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ABSTRACT

Trinucleotide repeat (TNR) expansions are increases in the number of repeated
trinucleotides in the genome. TNR expansions have been confirmed as the
molecular etiology of various neurodegenerative disorders, such as Huntington's
Disease, Fragile X Syndrome, and Friedreich's Ataxia. Due to the potential achieved
by molecular diagnostic technology, new disorders related to TNR expansions are
being elucidated more rapidly, as high-throughput technologies for analyzing DNA
are described every year. Thus, we carried out an integrative review on the
importance of improving DNA analysis methods for the molecular diagnosis of
diseases related to TNR expansions. We searched the PubMed using the descriptors
"trinucleotide expansion", "DNA analysis", "genome" and "DNA sequencing". In
our review, 42 genomic targets were identified as being responsible for diseases
related to TNR expansions, with one target being related to two diseases and two
targets being related to three diseases. The rest of the targets are related to a single
disease. Despite the emergence of new sequencing technologies, PCR-based
techniques continue to play an important role in identifying targets related to
diseases caused by TNR expansions. New DNA sequencing technologies have
demonstrated an important contribution to the identification of targets related to
diseases caused by TNR, especially since 2019. The development of novel DNA
analysis techniques and new genomic analysis tools has the potential to unveil novel
targets associated with TNR expansions.

KEYWORDS: Trinucleotide expansions. DNA sequencing. Molecular Biology.
Molecular Diagnostics. Genetics.

RESUMO
As expansdes de repeti¢des de trinucleotideos (TNR) sdo aumentos no niimero de
trinucleotideos repetidos no genoma. As expansdoes TNR foram confirmadas como
a etiologia molecular de varias doengas neurodegenerativas, como a doenga de
Huntington, a sindrome do X fragil e a ataxia de Friedreich. Devido ao potencial
alcancado pela tecnologia de diagndstico molecular, novas doengas relacionadas
com expansoes de TNR estdo a ser elucidadas mais rapidamente, uma vez que sao
descritas todos os anos tecnologias de alto rendimento para analisar o DNA. Assim,
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realizamos uma revisdo integrativa sobre a importancia do aprimoramento dos
métodos de analise de DNA para o diagndstico molecular de doengas relacionadas
as expansdes de TNR. Pesquisimos na PubMed utilizando os descritores

2 (13

“trinucleotide expansion”, “DNA analysis”, “genome” e “DNA sequencing”. Na
nossa revisdo, foram identificados 42 alvos gendmicos como responsaveis por
doengas relacionadas com expansdes de TNR, sendo que um alvo esta relacionado
com duas doencas e dois alvos estdo relacionados com trés doengas. Os restantes
alvos estao relacionados com uma unica doenga. Apesar do aparecimento de novas
tecnologias de sequenciamento, as técnicas baseadas na PCR continuam a
desempenhar um papel importante na identificacdo de alvos relacionados com
doengas causadas por expansdes de TNR. Nos ultimos anos, as novas tecnologias
de sequenciamento de DNA tém demonstrado contribui¢do importante para a
identificacdo de alvos relacionados com doencgas causadas por TNR.
PALAVRAS-CHAVE: Expansdes de trinucleotideos. Sequenciamento de DNA.
Biologia molecular. Diagndstico molecular. Genética.

INTRODUCTION

The human genome corresponds to the information present in the 23 pairs
of nuclear chromosomes, and more than 50% of this genetic material corresponds
to repeated sequences'. Depending on how they appear on the chromosome, these
repeats can be classified as "tandem" or "dispersed". Tandem repeats have
continuous clusters of common nucleotides. Dispersed repeats correspond to
sequence segments that are scattered in different regions of a genome. Within the
tandem repeat category, the group of repeated nucleotides can be classified as
microsatellites and minisatellites, depending on the number of nucleotides that
make up the repeat unit. Microsatellites and minisatellites are repeats made up of
1-10 nucleotides and 11-100 nucleotides, respectively?. Trinucleotide repeats
(TNR) are among the most common in the human genome and it is noteworthy in
the literature that trinucleotide repeats may compose unstable parts of the genome.
Due to their instability, these repeat regions can undergo expansions during the
DNA replication process. These expansions have pathological consequences for an
individual and for his/her descendants. In addition, the greater the number of TNR,
the earlier the onset of the disorder related to this expansion, this characteristic

n3

being identified as "anticipation"”. Despite this, affected individuals with the same
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number of CAG repeats in the ATXN3 gene can have a markedly different age of
onset of the disease?*, demonstrating other factors that interfere in the pathogenesis
of TNR diseases.

Disorders caused by TNR expansions are mainly neurodegenerative in
nature. In other words, these conditions primarily cause the progressive loss of
function in nerve cells, leading to neurological symptoms. Related disorders include
Fragile X Syndrome, Myotonic Dystrophy, Huntington's Disease, Friedreich's
Ataxia, Spinocerebellar Ataxia, Fragile X-Associated Ataxia-Tremor Syndrome,
among others’. Disorders related to abnormal polyglutamine repeats (PolyQ), i.e.
disorders in which proteins form with abnormal amounts of glutamine repeats in
their primary structure, are caused by expansions of the CAG repeat. No
neurodegenerative ataxia has been categorized as a polyQ disorder in the last two
decades. In 2023, a mutation in the THAP11 gene was linked to a new
spinocerebellar ataxia®.

The pathophysiological mechanisms depend on where in the gene the TNR
expansion occurs and are basically divided into two: expansion in the coding region
of the gene or expansion in the non-coding region®. When TNR expansion occurs
in the coding region of the gene, the translated proteins are defective and form
cytoplasmic protein aggregates. This mechanism is characteristic of Huntington's
disease, which connects the disease with other neurodegenerative diseases such as
Alzheimer's, Parkinson's, amyotrophic lateral sclerosis and spongiform
encephalopathies’. In an experimental study, amyloid-like protein aggregates were
formed, both in vivo and in vitro, due to proteolysis of the mutated protein encoded
by exon 1 of the HD gene®. These protein aggregates are characteristic of PolyQ
disorders. In some cases, it is possible to visualize these aggregates using light
microscopy®’. Most of the proteins that are translated from genes related to TNR
expansion diseases, especially polyglutamine diseases, act as transcription factors
in DNA!°, Mutant TATA-Binding Protein (TBP) causes deregulation of gene
transcription in two ways: because it is mutated, it loses affinity with common

transcription factors that are needed to transcribe genes; at the same time, the
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mutation increases affinity for factors that induce other transcriptions, sequestering
them and interrupting their’. Although it is well established in the literature that the
mutated protein is primarily responsible for the pathogenic mechanism in PolyQ
disorders, studies suggest that the RNA transcript may also be related to the genesis
of these neurodegenerative disorders''. Furthermore, it has been proven, although
further studies are still needed, that the immune system plays a role in the
pathogenesis of Huntington's disease. As for the other PolyQ disorders, studies are
still needed to prove the involvement of the immune system'?. In a way, the SCA1
disorder phenotype is directly linked to the pathophysiological processes of the
aggregation of intracellular complexes, related to the ability of the polyglutamine
tracts of the mutated protein to bind to other proteins such as PQBP1 and RNA pol
I, causing transcriptional deregulation'’. On the other hand, when expansion occurs
in a non-coding region, instability or even silencing can occur in the gene in
question’. In the case of FXS, this instability occurs in a gene located on one of the
sex chromosomes: the X. Regarding the pathophysiological mechanisms of these
molecular expansions, we can highlight at least two physiological consequences:
gain-of-function and loss-of-function. While gain-of-function is related to increased
protein translation and the formation of fibrillar aggregates, loss-of-function is
related, for example, to gene silencing due to hypermethylation of the non-coding
region'®. The expanded PolyQ tracts synthesized by AUG-dependent canonical
translation are believed to lead to neurodegeneration'>. There is also a modality
related to gain-of-function in expansions in the non-coding region: repeat-
associated non-AUG translation. In these cases, there is protein translation
independent of the AUG initiation codon'*,

Regarding the therapy of disorders caused by TNR expansions, the various
peculiarities of specific disorders should be borne in mind. The B-sheet
conformation of the PolyQ regions is responsible for cytotoxicity'>. A peptide was
discovered that prevents the transition of these proteins to the [-sheet
conformation'®, consequently bringing therapeutic benefits. Also, as TNR

expansions are recently discovered genetic disorders, treatment options are likely
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to be quite limited. Early therapeutic intervention in cases of HD and SCAI is
related to a better prognosis!®>. Larger animal models may be more useful in
analyzing the interactions between drugs and the body's selective barriers than the
current mouse models, given the greater anatomical similarity between the larger
species and the human species'®. The notion that preventing protein aggregation in
PolyQ diseases as a therapeutic mechanism has yet to be proven'’. It is necessary
to consider the various pathophysiological mechanisms for treatment.

The pathophysiology of disorders caused by TNR expansions have been
hampered for many years due to the lack of efficient techniques for identifying and
analyzing the affected genomic region. The development of simple techniques for
analyzing DNA in the 1970s and 80s allowed the first disease related to TNR
expansion to be described in the early 1990s, Fragile X syndrome'®. The etiological
definition of this disorder, whose main characteristic is intellectual disability, can
be considered a major achievement, as it opened a field for new molecular
investigations. In this way, TNR expansions were characterized as the basis for the
molecular etiology of other disorders. TNR expansions have already been
confirmed in the literature as being responsible for pathological alterations in the
body. Over the 30 years since the relationship between TNR expansions and FXS,
at least 48 other disorders have also been associated with TNR expansions in
specific genes’. However, identifying TNR expansions in new genomic regions and
determining the sizes of the expanded regions remains a challenge. The
development of new approaches to DNA sequencing (NGS - Next Generation
Sequencing) has the potential to revolutionize the diagnosis of various disorders,

including those caused by TNR expansions

METHODS

We followed the recommendations of Page (2020) to carry out this
integrative review. We searched PubMed (www.ncbi.nlm.nih.gov/pubmed) for

scientific articles using the descriptors "trinucleotide expansion", "DNA analysis",
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"genome" and "DNA sequencing". We listed the main diseases caused by TNR
expansions and the possible mechanisms of the pathogenesis of these expansions
and described how new DNA analysis techniques have enabled the description of

new genomic regions with disease-related TNR expansions.

RESULTS AND DISCUSSION

We identified from the literature, 68 disorders related with nucleotide repeat
disorders, 16 were excluded for having repeats of more than three nucleotides and
five for not having clinical phenotypes. In total, 47 TNR expansion disorders have

been selected (Table 1).

Table 1: Description of gene targets related to disorders by trinucleotide repeats

(TNR) expansions.
Chrom.  Gene Gene name Repeat unit  Disorder Acrony
location m
1921 NOTCH2N  Notch 2 N- GGC Essential tremor ET
LC terminal like C Neuronal intranuclear NIID
inclusion disease
Oculopharyngodistal OPDM
myopathy 3 3
2q11 AFF3 ALF transcription CGG Intellectual disability FRA2A
elongation factor 3 associated with fragile
site FRA2A
2931.1 HOXD13 Homeobox D13 GCG Synpolydactyly type 1 SPD1
2032.2 GLS Glutaminase GCA Global developmental GDPA
delay, progressive ataxia G
and elevated glutamine
3p21 ATXN7 Ataxin 7 CAG Spinocerebellar ataxia—  SCA7
Type 7
3023 FOXL2 Forkhead box L2 ~ GCN Blepharophimosis, ptosis BPES
and epicanthus inversus
syndrome
4pl3 PHOX2B Paired like GCN Congenital central CCHS
homeobox 2B hypoventilation
syndrome
4pl16.3 HTT huntingtin CAG Huntigton disease HD
503 PPP2R2B Protein CAG Spinocerebellar ataxia SCA12
phosphatase 2 type 12
regulatory subunit
beta
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6p21 RUNX2 RUNX family GCN Brachydactyly and BCCD
transcription factor cleidocranial dysplasia
2
6p22 ATXN1 Ataxin 1 CAG Spinocerebellar ataxia— SCAl
Type 1
6927 TBP TATA-box CAG Spinocerebellar ataxia— SCA17
binding protein tipo 17
7pll.2 ZNF713 Zinc finger protein  CGG Autism spectrum ASD/F
713 disorder associated with RA7A
fragile site fra7a
7p15.2 HOXA13 Homeobox Al13 GCN Hand-foot-genital HFGS
syndrome
9g21.11 FXN Frataxin GAA Friedreich ataxia FRDA
9934.12 PRDM12 PR/SET domain GCN Hereditary sensory and HSAN
12 autonomic neuropathy VI
type viii
10g22.3 LOC642361 NUTM2B CGG Oculopharyngeal OPML
/ NUTM2B- antisense RNA 1 myopathy with 1
AS1 leukoencephalopathy
11- CBL2 Cbl proto- CCG Jacobsen syndrome JBS
Deletion oncogene 2
of long
arm
12p13.31 ATN1 Atrophin 1 CAG Dentatorubro DRPL
pallidoluysian atrophy A
12913.1 DIP2B Disco interacting  CGG Intellectual disability FRA12
protein 2 homolog associated with fragile A
B site FRA12A
12924 ATXN2 Ataxin 2 CAG Spinocerebellar ataxia— SCA2
Type 2
129q24.3 LRP12 LDL receptor CGG Oculopharyngodistal OPDM
related protein 12 myopathy 1 1
12g24.31 RILPL1 Rab interacting CGG Oculupharyngodistal OPDM
lysosomal protein myopathy 4 4
like 1
1321 ATXNS Ataxin 8 CAG Spinocerebellar ataxia— SCAS8
Type 8
13q32 ZIC2 Zic family member GCN Holoprosencephaly type  HPES
2 5
13g33.1 FGF14 Fibroblast growth GAA Spinocerebellar ataxia—  SCAS50/
factor 14 tipo 50 ATX-
FGF14
14911.2 PABPN1 Poly(A) binding GCG Oculopharyngeal OPMD
protein nuclear 1 muscular dystrophy
14932.1 ATXNS3 Ataxin 3 CAG Spinocerebellar ataxia— SCA3
Type 3
16p12.3 XYLT1 xylosyltransferase CGG Baratela—scott syndrome  BSS
1
16922 ZFHX3 Zinc finger GGC Spinocerebellar ataxia4 SCA4
homeobox 3
16922.1 THAP11 THAP domain CAG Spinocerebellar ataxia SCA
containing 11 novel subtype
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16024.2 JPH3 Junctophilin 3 CAG Huntington disease-like 2 HDL2

18g21.2 TCF4 Transcription CTG Fuchs endothelial corneal FECD
factor 4 dystrophy
19p13 CACNAILIA Calcium voltage- CAG Spinocerebellar ataxia— SCA6
gated channel Type 6
subunit alphal A
19P13.1 COMP Cartilage GAC Pseudoachondroplasia PSACH
oligomeric matrix and multiple epiphyseal MED
protein dysplasia
19p13.12 GIPC1 GIPC PDZ domain CGG Oculopharyngodistal OPDM
containing family myopathy 2 2
member 1
19913.32 DMPK DM1 protein CTG Myotonic dystrophy type DM1
kinase 1
Xp21.3 ARX Aristaless related  GCN Early infantile epileptic ~ EIEE1
homeobox encephalopathy type 1
X-Linked intelectual XLID
disability
Xq12 AR Androgen receptor CAG Spinal and Bulbar SBMA
Muscular Atrophy
Xg26.3  SOX3 SRY-box GCN Mental retardation with  MRGH
transcription factor isolated growth hormone
3 deficiency
Xg27.3 FMR1 Fragile X CGG Fragile X syndrome FXS
messenger Fragile X-associated FXPOI
ribonucleoprotein premature ovarian
1 infertility/insufficiency
Fragile X-associated FXTAS
tremor/Ataxia syndrome
Xq28 AFF2 ALF transcription CCG Fragile X syndrome FRAX
elongation factor 2 E

Research into the molecular etiology of these disorders revealed that they
are caused by trinucleotide expansions in 42 different genomic targets. In 39 out of
the 42 genomic targets, TNR expansions in a determined gene are associated with
a single disorder. However, in 3 out of the 42 genomic targets, TNR expansions in
different locations of each gene are related to more than one disorder (Table 1; ARX,
FMR1 and NOTCH2NLC genes). Thus, mutations in different regions of the ARX
gene cause the disorders "X-Linked Intellectual Disability" and "Early Infantile
Epileptic Encephalopathy Type 1"; mutations in the NOTCH2NLC gene cause
"Neuronal Intranuclear Inclusion Disease", "Oculopharyngodistal Myopathy 3" and
"Essential Tremor"; and mutations in the FMR1 gene cause "Fragile X Syndrome",

"Fragile X-Associated Premature Ovarian Infertility/Insufficiency" and "Fragile X-
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Associated Tremor/Ataxia Syndrome". Of all 42 genomic targets, 37 are located on
autosomal chromosomes and 5 are located on sex chromosomes, in this case the X

chromosome (Figure 1).

Figure 1: Distribution and position of targets associated with TNR expanssions.
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Legend: Only chromosomes with a described TNR target are shown. Complete gene
names are presented in table 1. Chromosome sizes presented in Mb (mega base
pairs).

Estimated target density in human genome is 1.3 targets/100 Mb.
Chromosome 19 had the highest target density of all those analyzed, with 6,83
targets/100 Mb (Figure 1). Structurally, chromosome 19 has several cytosine and
guanine islands. This structure is conserved in primates that are separated by 70
million years of evolution. At the same time as this structure is highly conserved,
these islands predispose to various polymorphisms'®. In addition, chromosome 19
has other unique characteristics, such as twice the gene density of the average of
the other chromosomes'®.

The main techniques used to identify genomic targets in which TNR

expansions are related to human disorders were Linkage — 25 targets; PCR and
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PCR-based techniques - 24 targets; Hybridization techniques (CGA, ExSc, FISH) -
21 targets; DNA sequencing (LRS, WGS, Sanger) - 14 targets; Other techniques
(Karyotyping, cloning) — 6 targets (Figure 2).

Figure 2: Techniques used to identify trinucleotide repeat disorders over time.

MOLECULAR TECHNIQUE UTILIZED PER YEAR
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More than one technique can be used to identify a single trinucleotide repeat
disorder. The molecular techniques are classified as PCR/PCR-BASED in green,
Linkage in yellow, Hybridization in purple, DNA sequencing in red, and Others in
blue.

Sequencing techniques can be divided into first generation (Sanger), second
generation (Next Generation Sequencing) and third generation (long-read
sequencing) techniques. In terms of the type of DNA sequencing technique used to
identify disorders caused by TNR expansions, we have first generation (Sanger; 2
targets); second generation (Exome Screening (5 targets) and WGS (4 targets); and
third generation (LRS 4 targets). Between 2005 and 2018, there was a stagnation in
the description of new targets, which resumed in 2019, mainly due to next-
generation sequencing (NGS) techniques. The impact of the molecular techniques

on the discovery of TNR expansion disorders are as follows: NGS — 14%;
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Hybridization — 24%; Linkage — 28%; PCR/PCR-BASED — 27%; Others — 7%. In
the 33 years since the discovery of TNR expansion diseases, during the last 9 years,
we have had 13 disorders in which DNA sequencing was fundamental for the
identification of the target affected. During the first 24 years, we had 38 disorders
identified by all other techniques combined (Linkage, PCR/PCR-Based,
Hybridization, Others). Proportionally, we identified more disorders in the last 9
years (9/13 = 0.69) with the DNA Sequencing Technique than in the first 24 years
(24/38 = 0.63) with all the molecular techniques combined. This is a major
indication of how NGS is contributing to the discovery of new targets related to
TNR expansion disorders and the importance of this technique.

All these findings are important from a clinical point of view, especially in
relation to early diagnosis and the development of therapies for disorders associated
with TNR expansions. As a methodological limitation, there was no peer review of
the articles and only one author was responsible for screening and selecting the

articles.
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