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ABSTRACT

An increasing number of repeat expansion
disorders have been found to cause both rare
and common neurological disease. This is
exemplified in recent discoveries of novel repeat
expansions underlying a significant proportion of
several late-onset neurodegenerative disorders,
such as CANVAS (cerebellar ataxia, neuropathy
and vestibular areflexia syndrome) and
spinocerebellar ataxia type 27B. Most of the 60
described repeat expansion disorders to date are
associated with neurological disease, providing
substantial challenges for diagnosis, but also
opportunities for management in a clinical
neurology setting. Commonalities in clinical
presentation, overarching diagnostic features
and similarities in the approach to genetic testing
justify considering these disorders collectively
based on their unifying causative mechanism.

In this review, we discuss the characteristics

and diagnostic challenges of repeat expansion
disorders for the neurologist and provide
examples to highlight their clinical heterogeneity.
With the ready availability of clinical-grade
whole-genome sequencing for molecular
diagnosis, we discuss the current approaches

to testing for repeat expansion disorders and
application in clinical practice.

THE BURDEN OF NEUROGENETIC
DISORDERS

There is a significant burden of genetic
disorders in neurology, with at least half
of the 8000 or so described rare genetic
diseases having some neurological mani-
festation." * Even though each of these
rare diseases affects fewer than 1 in 2000
individuals, collectively they are common,
with the estimated cumulative lifetime
risk of developing such a disorder being 1
in 17 people.’*

There has been steady progress in the
diagnosis of neurogenetic diseases over
the last two decades, driven by advances
in the approach to genetic testing.” The
shift away from single-gene testing
conducted by specialist services to the
mainstreaming of genomic medicine to

all specialties has been accompanied by
the widespread availability of clinical-
grade whole-genome sequencing (WGS)*
in the National Health Service (NHS) in
England  (https://www.england.nhs.uk/
genomics/nhs-genomic-med-service/).
Despite this, the diagnostic yield remains
relatively low with pitfalls of WGS
discussed in a recent review.® Up to 80%
of patients with a genetic neurological
presentation go undiagnosed even in the
100000 Genomes Project, an initiative to
assess the utility of WGS in NHS patients
with rare disease and cancer.’

One such prevailing bottleneck to
molecular diagnosis is the limitation in
conventional techniques to detect struc-
tural variation, defined as regions of
genomic variation greater than 50 base
pairs in length compared with the refer-
ence genome.® ° This is a significant
concern as structural variants account for
up to 20% of all rare genomic variation'’
and are particularly important in neuro-
logical disease.

WHAT ARE REPEAT EXPANSION
DISORDERS?

Expansions of short tandem repeats
(STRs) are one such category of struc-
tural variation. An STR comprises
repetitive DNA sequences of up to six
base pairs in tandem'' '* (figure 1a).
There are over a million such natu-
rally occurring STRs in each individual
genome with high variability in repeat
size between different people.’”® As
such, STR genotyping has been tradi-
tionally used as a marker of forensic
DNA profiling.'* STRs have been
implicated in controlling gene expres-
sion'” and driving human-specific
evolution.™ '

When a particular STR is repeated
multiple times beyond a pathogenic
threshold (figure 1a), the so-called
repeat expansion, its presence can be
causative for disease, termed a repeat
expansion disorder. It should be noted
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Figure 1 Repeat expansion disorders arise from short tandem repeats (STRs) that reside naturally within the genome (a). STRs can
arise from any genic position and comprise repeat sequences of up to six base pairs in tandem. When expanded above a certain
pathogenic threshold, they are associated with a repeat expansion disorder.While STRs can be intergenic, no pathogenic expansions
of intergenic STRs have been characterised to date. UTR refers to untranslated regions of the gene. (b) Features of a repeat
expansion that influence pathogenesis and are used to characterise a repeat expansion disorder. (c) Non-exhaustive list of repeat
expansion disorders associated with neurological disease represented by their intragenic location. The repeat motif is listed after the
disease in parentheses or collectively, within the triangles. n represents the number of repeat units. N in GCN represents any A/C/G/T
nucleotide. The exonic repeat expansions are further partitioned by the probable translated product of the repeat-containing DNA
into polypeptides, namely polyglutamine, polyglycine and polyalanine disorders. Unverricht-Lundborg disease is listed but is a
dodecamer repeat and thus not strictly an expansion of an STR (each repeat unit is up to six base pairs). ALS, amyotrophic lateral
sclerosis; CANVAS, cerebellar ataxia, neuropathy, vestibular areflexia syndrome; DRPLA, dentatorubral-pallidoluysian atrophy; FAME,
familial adult myoclonic epilepsy; FTD, frontotemporal dementia; FXTAS, fragile X-associated tremor/ataxia syndrome; FRAXE,
intellectual developmental disorder, X-linked; GDPAG, global developmental delay, progressive ataxia, and elevated glutamine;
HDL-2, Huntington disease-like 2; IDD, intellectual development disorder; NIID, neuronal intranuclear inclusion disease; OPDM,
oculopharygodistal myopathy; SCA, spinocerebellar ataxia. Created with BioRender.com.

that the pathogenic threshold for repeat size  overarching diagnostic features, similarities in the
varies between different disorders at different  approach to genetic testing and targeted therapeu-
genetic loci. Box 1 summarises the inter-related  tics of repeat expansions justify considering these
ways in which repeat expansions cause disease.!”  conditions collectively based on their unifying
Commonalities in the clinical presentation, molecular cause.
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Box 1 How repeat expansions can cause disease.

The repetitive DNA sequence can cause disease in several
inter-related ways. Multiple mechanisms can coexist within
the same disease entity.'’

» The abnormal repeat is translated into a toxic
polypeptide, such as in CAG repeat expansions leading
to polyglutamine disorders including spinocerebellar
ataxia (SCA) types 1,2, 3,6 and 7.

» The abnormal repeat expansion causes the gene to be
switched off (transcriptional silencing) leading to loss
of function of that gene, such as in fragile X syndrome.

» The repeat-containing RNA may block important
proteins from functioning such as RNA-binding
proteins that have important roles in transcription and
splicing such as in myotonic dystrophy types 1 and 2.

» The abnormal repeat initiates translation to form toxic
peptides non-canonically, termed repeat-associated
non-AUG translation, a mechanism thought to
contribute to the pathogenicity of C9orf72-associated
frontotemporal dementia/amyotrophic lateral sclerosis,
SCAS8 and other repeat expansion disorders.

WHY ARE REPEAT EXPANSION DISORDERS
IMPORTANT IN NEUROLOGY?

It is not known why repeat expansion disorders are
particularly enriched among genetic causes of both
rare and complex neurological disease. Since the
first repeat expansion in an exonic CAG repeat in
the androgen receptor (AR) gene was characterised
as causative for spinal and bulbar muscular atrophy
(Kennedy’s disease) in 1991,'® most of the repertoire
(current count at around 60 or so) of repeat expansion
disorders described to date are associated with neuro-
logical or neurodevelopmental disease.’”! There are
only a handful of non-neurological syndromes associ-
ated with repeat expansions including Fuchs endothe-
lial corneal dystrophy,” synpolydactyly type 1% and
hand-foot-genital syndrome.

A pathogenic repeat expansion can sometimes
account for a significant proportion of a neurodegen-
erative disease as exemplified through the C9orf72
hexanucleotide repeat expansion, which is the the
most common genetic cause of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD)
and occurs in both apparently sporadic and familial
patients.”” 2 Furthermore, recently discovered RFC1
expansions associated with cerebellar ataxia, neurop-
athy and vestibular areflexia syndrome (CANVAS)®
and GAA repeat expansion in FGF14 associated with
spinocerebellar ataxia (SCA) 27B*® %’ have been found
to explain a high proportion of previously undiag-
nosed individuals with late-onset ataxia. This high-
lights the necessity of considering repeat expansions as
a potential cause of neurological disease among those
without a molecular diagnosis.

Review

Repeat expansion disorders manifest across a host
of neurological phenotypes reflecting involvement
of different regions from the central to the periph-
eral nervous system, meaning that most neurologists
will regularly encounter such disorders. The range of
neurological presentations is broad and includes, but
is not limited to: epilepsy (eg, familial adult myoc-
lonic epilepsies (FAME)); ataxia (eg, SCAs, CANVAS
and Friedreich’s ataxia); cognitive impairment (eg,
C9orf72-associated frontotemporal dementia and
ALS); movement disorders (eg, Huntington’s disease,
X-linked dystonia-parkinsonism); learning difficulty
(eg, fragile X syndrome) and neuromuscular disorders
(eg, myotonic dystrophy types 1 and 2, oculopharyn-
geal muscular dystrophy (OPMD)). In many repeat
expansion disorders, multiple phenotypes coexist
under one disease entity reflecting the underlying
multisystemic involvement and clinical heterogeneity.

From epidemiological studies, repeat expansion
disorders affect 1 in 3000 people worldwide, with
population differences across different diseases.®
However, clinical heterogeneity across the disor-
ders likely leads to an underestimation of the under-
lying prevalence. Leveraging large-scale population
sequencing data, a recent study found that the overall
disease allele frequency of repeat expansion disorders
is more common than previously thought, affecting 1
in 283 individuals.?®

In summary, repeat expansion disorders manifest
across a wide range of neurological presentations and
may bypass the bottleneck to diagnosis. Knowledge of
their characteristic clinical features and how to request
testing for such disorders is of increasing significance
in clinical practice.

HOW DO WE CHARACTERISE REPEAT
EXPANSIONS MOLECULARLY?

Repeat expansion disorders can be characterised
across different domains (figure 1b). It is important to
be aware of factors that influence their pathogenicity.
These include: (1) the overall size of a repeat; (2) its
location within a gene; (3) the motif of the repeat unit;
(4) how it is inherited including biallelic (recessive) or
monoallelic (dominant) inheritance; (5) whether the
repeat-DNA is transcribed into RNA and translated
into protein; (6) the stability of the repeat size across
different generations (meiotic instability) and across
cell types within an individual (somatic instability).
Diagnostic reports typically define the first four points
only.

A STR expansion can be characterised by its location
within a gene, that is, broadly, whether it is in the 5’ or
3’ untranslated regions (UTR), intron or exon. This has
implications for the overall repeat size as pathogenic
repeats in non-coding genic regions tend to be larger
than exonic repeats, such as a pathogenic threshold of
more than 200 CGG repeats in the S’UTR of FMR1
associated with fragile X syndrome®” compared with
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a threshold of 36-39 exonic CAG repeats in ATXN1
associated with SCA1.>" Exonic repeats are typically
protein coding and can be characterised by their
protein product. There are currently three main types
of protein-coding repeats secondary to the different
underlying repeat motifs which code for different
amino acids. These are: (1) the well-known polyglu-
tamine repeats from exonic CAG repeat expansion;
(2) polyalanine repeat expansion disorders associ-
ated with congenital malformation syndromes with
the exception of the PABPN1 GCN repeat expansion
associated with OPMD (where N could be an A/T/C/G
nucleotide)®’ and (3) the new disease entity of poly-
glycine disorders identified after the discovery of an
exonic GGC repeat expansion in ZFHX3 associated
with SCA4.3%%

The repeat motif can determine whether an STR
expansion is pathogenic. For example, in CANVAS,
the most common repeat expansion is of the AAGGG
unit ranging from 400 to more than 2000 repeats
while AAAAG, AAAGGG and AAGAG expansions
appear to be benign.” **3” There are also population
differences in the pathogenic repeat motif such as a
biallelic ACAGG repeat expansion associated with
CANVAS in individuals of Japanese ancestry.’® Of
note, several repeat expansion disorders discovered
in recent years are insertional expansions where the
pathogenic repeat motif is not found in the reference
genome or in unaffected individuals (table 1).> This is
seen across the FAME disorders where the pathogenic
pentanucleotide expansion may have variable motifs.*’
In X-linked dystonia-parkinsonism, a disorder charac-
terised by progressive dystonia and extrapyramidal
syndrome, there is a SINE-VNTR-Alu (SVA) retro-
transposon insertion in the intron of TAF1 where a
5’ polymorphic hexanucleotide CCCTCT repeat is
located. The length of this repeat insertion is inversely
correlated with age of onset."

The size of the repeat motif is also important,
with trinucleotide repeat expansions being the most
common, followed by hexanucleotide repeats. Tetra-
nucleotide (myotonic dystrophy type 2) and pentanu-
cleotide (SCA10, SCA31) repeat expansions also exist.
The frequency of repeat expansions of particular motif
size reflects the propensity of an STR to expand such
that disease-causing trinucleotides have mutation rates
4-7 times greater than tetranucleotides.*' Likewise, it
is important to characterise the inheritance mode and
whether a repeat expansion has to be present on both
or one allele to cause disease.

While the overall length of the repeat expansion is
important in disease, it is helpful to recognise whether
the repeat is uninterrupted and ‘pure’, or whether there
are interruptions to the sequence.** ** For example, in
SCA2, individuals who have more CAA interruptions
within the CAG repeat sequence are more likely to
present with an extrapyramidal rather than an ataxia
phenotype.*** Lastly, the size of the repeat can change

when transmitted to the next generation in a process
of meiotic instability, or across different cell types
through somatic instability.'” ** The number of inter-
ruptions is one of the factors determining the extent of
this instability with implications for pathogenesis.'” *?
These molecular features should be considered in the
understanding of repeat expansion disorders.

CLINICAL FEATURES OF REPEAT EXPANSION
DISORDERS

Despite variability in the location, size and repeat
motif across different repeat expansions, these disor-
ders share common characteristics that are important
to recognise in a clinical setting to aid diagnostic
testing and management.

Clinical heterogeneity of disease proportional to repeat
size

Variations in repeat size underlie the clinical hetero-
geneity of disease within the same pedigree. Repeat
expansion disorders should be suspected in families in
which individuals have a spectrum of clinical manifes-
tations. For example, congenital myotonic dystrophy
is a more severe neuromuscular disorder with multi-
systemic involvement compared with adult-onset
myotonic dystrophy.** Within a family, while larger
repeats tend to be associated with earlier onset and
more severe disease, penetrance, the likelihood of a
clinical condition occurring as a result of a particular
genotype, may also differ with repeat size and contrib-
utes to clinical heterogeneity. Furthermore, given other
factors associated with the pathogenicity of a repeat
expansion including the repeat structure and presence
of interruptions as discussed, it is difficult to counsel
individuals clinically based on the repeat size alone.

Clinical heterogeneity at intermediate range of repeat
size

Distinct phenotypes dependent on repeat size are
exemplified in FMR1-related disorders (figure 2a.i).
In a fully expanded repeat of >200 CGG repeat units,
the syndrome is fragile X syndrome, where affected
males present with developmental delay and intellec-
tual disability.*’ In the premutation range of 55-200
CGG repeats, a distinct clinical syndrome of fragile
X-associated tremor/ataxia syndrome (FXTAS) char-
acterised by late-onset ataxia, intention tremor with
or without parkinsonism and cognitive impairment
occurs mainly in men, but also among a fifth of females
who are heterozygous for the premutation range
expansion.®” Furthermore, a distinct entity of fragile
X-associated primary ovarian insufficiency before age
40 is also described in a fifth of females who carry one
premutation range repeat.*” Another entity of fragile
X-associated neuropsychiatric disorder has also been
characterised in a proportion of individuals who are
premutation carriers.”” Likewise, within ATXN2, an
intermediate range repeat expansion is associated with

4

Chen Z, et al. Pract Neurol 2024;0:1-15. doi:10.1136/pn-2023-003938

1yBLAdoD Aq pa1dalold 's9aIMasS Arelqi] 1N 18 202 ‘2 1800100 U0 jwod lwg ud//:dny woly papeojumoq 20z Jaqualdas 0 uo 8E6£00-£202-Ud/9eTT 0T Se paysiand 1siy ;joinaN 10eid


http://pn.bmj.com/

Pract Neurol: first published as 10.1136/pn-2023-003938 on 30 September 2024. Downloaded from http://pn.bmj.com/ on October 2, 2024 at UCL Library Services. Protected by copyright.

Review

panunuo)

aWoIPUAS eIxaljaIe Jenglisan

SyI0UW 1UIBKIQ

0001—0¥

aWoIpUAS eIxaljaIe JB[NgIISan

‘Ayredoinau A1osuas ‘eixele 19su0-1e] v uoaul  000Z< -007 DOOYY DOVYY ‘0071 | DVYVY DDOYY 1044 pue Ayiedoinau ‘eixele Jej|9qalad)
ueder uj uowwod ‘uoiedidiue ‘2Inzivs
‘snuopoAw ‘euawap ‘ealoyd ‘elxery av uox3 6h< G- oY) INLY Aydose ueisknjopijjed-|eignioieiusg
Soljley
853UIYD ¢ Ul paqLdsap ‘elxele 1asuo-ale] av uox3 00l-S¥ 6E6! D)) LIdVHL LG eixele Jejjagaiadoulds
eibeydsAp ‘saiiewiouqe Justsnow 343
‘eIxele qui| pue Heb anissaibold Amols av dln.s uofasu| (uorsul se) YN JLLIY 1gva L€ eIXele Ie|[agauad0ulds
subis uoinau
Jojow Jaddn ‘suopejndpsey anbuoy
'S3l}|eLuIouqe JusanowW 33 ‘elxely av uosul 0052—005G1 8—¢ D1JJ9H 95dON € eIxele Je|[agauad0ulds
123}49 Japunoy asaueder ‘eixele 135U0-a1e] av uoau| 005< (uorasul se) yN VV¥OD INVIg | € eIxele Jejjagauad0ulds
Ayredoinau
‘obian ‘snwibelshu 1eaqumop ‘185uo
J1posida aney Aew ‘elxele 195U0-1e] av uonu| 00€< 6779 VATIS) v1494 g/ eixele Je|jagaIad0ulds
Asdayida
‘snuojpofw ‘ejuoishp ‘ealoyd ‘eixely av uox3 99-G¥ Y4 oY) 491 /| eIxele lejjagaiadoulds
sainjes} [eplwelhdenixs
‘eIX3|ja.-19dAy lowa uofde ‘eixery av 41n.s 99< 99> L) 4c4zddd 7| eixele Jejagasadoulds
$3InZI35 "eIXely av uonu 0057-08¢ 6701 D11V OLNXLY 01 eixele Jejjagasadoulds
Ayyedoinau
Kiosuas ‘anissaiboud Ajmojs ‘eixery av d1n.e 05¢-L01~ LE-9 OVD  SOSNXLV/8NXLY 8 Elxele Je|3galadoulds
Ayredounal yum ssof [ensia ‘eixely av uox3 00€< 01 p€ GE—€ DY) LNXLY  eixele Je|[agasadoulds
eixele ,aind, anissalbold Aimols av uox3 0s-17 9| )] VIVYNOYD 9 eIxele Je||3galadoulds
123}43 J9pUNo} YsIpams
‘Ayredoinau [euoxe A10SUdS ‘eIxely av uox3 gp< 0s-1> JDoH EXH4Z  eIxele Jejjagaladoulds
123}43 Japunoy asanbniiod ‘sbie ‘subis
|eplweifdenxa pue epiwelid ‘eixery av uox3 #8-G6 9¢—¢| oY) ENXLY € eIxele Je|jagaIadoulds
RCIIE]
13punoy ueqn) ‘Juswiredu aAHUHOD
‘sapeades mos ‘Ayredoinau ‘eixely av uox3 pe< 67-S1 oY) ZNXLY Z eixele Je|jagaiadoulds
subis |epiwelAd ‘Ayredoinau ‘eixely av uox3 6E< 659 5\7) INXLY | eIxeie Jejjagaladoulds
adfjousayqd  Sduepssyu]  uonedo] Jaquinu abuel jewnioy jiow jeaday ausn aseasiqg
jeadai d1ushoyied
as5easip [e2160[0IN3U Y1IMm Pajeosse siaplosip uoisuedxas 1eadsy | d|qel

Chen Z, et al. Pract Neurol 2024;0:1-15. doi:10.1136/pn-2023-003938


http://pn.bmj.com/

Pract Neurol: first published as 10.1136/pn-2023-003938 on 30 September 2024. Downloaded from http://pn.bmj.com/ on October 2, 2024 at UCL Library Services. Protected by copyright.

Review

panuiuo)
Asda|ida s1uopoAw 33suo-3npy av uoiu| uonJasu| (uorasul se) yN VOLLL 7534dvY [ Asda|ida d1uopoAw ynpe [eljiweq
Asda|ida s1uopohw 13suo-1npy av uoau| uonJasu| (uoruasul se) yN VOLLL V9OYNL 9 Asda|1da d1uopoAw 3npe [eljiweq
Asda|ida yum Jowsaiy [e21140D 13SUO0-1NpY av uolu| 177< 10678< (uorasul se) ¥N VOLL/VLLLL ZS1VIA v Asda|ida d1uopoAw 3npe [eijiweq
Asda|ida yum Jowsaiy [e21140 13SUO-1NpY av uoluj 009< (uorasul se) yN VvOLLL 9IHIMYN ¢ fsdajida d1uopoAw 1npe [eljiuwey
S2INZI9S
J1UOJ2-D1U0] pasI|eiauab pue snuojpoAuw
195U0-1918| 1M Jowal puey 1abuiq av uoluj vi7< (uorasul se) yN JLLIY /0Y4VLS ¢ fsdajida d1uopoAw 1ynpe [eljiweq
syuaiied Jo yey e 03 dn uj s3Inziss
UM ‘SNUOJOAW [B31110D 195U0-}NPY av uouu| 6yL< (UonJasul se) YN VOLLL ZLaNYs | Asdajida dluopokw 3npe [ejiwe;
suoie|ndod
UBdLJY Ul UOWIWO) Justuliedu)
AAIHUPOD yum (Aupibl ‘esioyd Buipnpui)
13pJOSIp JUBWIBAOW 3AISSaIB0I4 av uoxg 06< 05> D1J/9Y) EHdr 7 I|-a5easip uoibununy
3dueqInisip
J11e1ydAsd ‘aAmubod ‘ojow aAIssalbold av uoxg 081-9¢ 7€-9 oY) 1IH 95easIp s,uo1bununy
OM} 3} JO UOIRUIqWOD
10 51504325 [esa1e| diydonofwe
aind ‘elzuswap |eJodwaloluol) aingd av uoliuj 005< 0e> J)HHHH ZH06 AL14/STV Pa1eI0Sse-7/4106)
uoieindod oudiji4 uyym
123}43 Japunoy ‘wsiuosuiyed ‘eluoisiq payull-x uouu| GG—0¢ VN 10100D 141 wsiuosupyied ejuolsAp payull-x
SueIsy 1se3 Ul
1u3|era1d 19pJosIp JusWwaAoW ‘Juawliedwl
aNIHUb0d ‘snoaushoialay [edluld av 4ln.s G6< GG> 799 DINZHDLON ~ 9Seasip UoISnpul Jeajanueliul [euoinap
1918 sdojanap eixery
"1 9dfy Asda)1da d1uopohuw anissaibolg N\ 4ln.s 0£< €~ DIDIIIIHIIDD g1$) 9seas|p hiogpunT-1ydLIRAUN
Aynoiip bujules? paxull-X 41n.s 00¢< S7-9 51D Y24 awopufs 3x-a|ibel
19plosip wnuads wspne
"Rujiqesip buiuea) ‘Aejap |eruawdojansg paqull-x 41n.s 00¢< 59 DB LY auloipufs x aj1bes
Juswureduwi an31ubod Aq pamoy|oy 3WOIPUAS
'JOWa.} UONUBLUI ‘BIXeIR 13SU0-31eT] pRY{UI|-X 41Nn,s 00755 759 D) YR eIXE1B/I0Wa.} PaleI0sse-X 3|ibel
(%S¢
ur 19suo Jaze|) saraqelp ‘“Ayredodwolpied
'35Uas uonelqiA pue uopisod Jo
SSO| PUB ‘SOX3|Ja4 qUUI|-IIMO] JUSae
‘uoipduNysAp Jappe|q ‘sIs01|0dS ‘BIXely v uohu| 99< -1 vvD NX4 BIXEIE S,Ud13/pali]
adfjousyq  adueyidyu]  uonedo] Jaquinu abuei [ewion jnow jeaday auap aseasiq
jeadai d1uaboyreqd
psnuiluo) | sjqeL

Chen Z, et al. Pract Neurol 2024;0:1-15. doi:10.1136/pn-2023-003938


http://pn.bmj.com/

Pract Neurol: first published as 10.1136/pn-2023-003938 on 30 September 2024. Downloaded from http://pn.bmj.com/ on October 2, 2024 at UCL Library Services. Protected by copyright.

Review

Aydose Jendnsay ‘ensewodseuid
:RAsuasul uabolpuy ssausyeam

‘S|enpIAIpUI pa1dafeun Ul Jo awouab aduaiaal syl ul 1ussaid Jou si jiow ieadal duaboyied
3L} 313yM suojsuedx? 1eadal [euoILIRSUI 31e SIBPIOSIP UOISURAX? 1eadal BU} JO BUIOS /e 13 HAUUIG PUB SM3IASYBURD) ‘UBIA| Uf 32UB3ILIdYU] UBI[SPUBJA BUIjUQ WOlj PaALIBP $azis Jeadal abuel djuaboyied
pue abuels [ewlou ‘suondidssp adAioush pue adAiousyd enuasp [eiodwaloluol) ‘gl ‘SIS0Ia)as [elaie] d1ydolioAwe Sy "9AISSaI) [BWOSOINE “Yy pUB JUBUIWOP [EWOSOINE ‘qY ‘92Uelliayul Jo apow 104

(Aydoue sejnasnw

leqing pue auoinau Jolow Jamo7 payull-x uox3 790V -1l oY) oy leq|ng pue [euids) aseasip s,Apauusy
$SaURAM
leqinqg pue |eiey ‘eibsjdow|eyiydo
‘ssauxeam [elsip anissaibod Amojs av 4ln.s 0zl-16 571 BI5Y) 17d/9 7 Ayredofw [e3sipobukieydojndg
elbeydsAp ‘ssauseam qui| [elsip ‘edey
‘eibs|dowleypydo ‘sisord 1asuo-)npy av 41N.S 0€1-06 Sh—€l 09D Zldy1 | Apedofw jexsipobudieydojnoo
elyesAp Ayredojeydaduaoyna)
‘eibeydsAp ‘eibsjdowietpydo ‘sisoid av YIS 09-0% 9l-€ 992 LSY-9ZNLNN tpim Ayredofw [esbukieydojnoo
elbeydsAp pue sisold av uox3 L1-71< 01> DD INdgVd RydonsAp sejndsnw [esbukieydojndg
elwaeulngo|bewwebodAy
's1oeseIed ‘3URISISAI Ul NSul
‘AyredoAwolpied ‘saewlouqe
UOI3NPUOD JeIpIe ‘SSaUNeaM ‘elU0JOAI av uosuj 00011~ 01G/< 1> 010D 64INZ/dIND z 2dAy Aydonshp d1uoiohy
‘SONINdIIP
Ai01el1dsal ‘YuIq 1B SSaURIM BIBNSS
‘eluojodAy :jeyusbuor) ‘sanijewlouge
JeIpied ‘s10eIRIRD ‘BIUOIOAW ‘SSBUNRIM
2Isse|D) “eluojoAw pjiwl ‘soeseled pjij av HIN.€ 0007~ 010G< LES bI) NdNa | 9dfy Aydonshp uojohpy
adfjousyq  adueyidyu]  uonedo] Jaquinu abuei [ewion Jnow jeaday auap aseasiq
jeadai d1uaboyreqd
penuiuo) | 9|qer

Chen Z, et al. Pract Neurol 2024;0:1-15. doi:10.1136/pn-2023-003938


http://pn.bmj.com/

Review

a. Clinical heterogeneity of disease

b. Relationship between repeat

c. Population differences

expansion size, age-of-onset and

Examples i i
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L_normal with neuronal intranuclear inclusion disease (NIID)
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30,31,32 full expansion Anticipation: paternal Anticipation: maternal
>33 transmission transmission
¢ n d. Converging pathology
" Risk of Causative for
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‘ brain ’@
(iii) Genetic \ . »
causes n+x;+x; »
ALS FTD ante- A
mortem
T n is the repeat size in the first generation. g skin
X, is the number of extra repeats in the second generation. lopsy

C9orf72 hexanucleotide repeat expansion

Xz is the number of extra repeats in the third generation.

intranuclear inclusion

Figure 2 General features of repeat expansion disorders. (a) Clinical heterogeneity is often present within the same repeat
expansion: (i) Within FMR1, different clinical entities are associated with different repeat sizes. (i) Within ATXN2, an intermediate
range repeat expansion is associated with increased risk of ALS and a full range expansion causes spinocerebellar ataxia type 2.
Therefore, accurate estimation of the repeat size is important for diagnosis. (iii) The C9orf72 hexanucleotide repeat expansion

is a common genetic cause of both amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) independent of the

size of the repeat expansion. (b) Schematic showing the inverse relationship between age of disease onset and size of the repeat
expansion. The severity of disease typically increases with increasing size of the repeat expansion. This is due to meiotic instability
either in the paternal or maternal germline for that particular repeat, whereby n is the overall repeat size in the first generation and
x is the number of repeats in addition to the n repeat size in each successive generation, in line with repeat instability associated
with anticipation of the clinical presentation. (c) A population effect of repeat expansion disorders highlights genetic heterogeneity
within one disease entity. This is exemplified in neuronal intranuclear inclusion disease (NIID). NIID is a clinical heterogeneous
neurodegenerative condition characterised by eosinophilic neuronal intranuclear inclusions in both neuronal and non-neuronal
cells. The NOTCH2NLC GGC repeat expansion is a common cause of NIID in individuals of East Asian ancestry who tend to have
later-onset, milder disease presenting with cognitive decline or a neuromuscular phenotype. In Europeans, this repeat expansion is
rare and disease is more severe, multisystemic and earlier in onset. (d). Convergence of different repeat expansion disorders on a
common pathological feature. For example, ubiquitinated eosinophilic intranuclear inclusions are seen in brain tissue (and sometimes
in antemortem skin biopsy) for a variety of different disorders including NIID and fragile X-associated tremor/ataxia syndrome

(FXTAS). Created with Biorender.com.

increased risk of ALS and a full range expansion with
SCA2 (figure 2a.ii).* Therefore, an accurate estimate
of the repeat size is important for genetic diagnosis.

Clinical heterogeneity irrespective of repeat size

While the variable phenotypes predominantly reflect
differing repeat sizes, different phenotypes may be
associated with the same expansion irrespective of
repeat size. This is demonstrated by the C90rf72 hexa-
nucleotide repeat expansion associated with either
FTD or ALS, or both" ?° (figure 2a.iii).

Anticipation
Given instability of the repeat during meiosis, the
expansion size may enlarge in each subsequent

generation, associated with clinical anticipation, where
there is an earlier onset and more severe phenotype
within affected offspring compared with their parents
(figure 2b). This is a particular phenomenon of domi-
nant repeat expansion disorders and exemplified in
Huntington’s disease, where juvenile onset forms are
associated with more than 55 CAG repeats compared
with typically fewer than 55 repeats in adult-onset
disease.*” Anticipation is more noticeable from paternal
transmission due to repeat instability in spermato-
genesis.’’ On the other hand, in myotonic dystrophy
type 1, a child with early-onset severe disease is more
likely to inherit the expanded allele from the mother,
although anticipation can occur with both paternal and
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Advances in detecting repeat expansion disorders over time
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[ Is the bioinformatically estimated repeat size within the normal range? J

[ ]
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Repeat expansion excluded

[ Confirm any abnormal expansion sizes on PCR-based test

Figure 3 Methods for detection of repeat expansions. (a) Evolution of methods used for detection of repeat expansions: from
molecular, PCR-based approaches to bioinformatic tools applied to short-read exome or genome sequencing data to recent
development of long-read sequencing technologies. (b) Clinical pathway for testing for repeat expansions within the National Health
Service (NHS) Genomic Medicine Service (GMS). Note that the panel numbers and GMS pathway may be subject to change. The
GMS website should be consulted for up-to-date panels. The panels provided here are for illustrative purposes of the principles of
repeat expansion detection. DNA extracted from blood is processed for repeat expansion testing. If a particular repeat expansion
disorder is suspected, then a standalone PCR with or without Southern blotting is requested if it falls into the remit of one of

the listed disorders. If the clinical indication falls within any of 12 listed gene panels, then short-read whole-genome sequencing
is carried out. Within each of the panels, integrated estimation of repeat size of a specific disorder within the panels listed by
ExpansionHunter is provided. Further molecular confirmation is carried out if the bioinformatically estimated repeat size is above
or falls just below the pathogenic threshold for repeat expansion. ALS, amyotrophic lateral sclerosis; CANVAS, cerebellar ataxia,
neuropathy, vestibular areflexia syndrome; DRPLA, dentatorubral-pallidoluysian atrophy; FTD, frontotemporal dementia; FRDA,
Friedreich’s ataxia; FXTAS, fragile X-associated tremor/ataxia syndrome; HLD-2, Huntington disease-like 2; SCA, spinocerebellar
ataxia; ULD, Unverricht-Lundborg disease. Created with BioRender.com.
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Box 2 Case examples

Case 1.

A 10-year-old girl was investigated for intellectual
disability and a complex multisystem neurological disease.
Both her parents were asymptomatic. ExpansionHunter
applied to WGS data revealed a very large repeat expan-
sion of 99 CAG repeats in ATXN2 confirming a diagnosis
of early-onset SCA2, that had a different presentation to
adult-onset SCA2.

Case 2.

A child under the age of 5 presented with ataxia and global
developmental delay was found to have a large repeat
expansion of 120 CAG repeats in ATXN7 consistent with
early-onset SCA7 after bioinformatic analysis of multiple
loci using ExpansionHunter applied to WGS data. Of note,
the child's parents had been well at the time WGS was
completed for the proband but 2 years after this, her father
presented with ataxia and was subsequently also found
to have a heterozygous CAG repeat expansion in ATXN7.

Case 3.

A previously well man in his 60s had presented to the
neurology clinic with tremor. On examination, he had
bilateral intention tremor. Family history revealed that his
grandson was being investigated for learning difficulties
and behavioural issues. An MRI brain scan showed bilat-
eral symmetric T2 hyperintensities in the middle cerebellar
peduncles. Clinical suspicion for FXTAS was high. DNA
was directly analysed for the FMRT CGG repeat expan-
sion using repeat-prime PCR (indication under Fragile X
syndrome) and a premutation of 110 CGG repeat units
was confirmed. Subsequently, his grandson was diagnosed
with fragile X syndrome after detection of a full-range
repeat expansion in FMRT.

maternal transmission.*® Thus, altered disease onset
and severity in the offspring would provide a clue for
suspecting a repeat expansion disorder. This also has
implications in genetic counselling. Furthermore, it is
important to recognise that repeat expansion insta-
bility across generations may mean that there appears
to be a lack of family history in people presenting
with late-onset disease or generation skipping due to
intergenerational instability and reduced penetrance.
Thus, a lack of family history should not preclude clin-
ical suspicion of a repeat expansion disorder. This is
seen in adult-onset repeat expansion disorders such as
SCA27B associated with a GAA repeat expansion in
FGF14 where a significant proportion of patients have
no family history of disease.”®

Population differences

Repeat expansion disorders often exhibit popula-
tion differences in their prevalence due to a founder
effect of a particular risk haplotype containing the
repeat expansion in a particular geographical location.

Population differences are appreciable in the genetic
cause of SCAs such as SCA3 being particularly prev-
alent in those with Portuguese ancestry, SCA4 in
those with Swedish ancestry and SCA31 in those with
Japanese ancestry.’! ** Other examples that illustrate
the founder effect across repeat expansion disorders
include the high prevalence of C9orf72-assciated
disease in European individuals,’® X-inked dystonia-
parkinsonism in individuals of Filipino ancestry,*
Huntington’s disease-like 2 being an common pheno-
copy of Huntington’s disease in those with African
ancestry’> and dentatorubral-pallidoluysian atrophy
being common in Japanese populations.’® Recently,
this has been exemplified in neuronal intranuclear
inclusion disease (NIID), a clinically heterogeneous
neurodegenerative condition characterised by eosino-
philic ubiquitinated neuronal intranuclear inclusions in
both neuronal and non-neuronal cells. In East Asians,
the disease is secondary to a prevalent NOTCH2NLC
5’UTR GGC repeat expansion, associated with later
onset disease (figure 2¢).%7 %% In Europeans, disease
is earlier in onset, more severe and with a mostly
undetermined genetic cause.”” On a population level,
repeat expansion in NOTCH2NLC is ultra rare in
Europeans.’” Thus, it is important to be mindful of
population-specific differences when considering
repeat expansion disorders and the genetic heteroge-
neity associated with a common phenotypic entity.

Converging pathology

Different repeat expansion disorders may converge on
a common pathological endpoint irrespective of the
clinical presentation or underlying genetic diagnosis
(figure 2d). For example, neuronal intranuclear inclu-
sions that are eosinophilic and stain positive for p62
and ubiquitin are present in postmortem examination
of FXTAS and NIID brains,”” *® ®* and more latterly, in
SCA4 brains.*** These diseases are secondary to GGC
repeat expansions, although in different genes, and in
both non-coding and exonic regions. In NOTCH2NLC
repeat expansion-positive NIID, these inclusions have
also recently been identified on skin biopsy enabling
antemortem diagnosis.’ Thus, it is worth consid-
ering the presence of an underlying repeat expan-
sion disorder where there is additional evidence for
the presence of intranuclear inclusions which may
represent repeat-containing RNA foci trapped in the
nucleus or translated polypeptide.

UPDATE ON RECENTLY DISCOVERED REPEAT
EXPANSION DISORDERS

Table 1 presents a non-exhaustive list of repeat expan-
sion disorders associated with neurological disease and
their corresponding clinical and molecular features.
Figure 1c®* * graphically summarises this. Over the
last 5 years, there has been a swift rise in the number of
repeat expansions discovered, driven both by bioinfor-
matic tools and the availability of long-read sequencing
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Table 2 Useful resources

URL Description

https://nhsgms-panelapp.genomicsengland.co.uk/

NHS Genomic Medicine Service (GMS) Signed Off Panels Resource. Using the ‘STR" entity, a list of

STRs screened for, their associated phenotypes and gene panel is listed with further information.
https://www.england.nhs.uk/publication/national-genomic-test-directories/  National Genomic Test Directory with gene panels

https://www.genomicseducation.hee.nhs.uk/genotes/
https://www.ncbi.nlm.nih.gov/books/NBK 1116/
https://www.omim.org/

techniques.'” Here, we briefly outline a few recent
important discoveries of relevance in neurology.

While CANVAS has now become a well-known clin-
ical entity, in which testing for the causative biallelic
pentanucleotide repeat expansion in RFCI is now
available in the NHS, highlighting the rapid transla-
tion of research findings, further work is underway to
streamline a diagnostic test for FGF14 repeat expan-
sion in SCA27B outside of the research setting. This
repeat expansion disorder was characterised at the
end of 2022 in which affected individuals present
with a slowly progressive predominant gait ataxia in
late adulthood with median age of onset at 60 years
of age.”**” Up to half of individuals first present with
episodic symptoms of ataxia, vertigo, diplopia and
oscillopsia.”® The causative variant is a heterozygous
GAA expansion of more than 300 repeats in the first
intron of FGF14.%° It is worth considering SCA27B
in individuals with previously undiagnosed late-onset
ataxia (often without family history) as it has been esti-
mated to be responsible for at least 9% of unsolved
ataxia cohorts, rising to 60% in individuals of French
Canadian ancestry.?® Furthermore, preliminary studies
have shown some symptomatic benefit in the use of
4-aminopyridine for symptoms of ataxia and down-
beat nystagmus.

The last 5 years has also seen a rise in the number
of GGC/CCG repeat expansion disorders being
described. These include NOTCH2NLC repeat
expansion in NIID and intronic CCG repeat expan-
sions in NUTM2B-AS1, LRP12 and GIPCI causing
oculopharyngeal myopathy with leukoencepha-
lopathy, oculopharyngodistal myopathy (OPDM)
types 1 and 2, respectively.’” These disorders have
substantial overlapping clinical, neuroimaging and
pathological features likely stemming from similar
pathogenic mechansisms.” Recently, exonic GGC
repeat expansion in ZFHX3 has also been described
to be associated with the previously molecularly undi-
agnosed SCA4.3?7% These disorders join the ranks
of NIID to form a new disease entity of polyglycine
disorders.®’ ®® Understanding these disorders collec-
tively is important as they are typically adult-onset,
slowly progressive conditions with overlaps in clinical
presentation, such as a similar pattern of weakness
seen in a large proportion of East Asian individuals
with NOTCH2NLC-repeat-positive NIID as individ-
uals with OPDM. Moreover, as discussed, there are

Information from the National Genomics Education Programme
GeneReviews: point-of-care resource for genetic conditions
Online catalogue of human genes and genetic disorders

also many similarities pathologically in terms of the
presence of intranuclear inclusions in both neuronal
and non-neuronal cells. Thus, the understanding of a
common disease entity will aid diagnosis and prepa-
ration for therapeutic development in such disorders.

The discovery of novel repeat expansions in the
research setting has outstripped the availability of
validated diagnostic testing for these disorders in clin-
ical laboratories. Thus, it is worth noting that genetic
testing for some of the newer repeat expansions is
unavailable within the remit of the healthcare system.

HOW ARE REPEAT EXPANSIONS TESTED IN THE
LABORATORY?

Conventional approaches

Conventionally, the detection of repeat expansion disor-
ders in the clinical diagnostics services has relied on low-
throughput PCR-based techniques with and without the
additional need for Southern blotting to size very large
expansions (figure 3a). For example, in an individual
presenting with an autosomal dominant ataxia syndrome,
the first line of screening would usually be with stan-
dardised PCR protocols for SCA 1, 2, 3, 6, 7 and 17. In
practice, this involves six different protocols in the labo-
ratory setting to specifically amplify the repeat-containing
DNA then visualising the repeat using fragment analysis
through capillary electrophoresis, which is both time-
consuming and limited in the number of loci assessed.
As these disorders are clinically and genetically hetero-
geneous, the yield for picking up rarer repeat expansion
disorders is low and slow given the serial sequential testing
required.

Recent advances

It has been traditionally difficult to detect repeat expan-
sions using next-generation sequencing data as DNA is
broken into short fragments or reads ranging between 50
and 300 bases before being sequenced. Thus, repetitive
regions longer than the read length cannot be tested accu-
rately. However, a recent study using a bioinformatic tool
called ExpansionHunter®” ®® that estimates repeat sizes
at known STR loci using short-read exome or genome
sequencing data (figure 3a) was shown to be able to detect
expanded and non-expanded alleles at 13 loci of the most
prevalent repeat expansion disorders with high specificity
(100%) and sensitivity (99.1%) in participants enrolled in
the 100000 Genomes Project.”® There was high concor-
dance with repeat size estimates from conventional

Chen Z, et al. Pract Neurol 2024;0:1-15. doi:10.1136/pn-2023-003938
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PCR-based methods although larger repeats such as FMR1
associated with fragile X syndrome and DMPK repeat
expansion associated with myotonic dystrophy type 1
were underestimated.”® ExpansionHunter and other such
bioinformatic tools have also enabled the ability to esti-
mate STR sizes across different populations at scale, shed-
ding light on population differences in STR structure and
size.®” Other bioinformatic tools also exist to detect STR
repeat expansions using short-read WGS data for clinical
use and are reviewed in more detail elsewhere.*

Current approach in clinical testing

As such, it is now tractable to estimate STR sizes of certain
repeat expansions diagnostically from short-read WGS
data. This has been implemented in clinical practice and
within the NHS Genomic Medicine Service in England.
Scotland (Scottish Strategic Network for Genomic Medi-
cine), Wales (All Wales Medical Genomics Service) and
Northern Ireland have individualised ways of genomic
testing, details of which are explained in the following
link: https://www.genomicseducation.hee.nhs.uk/
genotes/knowledge-hub/genomic-testing-in-the-devolved-
nations/. Repeat expansion testing by PCR-based methods
can also be sent to and run by diagnostics laboratories in
England if required, via the genetic service of the respec-
tive nation.

First, if a specific repeat expansion disorder is suspected
based on the clinical phenotype, then a standalone PCR-
based test is requested if it falls within the remit of one of
the listed disorders that are common enough to exist as
a standalone test (figure 3b). Some loci, such as for the
repeat expansion associated with myotonic dystrophy
type 2 and OPMD only exist as standalone PCR tests as
they have not been validated on the WGS bioinformatic
analysis. Otherwise, most of these loci are also on one or
more WGS panels. For example, the CTG repeat in DMPK
associated with myotonic dystrophy type 1 is in seven
gene panels including congenital myopathy panel (R81)
and intellectual disability panel (R29) (https://nhsgms-
panelapp.genomicsengland.co.uk/entitiess DMPK_CTG),
but also as a standalone core PCR test (R72). Lastly,
some repeat expansions such as Kennedy’s disease and
Friedreich’s ataxia can only be tested using bioinformatic
analysis through gene panels in the Genomic Medicine
Service (discussed below) and not as standalone PCR tests.
However, standalone PCR tests can often be done at the
discretion of the local genomic laboratory hub and varies
across hubs. Further discussion with the local laboratory is
therefore helpful to ensure that the correct tests are being
requested.

If the clinical suspicion is not confined to a particular
disorder, repeat expansion screening using Expansion-
Hunter applied to WGS data falls into wider screening
panels directed by the clinical indication as with non-
repeat expansion disorders (figure 3b). For example, for
an individual presenting with ataxia in adulthood, the

‘hereditary ataxia with onset in adulthood’ gene panel
(R54) will be selected and genes in which known patho-
genic variants are associated with disease are assessed using
WGS data. This panel will include screening for repeat
expansions associated with SCA1, 2, 3, 6, 7, 10, 12, 17,
Friedreich’s ataxia, dentatorubral-pallidoluysian atrophy,
Unverricht-Lundborg disease and FXTAS (figure 3b). The
estimation of STR sizes associated with these disorders is
implemented through the bioinformatic tool Expansion-
Hunter applied to WGS data. If ExpansionHunter detects
a repeat in the pathogenic range, PCR-based tests are
used to confirm the molecular diagnosis. Therefore, it is
important to check whether the desired repeat expansions
screened are covered in the corresponding gene panels.
This method enables multiple repeat loci to be interro-
gated simultaneously using one genetic test (WGS) rather
than sequential single repeat expansion testing using
conventional molecular approaches. Furthermore, WGS
covers both coding and non-coding repeat expansions.

A caveat is that detection of several repeat expansion
disorders is not validated using WGS data. Therefore,
they need to be noted as additional tests on the request.
This includes the RFC1 expansion in CANVAS. While this
is not available on the WGS panels, it can be requested for
any patient having the R54 (adult-onset ataxia) or R78
(hereditary neuropathy) panels as a companion test by
PCR (R54.4 and R78.5). Similarly, as discussed, testing
for OPMD (PABPN1, R75) and myotonic dystrophy type
2 (CNBP (ZNF9), R410) are only available through PCR-
based tests and need to be requested additionally to the
panels of interest.

It is worth noting that while the above description of
panels is valid at the time of writing and helpful to illus-
trate the approach to genetic testing, gene panels are
constantly updated by the Genomic Medicine Service. To
ensure adequate testing, it is advisable to refer to the most
up-to-date panel sign-offs on https://nhsgms-panelapp.
genomicsengland.co.uk/ and consult the local genomic
laboratory hub to account for regional variability, if any
(table 2 shows some useful resources).

Future advances

For the insertional repeat expansions where the STR
is not present in the reference genome, Expansion-
Hunter Denovo’® estimates sizes of repeats without
prior information of STR location and has been used
to detect several repeat expansions recently including
SCA27B.%® However, testing for novel repeat expan-
sion without a priori knowledge of the STR is not
currently available in clinical practice. Lastly, the new
era of long-read sequencing technologies through the
Oxford Nanopore platforms and PacBio Single Mole-
cule Real-Time Sequencing technologies (figure 3a) has
driven the successful discovery of several novel repeat
expansion disorders in recent years. This technology
uses longer reads of tens to thousands of kilobases to
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span complex regions without needing to fragment
DNA, enabling more accurate sequencing of repetitive
genomic regions. Although these powerful tools are not
currently used in clinical practice, its development for
incorporation in diagnosis is currently being assessed.
Moreover, long-read sequencing has crucially allowed
the human genome to be sequenced to completion®
and generate a better map of complex variants on a
population level to aid variant interpretation.””

Box 2 provides case examples illustrating the clin-
ical features of repeat expansion disorders and the
pathway to molecular diagnosis.

These cases highlight intergenerational insta-
bility and anticipation of the repeat expansion
meaning that often there may be no family history
and ExpansionHunter is a reliable screening tool
for multiple loci in unexplained cases. Further-
more, the cases demonstrate the clinical heteroge-
neity within the same family.

CONCLUSIONS

The last decade has seen remarkable improve-
ments in bioinformatic and sequencing techniques
that have culminated in the use of whole-genome
sequencing in routine clinical care. The next age
of neurogenetic diagnosis will focus on unsolved
cohorts and ultimately, targeted therapeutic devel-
opment, driven by common pathogenic mechanisms
at the DNA level. These apparently intractable
cases are, in part, due to complex forms of genetic
variation located in previously unexplored and
presumed ‘non-coding’ genomic regions. This is
evident in the exponential rise in the number of
characterised repeat expansion disorders within
apparently non-coding regions of the genome
over the last 5 years. Given that repeat expansions
underlie a significant proportion of neurological
conditions including monogenic forms of neuro-
degenerative disorders, neurologists are at the
forefront of advancing our understanding of this
collective group of diseases.

Key points

» Most repeat expansion disorders manifest as
neurological disease.

> Repeat expansion disorders have shared features of
anticipation, clinical heterogeneity (both dependent
and independent of the repeat size) and founding
population differences, which provide clues to their
diagnosis.

» There is sometimes no associated family history due to
intergenerational repeat size instability.

» Laboratory testing for particular disorders was
conventionally performed through PCR-based methods
but can now be performed through analysis of whole-
genome sequencing data.

Review

Further reading

» Morris HR, Houlden H, Polke J. Whole-genome
sequencing. Pract Neurol 2021;21(4):322—-7. doi:
10.1136/practneurol-2020-002561.

— Practical guide on using whole-genome sequencing
in clinical practice.

» Smedley D, Smith KR, Martin A, et al. 100 000
Genomes Pilot on Rare-Disease Diagnosis
in Health Care - Preliminary Report. N Engl
J Med 2021;385(20):1868-80. doi: 10.1056/
NEJMoa2035790.

— Diagnosis of rare genetic disorders from the NHS
England 100 000 Genomes Project.

» |bafiez K, Polke J, Hagelstrom RT, et al. Whole genome
sequencing for the diagnosis of neurological repeat
expansion disorders in the UK: a retrospective
diagnostic accuracy and prospective clinical validation
study. Lancet Neurol 2022;21(3):234-45. doi: 10.1016/
s1474-4422(21)00462-2.

— Validity of using bioinformatics tools to estimate
repeat expansion size from whole-genome
sequencing data that led to a change in detection
of repeat expansion disorders within the NHS
England Genomic Medicine Service.

X Zhongbo Chen @ZhongboC and Huw R Morris @
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