, and
hexanucleotide repeats have been identified as the cause of more than 25
neurological or neuromuscular diseases (Loureiro, Oliveira, & Silveira, 2016). More
recently, however, knowledge has been gathered regarding a cryptic subclass of
dynamic mutations consisting of an insertion of a repetitive motif adjacent or within
a nonpathological polymorphic repeat in noncoding regions. In this type of dynamic
mutation, the complex repeat without the insertion is not pathological (Seixas et al,,
2017). In addition to SCA37, this type of mutation underlies SCA31 (MIM# 117210)
and benign adult familial myoclonic epilepsy (BAFME1; MIM# 601068, 6 and 7) (Cen
etal,, 2018; Ishiura et al,, 2018; Sato et al., 2009; Seixas et al.,, 2017).

Microsatellite repetitive tracts are often interrupted by other nucleotide motifs that
result from nucleotide substitutions (Ananda et al., 2014). In some diseases, as SCA1
(MIM# 164400), SCA2 (MIM# 183090), fragile-X syndrome (MIM# 300624),
myotonic dystrophy type 2 (DM2; MIM# 602668), and Friedrich ataxia (FRDA; MIM#
229300), nonpathogenic alleles are more likely to be interrupted than expanded
alleles, whereas in SCA8 (MIM# 608768), SCA10 (MIM# 603516), and DM1 (MIM#
160900) interruptions are more expected in expanded alleles (Braida et al., 2010;
Chung et al,, 1993; Hu et al,, 2017; Imbert et al,, 1996; Landrian et al., 2017; Liquori
etal., 2003; Maia et al,, 2017; Martins et al, 2005; Menon et al,, 2013; Montermini et
al,, 1997; Moseley et al., 2000; Musova et al., 2009; Ramos et al., 2010; Yrigollen et al,,
2014; Zuhlke et al.,, 2002). Depending on the gene, interruptions in the repetitive
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tract may be randomly positioned, as in ATXN2, ATXN8OS, and ATXN10, or follow a
pattern (Chungetal,, 1993; Landrian etal,, 2017; Yrigollen etal,, 2014). In FMR1, AGG
interruptions are usually located every nine or 10 CGGs, whereas in ATXN1
interrupted alleles have one to three CAT interruptions in the middle of the allele
intercalated with one CAG, following a configuration from (CAG), CAT (CAG). to
(CAG)n CAT CAG CAT CAG CAT (CAG)n (Chung et al,, 1993; Yrigollen et al,, 2014).
Repeat interruptions in non-pathogenic alleles stabilize the repeat tract (Choudhry,
Mukerji, Srivastava, Jain, & Brahmachari, 2001; Chung et al., 1993; Yrigollen et al,,
2012); in expanded alleles at specific loci interruptions may decrease penetrance or
delay age-of-onset, as in SCA1 and DM1 (Botta et al, 2017; Matsuyama, Izumi,
Kameyama, Kawakami, & Nakamura, 1999; Menon et al., 2013; Zuhlke et al., 2002).
In SCA10, however, interruptions in expanded alleles may turn them more
deleterious, lowering age-of-onset, and associating with seizures (Matsuura et al,,
2006).

The pentanucleotide repeat associated with SCA37 is located in the middle poly-A of
an AluJb element (Seixas et al,, 2017). Several other disease-causing repeats are in
middle or 3’-end poly-A regions of Alu elements, such as the repeat expansions
responsible for FRDA, DM2, and SCA10, as well as the pentanucleotide repeat
insertions associated with SCA31 and two types of BAFME (Cen et al., 2018; Chauhan,
Dash, Grover, Rajamani, & Mukerji, 2002; Clark et al., 2004; Ishiura et al., 2018;
Kurosaki et al., 2012; Kurosaki, Matsuura, Ohno, & Ueda, 2009; Montermini et al.,
1997; Sato et al., 2009).

Notably, loci containing repeat insertions are similar in that (1) they have an
ATTTT/TAAAA repeat in the reference genome database, (2) shorter repeats with
the insertion motif have not been detected in the general population, (3)
nonpathogenic ATTTT/TAAAA alleles are highly polymorphic (ranging from a few to
hundreds of repeats), and (4) pathogenic alleles have a complex configuration of both
nonpathogenic repeat and insertion motifs. Such a significant number of loci with
repeat insertions indicates that mutational events on the origin of these deleterious
alleles are recurrent in the human genome.

To gain insight into the mutational mechanisms responsible for origin, evolution, and
instability of these pathogenic repeat insertions, we focused on the SCA37 locus.

Thus, we (1) characterized the complexity of the pentanucleotide repeat in
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nonpathogenic and pathogenic alleles, (2) compared orthologous sequences along
the primate lineage, and (3) analyzed haplotypes flanking the repeat in humans. Our
results suggest that the mutational mechanism responsible for pathogenic repeat
insertions involves ATTTT repeat lengthening and nucleotide substitution, providing

a simple explanation for the birth of these dynamic mutations from ancestral alleles.
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MATERIALS AND METHODS

Subjects

We used DNA samples from 44 SCA37 affected individuals, 260 control subjects
from the Portuguese general population, and 394 individuals with
neurodegenerative diseases without the repeat insertion, as previously published
(Seixas et al,, 2017). Affected individuals were referred for diagnostic purposes to
the authorized Center for Predictive and Preventive Genetics (CGPP) at the Institute
for Molecular and Cell Biology. This study used the de-identified, previously
collected DNA samples that were stored at the CGPP biobank, as well as
anonymized DNA samples from control subjects from the Portuguese general

population.

Assessment of short pentanucleotide repeat alleles

Repeat size of short alleles was assessed by standard PCR with Hot-StartTaq Master
Mix Kit (QIAGEN), 0.4 uM of primers 24F and 24R (Seixas et al., 2017), and 30 ng of
DNA, in a final volume of 12.5 uL. PCR was performed with an initial denaturation
of 15 min at 95°C, followed by 30 cycles of amplification (95°C for 45 s, 64°C for 30
s, and 72°C for 40 s), and a final extension at 72°C for 10 min. The allele structure
(AS) was determined by Sanger sequencing of PCR products, with primers 24F and
24R (Seixas et al,, 2017).

Identification of pattern of interruption in large alleles

To detect large alleles or confirm homoallelism (two alleles of the same size), in
samples where only one allele was detected by standard PCR, we carried out RP-PCR
with a specific primer to anneal with the (ATTTT). tract, as previously described
(Loureiro, Oliveira, Sequeiros, & Silveira, 2018). Samples with a "positive" ATTTT RP-
PCR were amplified with long range-PCR (Seixas et al.,, 2017). PCR products were
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separated by electrophoresis, in 1% agarose gel. DNA fragments were extracted from
the gel, purified with QIAquick gel extraction kit (Qiagen) and sequencing analysis
was performed with the internal primers 24F or 24R4, as published (Loureiro et al.,
2018; Seixas et al., 2017). For very large alleles, with over 200 repeat units or more
than 1 kb, Sanger sequencing in both forward and reverse orientations did not
completely overlap, but a partial overlap of the ATTTT repeat was safely achieved,
and was in accordance with the estimated repeat size in agarose gel. Each allele
structure found in one chromosome only was confirmed by PCR and sequencing

replicates.

Haplotype analysis

Haplotypes were constructed with eight SNPs, spanning a region of 723 kb flanking
the DAB1 pentanucleotide repeat, including (1) rs1043184969 and rs954450605
upstream, and rs192485043, rs145097803, and rs929412570 downstream the
repeat, as described before (Seixas et al., 2017); (2) and three additional SNPs,
presenting higher minor allele frequencies and closer to the repetitive region,
rs514412, rs2113453, and rs11207020; positions and physical distances are
according to GRCh37/hg19. SNP regions were PCR amplified with GoTaq Green®
Mastermix (Promega), 1.25 uM of primers F and R (Supporting Information Table S1)
and 30 ng DNA. The initial denaturation at 95°C for 3 min was followed by 35 cycles
of amplification at 95°C for 45 s, annealing temperature for 30 s (Supporting
Information Table S1) and 72°C for 40 s, and a final extension at 72°C for 10 min.
Allele discrimination was performed by RFLP or by Sanger sequencing (Supporting
Information Table S1). Haplotype phases were assessed using PHASE v.2.1.1
(http://stephenslab.uchicago.edu/phase/download.html); only haplotypes with
probability higher than 0.6 were included in further analyses. Phylogenetic
relationships among unaffected short pure, large pure, and interrupted alleles were
assessed by median-joining method, using the Network 5.0.0.3 software

(www.fluxus-enginee ring.com).
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Pentanucleotide repeat evolution

Time of divergence between human and primate species was calculated using the
node time searching data in the public knowledge-based TimeTree (Hedges, Dudley,
& Kumar, 2006; Kumar, Stecher, Suleski, & Hedges, 2017). Data from nucleotide to
pentanucleotide repeat evolution in DAB1 was obtained from Vertebrate Multiz
Alignment & Conservation, UCSC genome browser (Blanchette et al., 2004). Data
included whole genome assemblies from shotgun sequencing on 454 GS FLX and GS
FLX large read platforms from Pan troglodytes (chimpanzee), Gorilla gorilla (gorilla),
Pongo abelii (orangutan), Nomascus leucogenys (gibbon), Macaca fascicularis (crab
eating macaque), Macaca mulatta (rhesus), Papio hamadryas (baboon), Chlorocebus
sabaeus (green monkey), Callithrix jacchus (marmoset), Saimiri boliviensis (squirrel
monkey), and Otolemur garnettii (bushbaby); the reference genome for each primate

specie includes a single allele.
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RESULTS

Unaffected alleles may be interrupted

To characterize the pentanucleotide repeat sequence in DAB1, we performed Sanger

sequencing. We found that both unaffected (ATTTT). and pathogenic SCA37

(ATTTT)n (ATTTC)n (ATTTT)x alleles were always preceded, at the 5’-end, by two
ATTTs that were not polymorphic. From the 1,308 unaffected chromosomes studied,
we assessed the purity or interrupted nature in 1,293 alleles; 1,249 (96.6%) were
composed by pure repetitive stretches of (ATTTT),, one of which had only one
ACTTT at the 3’-end of the repeat, while 44 alleles (3.4%) that ranged from 16 to
about 400 repeat units had AT-rich interruptions (Table 1). The complete allele
structure of interrupted alleles was only assessed for 30 alleles (Figure 1). SCA37
alleles had no interruptions in neither (ATTTT)xn, nor (ATTTC), tracts (Figure 1).

In non-disease associated (ATTTT). chromosomes, we detected seven types of
interruption motifs in the 30 fully sequenced alleles. These interruptions included a
single A or A(T),, varying from di- to tetra- or hexa- to octanucleotide (Figure 1); the
most common was ATTT (46.6%), followed by AT (29.3%) (Figure 2); an ATTTTTTT
was found only in one allele. The ATTTC pentanucleotide was not found interrupting
nonpathogenic alleles. Regarding the position of the interruptions, we found nine
different allele configurations; 17 alleles (56.7%) had an allele structure (AS) F; the
G and ] structures were detected in three alleles each (10%), and two alleles (6.7%)
had the AS C (Figure 1). The remaining interrupted alleles did not follow any common

interruption pattern.

Interruptions are associated with ATTTT repeat size

To investigate whether repeat interruptions in unaffected chromosomes were
associated with specific allele sizes, we divided them in three subgroups based on
repeat length: alleles with 30 ATTTTSs or less, alleles ranging from 31 to 79 repeats
and alleles with 80 or more repeats (Table 1).In 1,226 alleles with 30 repeats or less,
only two, with 16 and 17 ATTTTs, had one interruption (0.2%); whereas in alleles of
31 to 79 ATTTTs, 27 had interruptions (69.2%); and in alleles with 80 repeats or
more, 15 were interrupted (53.6%) (Table 1). The frequency of interrupted alleles
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was higher in alleles ranging from 31 to 79 repeats than in alleles with 30 repeats or
less (Fisher's exact test, P < 0.0001) and was also higher in alleles with 80 or more
repeats than in alleles with 30 repeats or less (Fisher's exact test, P < 0.0001). The
difference in frequency between interrupted alleles ranging from 31 to 79 and with
80 repeats or more was not statistically significant.

Regarding the number of allele interruptions (one to eight) in the fully sequenced
alleles, they increased with repeat size: interrupted alleles with less than 30 repeats
had only one, while larger alleles had from two to four or seven to eight interruptions
for repeat sizes below or 80 units and above, respectively (Figures 1 and 3).

Two types of AT-rich interruptions were exclusively detected in alleles of 31-79
repeats (A and ATTTTT); and another three types of interruptions were only
detected in alleles over 80 repeats (ATT, ATTTTTT, and ATTTTTTT; Figure 1).

Evolution of pentanucleotide alleles in primate lineage

In DABI1, the ATTTT repeat is in the middle poly-A region of an Alujb element
encoded in the opposite strand (Seixas et al, 2017). To understand how the
pentanucleotide emerged and evolved, we compared the orthologous region of
primates by using reference primate databases (Figure 4). We found that the Alujb
element was inserted in the DABI-opposite strand before New World monkeys
divergence at approximately 43.2 million years ago (mya). The Alu middle poly-4, in
the DAB1-opposite strand, was composed of a pure stretch of adenines, as observed
in New World monkeys. Before the Old World monkeys divergence, approximately
29.44 mya, the Alu middle poly-A increased its size and started mutating. In Old
World monkeys, the (ATTTT)x in the DAB1-oriented strand is preceded by stretches
of thymines and adenines and by an ATTT. The pure stretches of Ts and As mutated
before the Hominoids divergence, approximately 20.19 mya. In Hominoids, the
repeat is composed by one or two ATTTs, followed by a pure or interrupted
(ATTTT)n. We did not find ATTTC repeat motifs in any primate genome data

available.
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The SCA37 haplotype is very rare in Portuguese unaffected

chromosomes

SCA37 is associated with a rare haplotype shared by all affected individuals studied
so far (Seixas et al., 2017). To investigate mutational mechanisms leading to the
origin of the (ATTTC), insertion, we constructed SNP haplotypes of nonpathogenic
pure and interrupted (ATTTT), alleles and compared them to the single SCA37
haplotype.

We found eight haplotypes to be associated with nonpathogenic alleles, identified
from I to VIII (Table 2 and Supporting Information Table S2). Six (haplotypes [, 11, I1I,
V, VI, and VII) were associated with short pure alleles (<100 ATTTTSs). Interrupted
alleles shared three haplotypes (I, IV, and V; Figure 3), whereas large pure alleles
(>100 ATTTTs) segregated with only two haplotypes (I and VIII). Haplotype I was
shared by short pure, large pure, and interrupted alleles, while haplotype V was
common to short pure and interrupted alleles. Haplotype VIII, the one associated
with the (ATTTC), insertion in SCA37, was seen only in two unaffected
chromosomes, both carrying a pure allele with approximately 200 ATTTT repeats.
To explore the origin of the SCA37 mutation, we designed a haplotype network to
visualize the genetic distance among short pure, large pure, and interrupted alleles
(Figure 5). Short pure alleles were phylogenetically closer to each other, as
interrupted alleles were; large pure alleles with haplotype VIII were genetically
closer to interrupted alleles than to short pure repeats. As the SCA37 haplotype is
very rare in the Portuguese population and genetically distant from the haplotypes
found in nonpathogenic alleles, we hypothesized it could have been introduced from
another population where it may have a higher frequency. Therefore, we analysed
data from phase 3 database of The 1000 Genomes Project (The 1000 Genomes
Project Consortium 2015); although several SNP alleles from the SCA37 haplotype
have been observed in some persons of African, European, and Asian ancestry, the
full SCA37-associated haplotype was not detected in those populations (Supporting
Information Table S3).
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DISCUSSION

This study provides a plausible mutational mechanism for the origin of the ATTTC
repeat insertion within a nonpathological (ATTTT),, in SCA37. Haplotype analysis
allowed us to identify a class of large nonpathogenic alleles at DAB1 characterized by
(1) the acquisition of A or A(T). repeat interruptions and (2) repeat size instability.
This analysis showed a haplotype shared among nonpathogenic short pure,
interrupted and large pure alleles, indicating that both nucleotide changes and repeat
size instability are likely in the origin of the polymorphic pentanucleotide repeat at
DABI. The haplotype network (Figure 5) shows a clear distance among short pure
stable, large, and interrupted unstable alleles, suggesting that genetic variants
flanking the mutant allele act as cis elements influencing repeat instability. The
evolution of the repetitive region in primates (Figure 4) further supports this
observation. Haplotype studies in nonpathogenic and pathogenic chromosomes
suggest that the mutational mechanism towards the acquisition of the deleterious
ATTTC repeat insertion in SCA37 was one or more T>C substitutions in a large pure
(ATTTT), allele.

Haplotype VIII, associated with pathogenic SCA37 and nonpathogenic large pure
alleles, is genetically very distant from other haplotypes found in the Portuguese
population, indicating that the disease-associated haplotype could have been
introduced from other populations. Since we did not find this haplotype in The 1000
Genomes Project database, it may be very rare worldwide or present in populations
with no genetic data available. Indeed, the Iberian Peninsula, where the SCA37
families have been identified so far (Corral-Juan et al., 2018; Seixas et al., 2017), has
been inhabited by people originated from populations in Asia and North Africa not
completely assessed yet by The 1000 Genomes Project. Haplotype VIII could either
be predisposed for both nucleotide and repeat size instability, thus a risk haplotype
for the generation of de novo (ATTTC), insertions or, alternatively, the common
ancestral haplotype of SCA37 alleles.

The identification of haplotype VIII in large pure alleles of Portuguese ancestry,
strongly suggests that the (ATTTC). insertion originated in a large pure (ATTTT)a
allele. It is unlikely that these large pure (ATTTT). alleles with haplotype VIII have
been originated by an (ATTTC). deletion, because (1) ATTTC repeat contractions
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have never been detected in 22 parent-to-offspring transmissions (Corral-Juan et al,,
2018; Seixas et al,, 2017) and (2) a complete (ATTTC). deletion would result in an
allele with approximately 120 repeats, instead of the 200 repeats found in the two
unrelated unaffected individuals with haplotype VIII. Thus, our hypothesis for the
pathogenic allele evolution includes, first, an (ATTTT), increase and, then, the birth
of the ATTTC, likely by one or more T>C substitutions in the middle of the ancestral
repeat, similar to the T>A changes leading to birth of the DABI ATTTT repeat during
primate evolution; then the ATTTC repeat became unstable.

Interestingly, this mutational mechanism has previously been suggested in the origin
of pure repetitive stretches of (CCG)n in the middle of the expanded (CTG)n, in DM1.
The CCG interruptions may appear individually, in runs of CCGCTG or in a
continuously block (Braida et al., 2010; Cumming et al., 2018; PeSovi¢ et al., 2017).
The CCG blocks may be as large as 40 repeat units (PeSovi¢ et al,, 2017). It was
suggested that CCG blocks originate, first, by base substitution (T>C) followed by
small changes in length, which later results in longer runs of CCGs (Braida et al., 2010;
Cumming et al,, 2018).

It is puzzling why small ATTTC repeats were not detected in the unaffected
Portuguese population; however, this may be explained by the fact that haplotype
VIII is very rare; small ATTTC repeats may come to be identified in a larger sample
or in other populations with a higher frequency of this haplotype. Another hypothesis
to explain why alleles containing a small number of ATTTC repeats are missing would
be the insertion of the ATTTC repeat stretch in DAB1 from another genomic region,
as happens, for example, in the generation of pseudogenes (Ewing et al,, 2013). In
this scenario, an RNA containing the repeat would be reverse transcribed and then
inserted in the middle of the DABI ATTTT repeat. However, when we observed the
SCA37 pathogenic alleles, we found that the repeat insertion region only contains the
ATTTC repeat track, and it is not flanked by DNA sequences suggestive of a
retrotransposition mechanism. This argument, in the addition to lack of literature
regarding retrotransposition of microsatellites alone, gives strength to the
hypothesis that the ATTTC repeat insertion was originated by T>C nucleotide
substitution followed by size increase.

The pure (ATTTT)n in DAB1-oriented strand (at the SCA37 locus) emerged after

several A>T substitutions in the Alu poly-A (Alu orientation), which originated the
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AT-rich stretches identified in various species from the primate lineage. Then, the
pure tracts of adenines and thymines seem to have disappeared by the occurrence of
more A>T or T>A substitutions or indels, likely arisen by DNA polymerase errors or
slippage, followed by an increase in the number of pentanucleotides, originating the
pure pentanucleotide alleles found in chimpanzee and humans. Thus, the primate
genomes show that the evolution of the pure (ATTTT), resulted from numerous
mutational events in pure poly-A, to finally originate the pure highly unstable
pentanucleotide repeat found nowadays that later suffered T>C transition(s), which
increased in size and became the SCA37 causing variant.

Different cellular mechanisms have been associated with gain and loss of genetic
material in repeat loci (Gomes-Pereira et al., 2014; Martins et al, 2014; Santos,
Pimenta, Wong, Amorim, & Martins, 2014; Slean et al., 2016). The repetitive nature
of these genomic regions burden normal cell mechanisms such as replication and
transcription, leading to an increase in DNA breaks in repeats (Krasil- nikova &
Mirkin, 2004; Zhang et al., 2012). The mechanisms responsible for DNA break-repair
have been largely associated with repeat size instability (Axford et al., 2013; Gomes-
Pereira et al,, 2014; Lee et al., 2010; Polleys, House, & Freudenreich, 2017) and may
have had a role in the highly polymorphic nature of this pentanucleotide repeat.
The ultimate mutational mechanism leading to an (ATTTC), insertion seems to be
recurrent in the human genome. Similar (TTTCA), mutations have been identified in
three types of BAFME (Cen et al., 2018; Ishiura et al., 2018). The primary mutational
feature, common to these diseases, is likely the T>C substitution(s) in the last
thymine of the ATTTT or TTTTA repeats, followed by size increase of the (ATTTC)x
or (TTTCA)n as a result of its unstable nature. This new type of mutational
mechanism should be taken into consideration when searching new disease-causing
variants.

In conclusion, the repeat region associated with SCA37 is highly polymorphic,
mutable, and unstable, and the AluJb seems to have had a role in these features, as
the (ATTTC). insertion was probably originated by one or more T>C substitutions in
the Alu element. Further- more, this type of events seems to be recurrent in Alu
ATTTT motifs in the human genome, suggesting that other AT-rich repeats can be

implicated in other brain diseases.
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Figure 1. Schematic representation of the structure of nonpathogenic and
pathogenic (SCA37) alleles with nucleotide variations. Allele size is the number of
pentanucleotide repeats in each allele and is represented by white boxes. The seven
types of interruption motifs, shown by colored boxes, and the (ATTT): preceding
the pentanucleotide repeat, indicated by two grey boxes, were not considered for
repeat size assessment. The T>C substitution in pattern B is ss2137543903. The
patterns of interruptions are shown from C to K for the 30 fully sequenced alleles at
the 3’ -end from the total of 44 interrupted alleles; number of (ATTTT), and

(ATTTC)n in each stretch are indicated inside the respective box. AS, allele structure
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Figure 2
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Figure 2. Frequency of each AT-rich interruption in the interrupted alleles fully

sequenced (n=30).
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Figure 3. Number of interruptions associated with repeat size in the interrupted
alleles fully sequenced (n = 30). Haplotypes associated with each type of repeat

alleles are represented with different colors; n.d., not determined
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Figure 4
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Figure 4. Evolution of the DABI ATTTT repeat in primate lineages. Alujb
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retrotransposition event in DAB1-opposite strand is represented by a black box. For

simplicity, nucleotide composition of Alu poly-A in primate species is represented

in DAB1-oriented strand. The length of the phylogenetic tree branches represents

the evolutionary distance among species; M, million years ago

Version: Postprint (identical content as published paper) This is a self-archived document from i3S - Instituto de
Investigacao e Inovacao em Satde in the University of Porto Open Repository For Open Access to more of our
publications, please visit http://repositorio-aberto.up.pt/

INSTITUTO »
DE INVESTIGACAO
E INOVACAO

EM SAUDE
UNIVERSIDADE
DO PORTO

Rua Alfredo Allen, 208
4200-135 Porto
Portugal

+351 220 408 800
info@i3s.up.pt

www.i3s.up.pt



00/L0V

Figure 5

Figure 5. Close phylogenetic relationship among nonpathogenic DAB1 alleles.
Haplotype network showing the phylogenetic relationship among nonpathogenic
(short pure, large pure and interrupted) alleles. Circle size is proportional to the
number of chromosomes; line length is proportional to the genetic distance among

haplotypes. Short pure alleles (<100 ATTTTSs) are represented in yellow; large pure

alleles in green (>100 ATTTTSs) and interrupted alleles in blue.
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Table 1. Frequency of pure and interrupted DAB1 alleles in 1,3082 unaffected
chromosomes

Normal chromosomes

Allele size Allele type

n %

<30 Pure 1,224  99.8%
Interrupted 2 0.2%
Total 1,226

31-79 Pure 12 30.8%
Interrupted 27 69.2%
Total 39

=80 Pure 13 46.4%
Interrupted 15 53.6%
Total 28

Total Pure 1,249 96.6%
Interrupted® 44 3.4%
Total* 1,293

a15 additional ATTTT alleles were studied, but could not be fully sequenced at the
3’-end for purity assessement.

bThe allele structure was completely characterized at 3’-end in only 30 alleles.
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Table 2. Haplotypes in pure and interrupted DABI nonpathogenic alleles.

r
l;“
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Haplotypes
Position lesrt;r?lce Ancestra MAF (ATTTC) Pure Interrupted
SNP chrd (ATTTT) lallele MAF Alls EURa MAF PT? insertior'ln1 (ATTTT)>10 (ATTT?})n Pure (ATTTT)<100

(hg19) . (bp) 0

rs104318496 57,491,96 -340,750

9 6 T * * G 0.0007 G G T T T T T T T T T

57,551,56 -281,147

rs514412 9 G A0.1949A0.1998 A 0.3530 G G G G G G G G A A A
57,551,60-281,111

rs954450605 5 G * * A0.0013 A A G G G G G G G G G
57,832,71 0

(ATTTT), 6
57,833,68 +973

rs2113453 9 C C0.4157 T 0.4750 C 0.4157 T T T T T Cc T T T T C
57,834,03 +1,319

rs11207020 5 C T0.2171 T 0.2843 T 0.2170 T T T T T c ¢ T C T C
57,926,56 +93,851

rs192485043 7 T A0.0002A0.0010A0.0015 A A T T T T T T T T T
58,201,70 +368,98

rs145097803 4 8 T A0.0032 * A 0.0046 A A T T T T T T T T T
58,215,16 +382,44

rs929412570 0 4 C * * G 0.0007 G G C C G Cc €C € Cc c c

Abs frequency 44 2 11 10 8 25 17 11 10 2 1

Haplotype ID VIII VIII | I 1V m 1mI 1 VI VvV VI

a Minor allele frequency from 1000g phase 3; b Minor allele frequency in Portugal: Seixas et al., 2017 and

present study; EUR, Europe; PT, Portugal.
*Not available or not found.
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