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Abstract

The understanding of genetic and functional
evidence for therapeutic targetssmpaomgatttars]| .
screening and s eogputeinccailn gg etneocnnen i ngqaupepsi,ng and d
Drosompéli dmogaster

I n Chapter 2, I descri be ttHhReFCARoorskpeme m fuor nild c
Screening a | arge cohort of patients for r
phenotypic data can give a detailed picture

t hBECrlepeat size is a key predictor of di se:

providing evidence R&EClapemat e@egpano®ifoss zi mgd

Il n Chapter tBgenetdecschatbeer ogeneity in RFC1 d
pat horgepmeat eawpaREC@émiere, we address a need
testing beyond PCR screening in patients pr
negasdrveéoirng he most common biallelic pathog

di agnose patients.

Il n chapter 4, I d e s crdiemd icfhyeer awalrekr i seer fao r moevd
CharMaorifeeot h ( CMRHGA®A®er e, we add another i
growing |list of CMT genes and we demonstrate
domain in f wndtiicoon als sarnyds .i n

Finally, in chaptebr sompdlddemacagsa ddeentohdes | u toirlgiati
neurogenetic research. I use various tool s

recapitul ate the phenot ARBGARIl &sheea speast.i ent s W

Il n conclusion, in my thesis, | present funct
genieRskF ClnARHGAPU®Wat wi | | enabl e me and ot her
field to further research the disease mecha

di agnostic and potentially therapeutic avenu
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CHAPTER 1. General introduction

1.1 Rare disorders
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common and that it had been underdi REGbsed.

repeat expaesi ah30lTprtteaste | will describe i
Il n addition, the study of rare diseases cal
monogenic disorder, can provide valuable in
revealing the consequences of ab&fenté@deomone];
such research may potentially |l ead to the di
pat hways, receptors and other key el ements i

1.2 Mendelian genetics
Genetic disorders can h@gMer nandebZGhiveelse of

al, 3)qf0oi2zg.1), and there are five maiocoaosed bypr
one faulty allele S50O8ercihtaed ef odmiahgpaneéenmnmngwit
the diseas@rkgiemg i n eachicgaeunseerda thiyo n;n hreercietsisr
all el es, one from each parent who sdarbd sqmar r i
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Figure 1.1 Five main modes of inheritanteutosomal dominant and recessive where mutation is passed on to
child from parents on autosomes. In autosomal dominant inheritance pattern, a child will be unaffected (red arrow)
only if inheriting two healthy allelegpne of each parent. In autosomal recessive inheritance, a child will be
affected (red arrow) when inheriting two faulty copies of the gene, one from each parehhkeddnheritance,

the faulty gene is passed on X chromosome. In mitochondrial inegit@l offspring of affected mothers are
affected but no offspring of an affected father is affected.
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My thesis encompasses thecauwdeintg fgemdtiioan mudt
can be caused by inheritance of ThamozpypgneuPpa
mutation, or two different patehnoegemihcerh etteedr a
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Homozygous gene mutations aid characterizat:.

can |l ead to disruption of Dboth copies of a
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general @EOCopudtas,@lo2il0RWe Vv er , the I|ikelihood of
di seasssing mutation is considerably higher i
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heterozygou<halplaslsed hma-g ®@ax®issg vter aliitse@amsteo t h

1.3 Genetic mutations
Mut ations in DNA can either be sfiilge2a}). 0o8i maly

nucl eotide polymorphisms (SNPs) are a chang

usually have no deleterious consequence on a
which also involve changesal it ®rlsetandg linneg ntuoc | neiost
nonsense/ stop gain mutations. Nonsense mutat

truncated versions of ngherbuoepcttioonmaolnsgmatee il
( Be
one, depending on the properties of the new
in protein folding or intefS8bitebpasbdb2v02h) enzy
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Structural (¥ dgi2at iDNAs c@BV) ncl ude insertions
can |l ead to frameshift mutations and theref
truncat ¢ Popubs&iynand [Earcdd edel t0i2@dns can cau
e X o(nso r teutn gatl QO 2 X)h r of moasgortnddn tt ecth.ed | 1 99 3)

Repeat expansions are another form of SVs an
i s repeated beyond(Leheta@apath®ye)ni c t hreshol d

When assessing the recessive inheritance of
var itaammtrd ants in Atranso | ay on two alleles,
same allele and thereforesaneeunbkbi kebtgssobvea



There are other f orms of mut ati ons not ment |

repeat expansion mut atciaaurss nign pOA MRAISB\AZPRE 1 doi ns:
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Figure 1.2 Schematic of a coverage of short read sequencing and long read sequencing and genetic variation
concepts. Short read sequencing technologies allow for sequencing short fragmentsiol @NAL50 bps in

length. Long read sequencing allow for sequegédng DNA fragments and therefore are superior in sequencing
SVs. Point mutations refer to a change of a single nucleotide, structural variation can cause an inversion of read
frame of a gene, gene translocation and other such as repeat expansionepdtiiee sequences become
expanded. Phasing refers to positioning of a mutation in respect to another rdlgkgions in trans are located

on two different alleles whereas mutations in cis are located on the same alle. A pseudogene is a DNA segment
that resembles a coding gene but cannot code for a protein.

1.4 Genetic methods
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WES sequences exons, the coding gene regi ons
and is considerably cheaper t han WGS, howe\
variants. Gene panels target spedihf iscpegridup

phenotype or diagnosi s.
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Whil e LRS has mary radv amttaege sianr hedyquuneis i rag
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nomequencing platform superior in reading st
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Those technol ogies are improving in accurac
perfetdrrg pronegantdc tebbtoes make analysis di/
potentially I ead to misinterpretation of the
be used in some cases to ®Hamigeyeemaestngcorsr od
for validation of WES and WGS outputs.

1.5 Interpretation of genetic variants

|l nt er pr et adteiroinv eadf vM@&S$S ants i s challenging dt
variants and the phenotypic and genetic hete
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or tri os can be exome or genome sequenced.
the phenotype, must be carefully studied
on relevant gene or its pathways
Benign Pathogenic
. - .
Strong Supporting Supporting Moderate Strong Very Strong
Population MAF is too high for Absent in population Prevalence in
Data disorder BA1/BS1 OR databases PM2 affecteds statistically
observation in controls increased over
inconsistent with controls PS4
disease penetrance BS2
Computational Multiple lines of Multiple lines of Novel missense change | Same amino acid Predicted null
And Predictive computational evidence computational at an amino acid residue| change as an variant in a gene
Data suggest no impact on gene | evidence support a where a different established where LOF isa
/gene product BP4 deleterious effect pathogenic missense pathogenic variant known
Niisaasa i aarswhsie on the gene /gene change has been seen PS1 mechanism of
3 gene wher: ;
8 product PP3 before PM5 disease
only truncating cause PVS1
disease BP1 Protein length changing
§ variant PM4
Silent variant with non
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Data functional studies show low rate of benign or well-studied functional studies
no deleterious effect missense variants and | functional domain show a deleterious
BS3 path. missenses without benign effect PS3
common PP2 variation PM1
Non-segregation Co-segregation with
Segregation with disease BS54 disease in multiple i
e > Increased segregation data
Data affected family g1 >
members PP1
De novo De novo (without De novo (paternity &
Data paternity & maternity | maternity confirmed)
confirmed) PM6 PS2
Allelic Data Observed in trans with For recessive
a dominant variant 8P2 disorders, detected
in trans with a
Observed in cis with a pathogenic variant
pathogenic variant BP2 PM3
Other Reputable source w/out Reputable source
Database shared data = benign BP6 | = pathogenic PP5
Found in case with Patient’s phenotype or
Other Data an alternate cause FH highly specific for
BP5 gene PP4

Figure1.3 American College of Medical Genetics and Genomics variant classification guidelines (Retladyds

2015).
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1.6 Geneic diversity

Over 85% of genetic studies published to da
Eur opean ancestry and -rod fhreeg s emd pewll.ali WinIDR3na.r

Therefore, there is |limited knowledge of ge
which undoubtedly results in patients from t
Mor eover, incidence of cohbgndhuigmeous nf dmiwle
income countries and off sprri mgsskf rodm itnhhoesra tf
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ease causing mutations.

Apart from gene di scoarmryptelaat popnullae i @ainded |
co
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sidergéenenicthask factors are poarodny tr a
European popul atde oass @aaida tgiesou mstpuedpinel sa tiinons
needed to assess the risk factoes. at3@22atEL
Boraie el al ., 2021)

Additionat epreskhataveon of European popul ati
|l ead to misunderstanding of genetic variants
context of environment al fdctonses awli wlar cat
enor mous consequence on healteh. at202%; abDd A
2020)

This highlights that much remains to be | ear

di seases but also and | mpburtamadry & moers tproipaud

1.7 Partnerships and patient recruitment

Synaptopathies and Par oxysmal Syndromes st udc
by a Welcome Trust Strategic Award in Houl de
(https:// www. neurogesghnippses,jeact)k/ s\ymdpteampast h
National Hospital f-@01l1Netuthatobpdbéewaeedi 2900
neur ol ogical disorders with previ otBd ochoamske nt

at Umiever sity CIClLe st iLomtden of aNewr oilnocglyu dwe

| mportantly, where possible, families of the
and unaffected individual s. Researchers and
t his i niitti anaw ei manldudes mor e t han 50 clinic

worl dwi def idgpdntries (
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been c alhlreo&tygdéd.PSCIl i ni c al I nf ormati on I ncl uc
investigatnemge scaachdu@CionEESG,udVMRIs and f ami
phenotype and neurological information of e:
UCL secure drives. Al i ndividuals in the si

number UCL 07/ Q051 2/nX6 )wereaend otl Heicrt esddp & oirm g e |
imai nl y db/loorods aan va and skin biopsies.

Il nternati onal Centre for Genomic Medicine i
established in 2019 by MRC st r-&®bneegurco musac uwdl &1

di seases/ r esecaenghe/ronme e 10 & 0 e 0 madls cselasre s ) .

| CGNMD has partners in Brazil, South Africa
(f i1lg .4 ) and the initiative aims to build a
neuromuscul aov @D braosbemsn tadndf ami | i es have been
compliance with | ocal et hics and Ildagidsladtli o

information stora@nddmdiReadlddAPudnng positive
Phenotype Ontology (HPO) ter md, dsax,nodii seadge
category, <clinical assessment scales used by

genetic data and oWihleeomal)2k2aht i nformati on
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Figure 1.4 A world map showing regions where SYNAPS and ICGNMD partners are lo€atasin using
Biorender.

These coll aborations and di ver se cohorts 0
ARHGA®Wh® ch | wi l |l describe in chapter 4.

I n addition to SYNAPS and | CGNMD, patients w
(Sensory neuropathy was diagnosed according
ataxia or suspected CANVAS have beeongyc oalnldec
Neurosurgery (NHNN), at Pavia University in
coll aborators for scr eRBhCghegn eof Ptahte ernetpse ame reex

research at the participat ibd g oidn stpietcu tmemrss wa

1.8 Raise of genetic consortiums and gene depositories

Owing to advances in technology, falling cos
Genome Project that was completed in 2003 an
for the (Green fBne Do nmoahnuye ,c 02n0s1o8r)t i a and gen
established. I n my thesis, apart from inval

benefited from use of Genomics Englandés 100



1.8.1100,000 Genome Project

100, 000 Genome Project was announced in 2012
100 thousand patients with rare diseases andc
short read WGS to fimake genomicsnipgarhteadt hca
research and uncover answer s
(https:// www. genomi cs en ggleannogmecsg Bk Db 8 t i 8 6 Pov ¢
of affected probands received a genetic diag

researchers, and in my thesis the project 1is

1.8.2Gene Matcher

Gene Matcher is a freely available gene depo
connect about the gémnefps) /1t lyey @dradetcinaainzdolesyt e
This is a truly invaluable tool, especially
particul ar genes and their mutations all oV

submitted the gene, therefoher angioangittheen treoil ne

of specific ges#es in human di sease

1.9 Neuropathies and ataxias

My thesis encompasireesu  rtomoa tdhiiseesa saen dg r aotugoxsi a s .
heterogeneous disorders, and it is not wuncon

as a part of more complex syndr ome.

1.9.1Neuropathies

Neuropathies are disorders where ©peripheral
movement , sensation and even organ function
nerves in the same area or nervestienodgiehfeonues
( Naemt. @al2016) .

CharMaortTeot GMT) seadsedo call ed hereditary motor

( HMSN) i's the most preval efRe aceetndall 2atn2d4 )i n h e
indeed, inherited peripheral neuropathies a
di seases. The prevalence of CMT varies amonc(

2,500 irdiwvwiciwalts. and Shy, 2018)

Patients with CMT can range from mildly affe

with progressive weakening and atrophy of m



abnormalities such as pes cavus or hammer t
uncommon that the patients do noRanstuifgtear yf,r o
nerve conduction studies and thorou@gHKlelnnic
2020)

Hi stori caMaiyleco@GharacnodbobDéjasridresscri bed neur opeé
di spaheaoftiygp®d)( Advances in technology in ear
maj or genes causing CMT. CMT is <classified
upper [l i mbs, mode of i nheritance and phenot
demyeatliimg neuropathy and CMT type 2, an axol
pattern of i nheritafdMereaendalCMOTAN) addietciecsalv
includes intermediate CMT (CMTi) with nerve
demyelinati NMgtaeehd ., ad)0dal (

Sporadic, de novo varimangen dme/ern aolyikexsampil ¢
HSP2h CMHRAukdemal 2D@RB2AN DeSetrti ae Ne@Gmretpaalhy

201®LCl12A6 ears gn onrniertuortodpré@nt detyz,al 20 M@y eover,
was estimated that de novo vari anetts ,amhdyY 9&9 c C
Not only can CMT have various inheritance p
technol ogies over the past two decades, a m
di sease which highlights iw tgheen emajcorhedgemensy e
with the disease and further highlight the g

Clinical era: Phenotypes Molecular biology era: gene discovery

Charcot - Marie - Tooth Dejerine - Sottas
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| 5 major CMT genes |

~120 CMT genes

Figure1.5 A timeline of CMT diseasiefrom phenotypic descriptions of late"@entury to discovery of 5 major
CMT associated genes and further discovery of over 100 CMT genes in recent years

ny



1.9.1.1CMT1A

CMTAIi s a demyelinating form of CMT, and 1t ¢
therefore being the most common CMT. It i s
duplication in chromosomepelr7i pater A bc antyiedn nw
PMP22gPMPXh2Zas an i mportant role in synthesis
expressed in myelinating Schwann cells (Pisc

Patients with CMT1A usually have walking dif
foot deformities and sensory | oss. The age
decades of I|ife and the disekaSty hakG23a) sl ow p

Genetic tPeVsPt2i2s g usaml |y the first genetic [
demyelinating CMT. Whil st there is no cure
duplicBMPP2t bér apeuwtiiméi ngua® VMg EXeps essi on ar e
i nvest i geatt.eal 2(0PLi9p)i.s

1.9.1.2CMT1B
CMT1B diesmya !l inating form of CMT, and it accc
(Pisciotta and Shy 2023). It is a dominant|l

proteiMPYzegene whi cht hfe¢er mavobwedandnmaintai n
homeostasis of myeliat.i,al 2004d)pheThhdr eneanve d
mut ations identified in MPZ and dthHdmearindgi ng
pat hdlaxgpy al vs areahgyee |oiflneaatmi$nggt) v § Pli atceé oo nh se ta) ¢
2023) .

There is no cure for CMT1B and due to the g
t herapeuti c neepepdr o aoc haedsdorneastyse i n foede s @age ras hie
the case of CMTI1A.

1.9.1.3CMTX1

CMT X1 i-si mhe& CMT and is caused by mutations
which forms gap junctions between myelin sh
usually present with more severmsphsesonallypeoa
in chil dhoodamikedneaulreosp alt daawe because of vari a

i nacti vatieotn , alPddnmasetiPlan @®yL an .
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1.9.1.4CMT2A

CMT2 i1s an axonal form of t BM,%0a&anNnde@GRIT2Aactk
confirmeldPiGMT 2ot ta; aGdetShgé 2RBR®Etd al 2024) i s
caused by mut atMFON2whiinshmd tmiftusamomdr(i al tr an
protein that plays an i mportant role in fusi

Patients wyphlk&@8WM& &An early age of onset in
severe progressive phenotype. The predomina
requiring walking aids in early childhood a
(Feet.yal2011) .

1.9.1.550RD

Mut ations in sorSOR-Dohavdehyecegehyaskeedén i dent
axodiast al heredit @riyMNmod oCMh2uamge att hegy accou
ofaxowcakes. These mutations cause reduced | e
accumul ation of sorbitol i n blood and tissuct
(Cordtesael 2020) .

Patients with SORD mutations -depéead awiotnhal s
neuropathy and it is not uncommon for them t

areldeni than motor symptoms.

This is a potentially treatable neuropathy,

the |l evels of blood sorbitol in patients.

1.9.2Rise of next generation sequencing

Recentl vy, i n the diagnostic settings, t he (
chromosome 17p duplicadeipemdbpt Mplrobpl axmpl i §
and follow with targen emo Né& Sr e€dd n tgselyncer tip ratneea ds
WG S Pieti.sal 210n 9p h esnpoetcyipfei ¢ panehf prwigiealke sscreé e
to the patiteme ' snpbepoety @i oni rprreolceevsasn ti sv asrtir
excl Hbeve.ver, this approach may not account
rel ated genetic di sorder s whi ch ma y have 3

neuropathy is a part of more complex disorde

Il n research settings, whol e exome and genon

targeted NGS panels have not yielded a resul

pn



and WGS are imperative f-oausidegtgénesti Owi 0§
in next generation sequencing, over 100 CMT
decade and undoubtedly, f Mg ney) . mdrned eveidl,| alse pdil
and a | arge internaARHGAPDCOheabapiadi pnex wan

will talk about the gene in chapter 4.
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Figure 1.6 Complete set of human chromosomes with known CMT associated genksted in OMIM
(https://lomim.org/) The genes are listed at each specific chromosome they are logatedlatk genes with
autosomal dominant inheritance, in biuautosomal recessive inheritance and in orange are genes thatean
both recessive and dominant inheritance pattEaryotype schematic was adapted frovational Human
Genome Research Institute.

1.9.3CMT and proposed pathomechanisms
1.9.3.1Neuron

Neuron is a highly specialised cell that 1is
in form of action potentials across itself a
conduction is accelerateas bygf tRa&nwiyerd i thh ath ea
to jump rather than travel in a straight |
axonhhe | ongest part of the nerve cell. Ot her
body whi dchbhhextdend®s. On the other side of th
connections that make neuNeoutrroamnss maamn elbe sclga:
sensory neurons which respomdbuind sens ortyhest
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1.9.3.2Disease mechanisms

CMT can adystuxadefi owar i ous

parts of the nerwv
i nvol ve t heGDARMIF Nf2,o dtyh € ®©&XTANM. o(re gt.hFeMPniy2e d i n (
GJB1 Di fferent faulty d ama ¢

genes can cause
transport, myelination

and signal transduct.i
numer ous ot-Areirass @E2808222z Some genes and the
are implicated in tofclgu7/se CMT are highlight
Soma and axon
AARS1, DNMT1, GARS1, HARS1, HINT1,
IGHMBP2, KARS, LMNA, MARS,
:’ "°'°”°'“°Iﬁo MORC2, PLEKHG5, PNKP, PRPS1,
protein aggregation SETX, WARS, YARS1
DNAJB2, HSPB1, HSPB3, F
HSPB8, LRSAM1, TRIM2 ! Cytoskeleton/
v ,’ | AIFM1, DHTKD1, axonal transport
\ / GDAP1, MFN2, MPV17, DCTN1, DYNC1H1,
‘.| ! PDK3 KIF1B, KIF5A, NEFL,
\ ! = SPG11
\ I % Channel ¢
\ ! o eN
\ | ATP1A1, ATP7A, <
\ 1 - P
\ 74 A
\ @, ol
1 & ‘f ------- ‘
\‘ = Y
‘ol @) !
*\' o i 8 — e
WO Pavor Y e
/ ) # SORD
/' Compacted: MPZ, PMP22, PMP2

.
Non-compacted: GJBT

.e
-

Endosomal sorting/

cell signaling

BSCL2, DGAT2,
SIGMAR1, SGPL1,
vcep

Cytoskeleton
ARHGEF10, DNM2, FIG4, LITAF, MTMR2, ERG2 DRP2, FGD4, INF2,
NDRG1, SBF1, SBF2, SH3TC2 NEFH, PRX

Figure1.7 CMT genes and the nerve cell area proposed to act on. Most common genes aréigupelffom
EstevesAriaset al, 2022.



1.9.3.3Therapies in CMT

CMTs are challenging to treat with no drug t
physical therapy, rehabilitation and sympt
undergoing <clinical trial BMP 22 ee dwlsatdi oonn o
thickness in demyedioatie@gt inenrofpal hped synt

(Pisciotta and Shy 2023). One aafsetdhd ymosut at ¢
SORD i s a potentially trmatabbetoleupaphway w

|l evel s become el evated. It is also one of th
as a biomarker ien. tah208D3%eaf€ROR0OWRALtesecumal an f
ongoing which focus on targeted inhibition o

to sorbitol

The candidate therapies for CMT and any ot he
di sease mechanisms, affected pathways and tF
very important point in thesfciowled i ®@fs,nenaryo e

|l ead to tomorrowbds therapies.

1.9.4Ataxias

At axias are a group of disorders that affect
arise due to dysitemetbiedh aof acaielmsl vemt abudt
and variouss piamddsn dodg ebnrsaviany bherivepgl i cated i n
At axias can be sporadic or hereditary and tF
et. al2019) .

The advances in genomics field make possible
to 300 genes with proposed pathogenic varian
considerabl e genetic diagnos% sp agtaipe nitns hlearcekd
di agnosets ,4I1Ch0e2n3) .

1.9.4.1Cerebellar ataxias

Cerebell ar al agthmSicddomondbe of i nheritance, a
aut osomal recessive cerebell ar ataxias (ARCA
(SCAhAesp)i sodi ¢ dtianxkieads agdmk.i@ab2Ma)nt o

Notabl vy, there i s an overlap of patient <clin

and often patient genetic materi al is tested



My i nterest il hber amamdcec,essil vaededcmawdemr ARCAS
mention SCAs.

1.9.4.2Autosomal recessive cerebellar ataxias
Recessively i nhagrliotheace vat anxcaeas oshd&8win 100000
present sporeadiacl2l0/ly ;g tRuaalRdIRBt) z

1.9.4.2.1Friedreich's ataxia

Friedreich's ataxioammpRRDRBA)X ocis®maher mosssi ve
preval ence of about 1 Va nnk2a®@j08k G eidn bge rmtirad |l ek
expansions of GAA trinucleotide in the firs:
transcriptional deficiency of the gemred The

tripleandepkhébes with expansions | arger theée
Approxi mately 4% of patients with FRDA are ¢
all el e and a missense mutation on the other
FRDA is characterised by an early onset pr o
|l oss of position sense and axonal neur opathy

mi | der plhrevneosttyipgeat i ons f or rFURMPAetrtrritedd tamreaint e a e
frataxin l evel s, t herapies for gene and p I
infl ammati on has been implicated in FRDA pa
been trailed (Del at y¥e&riy ayngc eBa wdldohehwaaldaxna | @2ro€
has beenfapptbeedreat ment of R rhiee dUSHAUcahrdds 3

countnitepss: / / www. atupxigdd edr/g. uk/ omayv

1.94.2.2 Autosomal recessive spastic ataxia of Charles@aguenay

Aut osomal recessive Spgskeinayatf ARSACS) Ckarclhe

mut ations in SACS gene. The prevalence of AF
Quebec Canada wher e antd iiss dcsatwirsrdastr ebdy fedte ct idru e
settl ement, however, numer ous studiesethad de
al, 2000) .

This is a young onset disease and the first

commonly begins when affelthe dpdtoiddrngs® | lnanvad | a
neur opraotghrye sspi ve spasticitywywahd ceqgebell amal &

wheel chair assistance in adulthood.


https://www.sciencedirect.com/science/article/pii/B9780444641892000056?via%3Dihub#bb0370

There is currently no-cttinematcrméntstfuadrn eSRSACS,at
on enhancing mitochondrialsihr @dmspadmotwnas r eflaen

di sturbing mitochondrial fission.

1.9.4.2.3Autosomal recessive spectrin repeantaining nuclear envelope protein 1 ataxia

Aut osomal recescolrteaismpiercd rnwc lregpre S&MEdLcape p
be caused by homozygous or cSoYmoEoluntd phreetsesrna zs
pure cerebellar ataxia in 20% of the patient
ataxia phenotypes wit-hewndhddeyglinmeanwcr dlpgagifd k a
Nemet h. 2018)

SYNE$S one of the | argest genes in the human
i mplicated in formation of | arge, assembl ed
and anchoring to actin cytosktehetprnot ditn icsonu
to the pathogenesis of ataxia and there are

1.9.4.2.40ther recessive ataxias
A variety of genes and mol ecul arat painkds atyhse ar
l'ist is likely to grow owing to discovery of

l ong read sequencing and novel technol ogi es.

Tabl ahbws some of the most prevalent recessi

genes.
Disease Abbr, Gene Protein

Friedreich Ataxia FRDA FXN Frataxin

Ataxia telangiectasia AT ATM Serine protein kinase
Ataxia with oculomotor AOA1 APTX Aprataxin

apraxia type 1

Ataxia with oculomotor AOA2 SETX Senataxin

apraxia type 2

autosomatecessive spastic | ARSACS SACS Sacsin
cerebellar ataxia of

CharlevoixSaguenay

Sensory ataxic neuropathy, | MIRAS/ POLG1 DNA Polymerase
dysarthria, and SANDO subu-bhi t 2

pp



ophthalmoparesis/mitochon(
ial recessive ataxia
syndrome)
Autosomal recessive ARCAl SYNE1 Nesprinl
cerebellar ataxia type 1
Spastic paraplegiatype 7 | HSR SPG7 Paraplegin

SPG7
Autosomal recessive ARCA2 CABC1/COQ8A | Chaperonectivity of
cerebellar ataxia type 2 with bcl complex
coenxyme Q10 deficiency like/Coenzyme Q8A
Autosomalrecessive ARCA3 ANO10 Anoctaminr10
cerebellar ataxia type 3
caused by mutations in
ANO10
Ataxia with vitamin E AVED TPPA | -tocopherol transfer
deficiency protein
Cerebrotendinous CTX CYP27A1 CYP27 Sterol 27
Xanthomatosis hydroxylase
MarinesceSjogren syndromeg MSS SIL1 Nucleotide exchange

factor SIL1

Infantile onset IOSCA C10orf2 Twinkle
spinocerebellar ataxia
(I0SCA)

Table 11 A list of the most common recessive ataxias with associated genes and protein Beduciset al,

2019)

1.9.4.3Spinocerebellar ataxias

The |list of ataxias mentioned is by no means
been described. |t S i mportant to briefly
encompasses a | arge subset of atawmfasesmy S&Ase
repeat expansions and more than 40 genetic S
according to the genetic | oci with SCA1 firs
in 100000 individual satédpemdaicsg|l 2hZBhEeogriap hmi
research on SCAs, and they are combnlliystt es
currently known genes implicated in pathogen

pcC



The most recently discovered cause of Spinoc
expansion of GAA nucleotides in FGFl4. eancodi

2023) . This is a dominantonyseitnhceerrietbeed | diir s e
pathogenic repe&®AAseipzeeatosf at | east 250
Disease Gene/Locus| Mutation type
Subtype
SCAl ATXN1 CAG repeat
expansion
SCA2 ATXN2 CAG repeat
expansion
SCA3 ATXN3 CAG repeat
expansion
SCA4 ZFHX3 GGC repeat
expansion
SCA5 SPTBN Point mutations
SCA6 CACNA1A | CAG repeat
expansion
SCA7 ATXN7 CAG repeat
expansion
SCA8 ATXNS CAG repeat
expansion
SCA9 Not
assigned
SCA10 ATXN10 ATTCTrepeat
expansions
SCAll TTBK2 Point mutations
SCA12 PPP2R2B | CAG repeat
expansion
SCA13 KCNC3 Point mutations
SCA14 PRKCG Point mutations
SCA15 ITPR1 Point mutations
SCA16 ITPR1 Point mutations




SCA17 TBP CAG/CAA repeat
expansion
SCA18 Not
assigned
SCA19 KCND3 Point mutations
SCA20 11g12
SCA21 TMEM240 | Point mutations
SCA22 KCND3 Point mutations
SCA23 PDYN Point mutations
SCA25 PNTP1 Point mutations
SCA26 EEF2 Point mutations
SCA27a FGF14 GAArepeat
expansion
SCAZ28 AFG3L2 Point mutations
SCA29 ITPR1 Point mutations
SCA30 4934.3
g35.1
SCA31 BEAN1 TGGAArepeat
expansion
SCA34 ELOVL4 Point mutations
SCA35 TGM6 Point mutations
SCA36 NOP56 GGCCTG repeat
expansion
SCA37 DAB1 TTTCA repeat
expansion
SCA38 ELOVL5 Point mutations
SCA40 CCDC88C | Point mutations
DRPLA ATN1 CAG repeat
expansion
SCA42 CACNALG | Point mutations
ADCADN DNTM1 Point mutations

Table1.2. A list of Spinocerebellar Ataxias with tlessociated genesid mutation type (repeat expansions or
point mutations)Adapted fromOMIM (https://omim.org/).

py



1.9.5Cerebellar ataxia and proposed pathomechanism

1.9.5.1Cerebellum

Cerebellum is the | argest part of the hindbr
roles in movement and balance control, allov
as wel |l as voluntary hmess oleg ya dtiigwhi tnye. ur @enrad
approxi mately 80% of al/l br aien. nad 20ddg .1 ocat

1.9.5.2Disease mechanisms

A variety of pathomechani sms have been i mpl:
defects in energy production, DNA repair or
caudsyesf uattcenebell um, and Purkinje cells, ne
the | argest neurons in the nervous system. T

proper functioning and may become vulnerabl
pbentially exacerbated itfveni sdbclkessdriFauraher
damaged due to reactive oxygen species (ROS)

defects in DNA repair may | eadett.galmddr2e2)negat

|t appears that cerebellum is particularly

cerebell ar ataxi af igge.Bes are highlighted in

P
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Figure1.8 Ataxia associated genes with propgsetihwaysFigureadaptedrom Beaudiret al, 2022.

1.9.5.3Therapies

There are no cures for most of cerebellar at
ataxias are | argely based on rehabilitation
with vitamin E deficiency.

However, Jjammemwt amtdl f i rst tr aptpmove@méoel 6§ RDAEC

is a drug that-rat¢ttiteadt dsace sy tgtdaradaNdshi@B)p r elsiselt
FRDA. Treat ment with the drug in the clini
function in the patients and patientFRDAaw i m
is a progressive disease thus i mprovement i1
Sharma and.Lynch 2023)



1.10Animal models in neuroscience research

One of the most i mportant aspects in neurog
function within the human nervous system. A
i mportant t ool i n enquiring about cedeobunc

understanding of not only pathogenesis of m;:

bi ol ogy.
Di fferent models can be used depending on v
durati on, gene conservatiyomn fb eat wgeeenne sopretchi oelso
ot her considerations must be taken into acco
facility and staff, investigator experience
By far the most commonly used ani mal model s
worm and fruit fly and they all share simila
m Controllability and standar di s astpieocni:f i &mli
environment al conditions, following speci
or drugs. This allows for investigating
processes of phenotypes of the model s. Or
replication experiments. This | evel of co
possible in human studies and in many cas
m Reproducibility: due to use of standardi s
in facilities all over the world which of
ability to coll aborate.
m Mani pul ati on and et hical considerations:

procedures can be conducted on animal s th
subject. Moreover, valuable preliminary d
whi cht hceenn just-vfyofuoueskarchnin humans for
firstsminikis.

m Transl ation to human -dleianitdhal psteddimesnary
contribute to devel opment o f new treat me
screening for toxicity of drugs and medi c

m Longi tudiinmanli maatludmnoedsel s can be observed t
much can be | earned from progressien of t

mortem tissue is also then avail able for



Despite these advantages, al/l ani mal model s

m Species differences: despite genetic and
bet ween ani mals and humdanms. eTxhaerspd ec ahnu nraann
organism whose nerves are | ong and can e

whereas mice ar eittoendsi fofferteinme sbisomaolgliecral |
e

m Compl exity: human genetics is complex and
ani mal model s may not allow to fully rep
seen in humans

m Gene orthol ogs: not all genes expressed
ani mal mo d e |

mLifespan: whi |l st an ani mal can be obseryv
consideration that the | ifespan may not
di sease may not be modell ed successfully
petntially not developing symptoms. I n ad
humans, it may not be accurately modell ed

m Environmental factors: the environment wt
controlled and may not translate to | ivin

m Drugs response: there may be a different
human due to differences in metabolism an

m Genetic manipul ati on: genetic mani pul at|
unintended effects affecting the validity

1.10.1Drosophilamelanogastem studies of neurological disease

Drosomél amaoigasamri nval uabl e model i n studyin
short |l ife cycle of about 10 days from embr
number of ani mals that can be wused in an
tradttabilit all ows for rapid phenotypic scr ece
including knock down or out flies or knock i
Not aDorloes oméli 4 mogtassdiees i n recent years 1includ

of t oxC9omirtfg7rp2e at expansi en. Gil@20Rderst 6Shar peg
expansNOmMEHDWbCch included mitochondretal S WE



al, 2022) and elucidation of p®Ruhomanlaa RiOslBy

name just a few.

Not alorloes omé i hmomacddeles of CMT GODIASk@mmoscek idawm daen
overexpression both of which -Amaesedal ROtLd g h o
KI FEAockout causing axonat. at2a208PpB®andolsoqupt
neur onal s pecrids ul tkehdo gidml doaggiodsnot | § Codete.s,@li t s
2020)

However, andriosmpakbbant dyp, not have myelin sh

therefore modelling demyelinating conditions

| n my r e s elarrocsho, piell basgastsaru RF ChmdRHGAP19
knockdowns and | descrmi blen t #drdHex Aifad@,e | nso dien d |
compl emented by a coll aboration wDahiexterna
and this work i4 included in Chapter



1.11Thesis Aims

This t hesigs naitndss ftuoh oubsles n nlx r gamised sobndt agi as
and neur opathies focusing on Cerebell ar At
(CANVAS) and a noWRIHGA®UuBowatrleyseqpaemdagsahati or
of repeat expansnoatecsimd RWCldrepase aemxdpansi
expl or agteincentda ed gleentei ty in RFC1 disease. Furt
di scovery of rarPeRHGARI H3etl | ca wsag | @MT urr et unrea p a
describe the functiednuali dat bR HLGARIINE enratlal kye n It
tal k aboulr otshoepéd sheaoma samrani mal model I n ne.
and heoxw llor-efdumotsison mec R&CASBMRHGARIond t hi s
mo d e |

1.11.1Chapter 2 Aims

Primary ai msn otfhimye oMoatkbecontri-benefrféaerata | ar
by Dr Androefa sCorreteensieng and research diagnos
spectrum and subsequently t ® o unt eladsraurir tei Wgh e i r
extrapolated the data to explore thRFCEI at i
l ocus with the age of onset of theadidségse,
testing 27 families with mul tRPpPCle smamrdbmerrgse W
paot this wor k iannvdo |tvreodu hollggtciunrtoiboZt io mpdgiont goncdo |

i mpl ementing in the I nstitute rasmewseslulriansgy wea

expansions, Ogppgpicrmd. Genome M

1.11.2Chapter 3 Aims

Primary aims of my work in this chapter were
spectimumhi s study we | everaged short read WC
project to investigate theRMWlemalatardk paatsh @In
identify additional patRFCdlanscnge fAANVASoahnhd
spectr um. Further, |l contributed to describi
full sequencing of nofhel paahypgedi byrepegtste
genome sequencing and sizes of the expansio
Southleoint Fnlgpadddrness the testing complexity i

of combining the testing approaches to gain



1.11.3Chapter 4 Aims

Primary aims of my work in this chapter wert
ARHGARIi1®9cov ePrreodf eisrs ¢lio u Hdbeanbyor at or vy . Thanks tc
coll aborations such as SYNAPS, | CGNMD and v
coll ect a cohort of i ndi ARHGARBY wif uht hemal pe

genectliicngincdal f,uncti b oAMRHGAWR I IPeme eadded TPasé he |
Acti v&tatnegi ngé AP ) aws ¢ ©i ahtuenmdan neur ol ogi cal

contributed to establishing invakeuablepkr ks
help with dikbaer ashRIJGARIES enesce causing mutat

|l eacre | | cul tur di mbbpargesd, i ce x polnalit¢éoaon csa radn dmoul seec
bi ol ogy approuaaimteiBIC&tg &MaRpds Websltoetftoirn gRNA and
protein | evels assessment.

1.11.4Chapter 5 Aims

Primary aims of my weosrtkabirnm stdipihd 4 @ab@a@dbce ks wer e
col | aborPartoifoens swiirt dksamesf alreopstonndy i ng functi ona
| oogunction of both theiReECGaEn&HRHEAPLOber”pI| ar &
the use of RNA interfemnmreanetdrci kero ckameaevtnisc uls
degradation system and finally genedtilte knoc
model s dahd ®Basail able tools for assessing the
RFClodel sysdeadme modeéelrewst h a kniocwns pdaatdidna ma c
researhcen consedqwern addino fRACKED onelbod o wn | y.



CHAPTER 2. AAGGG repeat expansionsRfC1spectrum

disorder

2.1 Introduction

2.1.1Short tandem repeats

Short tandem repeats (STR) are sequen@&es of
nucl eot i deesp)e attheadt caornesecuti vely at a | ocus a
geno@lei nt acta.phlanZhpse repetitive fragments
in codi-ogdongnoegi ons of human genome. STRs
during DNA replication due to various mech;
formation oftesreedsntdakeg bBaroupi ns(Froancamsddaerls |
Magdini2®&rl®her ef or e, STRs cause a variation i
their relative instability, STRs may become
to date nearly 50 such conditions have been

di sorder s.

2.1.2Repeat expansions in disease

Some of the most common neur ol ogical expansi
expandHTdre nien causing HUHuengbhot2@8ApPosemak don
CTG expabMReane ncausi ng myyvypenl(B{ BERIDDPNY)

or aut osomal recesBXden&Adaesipaqg s(Floaes d jaihc h 6 s
203) There ar e about 10 known di sorder s w
Chintaéetb.paakndabd they present with devel opme
expansPbOXg3kene in congenital cen(tAmite lhgpove
20081 sight | OF@xpaakT @GRfleine i n Fuchs endoth
dystr Fmphuptesx a1l 202 1)

Due to the advancements in sequencing techno
further | ong read sequencing and optical gen
i s growing rapidly. Re c¥WA( B a gdn asteornvaelr2e0d2 19 e n
NOTCH2NLlsGieur al 20@RY)#Peldter,aln2023)d RMCHO T h

comprises my next two chapters (Chapter 2 an



2.1.3Proposed pathomechanisms of repeat expansion disorders

Tandem repeats can becoldd magt epdy eihmstmboe d ethhger e n d t
mechani sm of pathogenicity will depend on th
on the function of the particular gene. How
t wo grooHsnctoss (LOH utbicon ox®@@F)g.ai n

2.1.3.1Loss of function mechanisms

Loss of function mechanisms include alteratd.i
product to function as the wild type gene p
Such alternationeanspmoondédli caéi past as met hyl ¢
exampl e in fragile X syndrome where CGG e
hyper methyl ati on BMR@erodasoel ragg@divBpfFfenti v
transcription of DNA to RNA maeygy &aormedfromSs
can |l ead to incomplete RNA product. Furthe
el iminati pnodticmBNANd this in t@iSwimag@adause
200 Ot her ex-afhplhes i o Imays i ncl ude incorrect
to its degradati onMaotesteildad024)Yy to function

Traditional mol ecul ar biology approaches to
PCR for comparison of RNA | evels between an
bl otftoirngdet ecti on of <c¢changes at protein | evel

2.1.3.2Gain of function mechanisms
Toxic gain of function can ar i se( RRE)® me iRtNAe 1t

coding-codi mgnregions may cause alternative s

pat hogenic RNA species. RNA can( Bt aets.d@mlr m wu
2022) nsolubl e RNA foci, which are aggregates
proteins or essenti al cellular component s,

comp({Zdhhxang and AshikRBawaegha@mdlma,r kain myotoni .
pathology is format(@{i©maeotf.i aRNA AfAdpcih eirn meucchlaenu
be repeat -A¥So¢RANEdtmnamsl| ation which occurs
a protein without containing a start codon [
t hat promot e -ttrramsll attni odhe hHeéRsANbeede i n SCAS8, Cc
Huntingto(®8ai€er seteasal 20REGdi clal 20Mi29f ol di ng al
proteinopathy airaet ecdo r@othH sypemdiggsaassi ons of e xo
trinucleotide coding for gl utamine. Large C

CT



aggregated and are insoluble causing neurona
pody aggregateg Kfrmtecemreaaldl.Fmnkbei ner, 2010)

2.1.4Common concepts in repeat expansion disorders

Typically, mo s t repeat expansions associate
threshold to Db€liomta kpsapt hhdorgi@ Alhéeal t hy range o
numbers in each neurol ogical di sease associ a

the norpmatthogieomi ¢ expansion -8DzeepktaGaAmesi b
premutation alleles aamrd bpdatwkrege Bi6c) aasddzaeds®d ar
(Rodetenal 2023) addi ti on, it i's quite commonl
expansions cause earlier age of onset -and mo
150 repeats of AsGthaosv ear |2a0t ey eaagres oofl do and m
caused-199010@peats where the age of onset o

classical, severe clinical phenotype Poefriweak
et . ,al 202Imal |l er, STRs associated with mi | de
premutation all el es.

Anot her i mportant consideration in RE disor
patients, i's clinimailotaisd abi patyoonf BEet hey't

transmitted to offspring and cause more sevVv
where | arger r ep@atddgeltaysel 1ndodt tew euvadRiE a lwhiostor d e r

show genetic anticipathiaem lhialse af orecesamplee mkE

On the otmkmeomattarcd i ntshabvarntgpekkiftegspfmsi on s
di fferent ti ssueswhofeht e@ eamandn.dinv tHiDe dle wi t
hunt ignegnteu hii qui tously ermpdesmedpi hattep@tiamaens
which are affected in the gusecarstei,bsheaavitedol bh@ A
(Koval enko Sabada ,et20all2.;, 2024) .

An o tshterriekkianmgpfl et hi s plsemo meensoemti lbyd somati c i
CTG repéef&fFd4 gaeneFuaxadwssiaemgdot hel i al To@T@e al C
expansions capatbieé¢ mteed e @p Imelpestuweed 8054 r i pl e
repeat s,t hheo weeweera,a f 6 eczoerendeianl tehtned et hekedabkampl E
t segpatients r d18§l€ld 9b@eptenactesn hihgempoghahnong of S
instability in repeat e X p a npsa tomo ndei cshoar ndi esrnss ao
di se(@aesucechl adt i 2024) .

cy



2.1.5Pathogenic cubff and large expansions

Lower pat hogenic threshold of RE disorders

uncommon for an expanded allele to present
SCAsSuekek,al 20000409 0r f TRs keitseaa B d ) ti onal l vy, S
those repeat expansions may be inaccurate,
whi ch may hinder I nvestigations on correlat

anticipation.

2.1.6.Repeat expansions RFC1cause Cerebellar Ataxia with neuropathy and vestibular

areflexia syndrome

Cerebel Ilvairt hAAtraxuraopat hy and vestibul ar aref |
di scovery of its genetic cause, had been des
in IBIDrestt eaildvh*EI)e cl inical symptoms combi ne:
cer ebdeylslifausmncwi oh broken pursuit of eye move.
cerebel |l ar ataxia and bil Mt gl adatc.v,&ls20 @A)l opa
final luphaenoctayrpfi ng of 23 patients identifi ed
cerebel |l um, sensory neur on, and vestibul ar

(Szmuleetwia? 11) .

2.1.6.1RFC1 gene discovery

I n 2019 etC@iltusgpeng ament i c | inkage analysis ¢
families with 29 individuals of whom 23 were
intron of replicaRFQngémet hgTLIyiZabui@IRAS5qUEF
group odt.Ralfad hsio i-rdeefnetriefniceed tnaBRACELmMc uep byt s8si n

bi oinformatic based approach.

A nor mal allele consists of AAAAG pentanucl
However, the sequence can change to AAAGG
further bec(foide.léAtp achideaddovery of the genetic
to be caused by biallelic AAGGG expansions w
hundred to more than 2000 repeats. Maj ority
pent anurcd peeoatisd.e

c o



v RFC1

. ST e,
. EYTOE G,
B AluSx3 | (AAGGG),, —

Figure2.1 Schematic oRFC1gene with the expansion locus and the genetic heterogeneity seen at discovery of
the repeat expansionRFC1 A normal referencRFC1lrepeat locusonsist of pentanucleotide AAAAG repeated

11 times. This pentanucleotide can become expandsa sequence can also change to AAAGG or AAGGG
which pentanucleotidesan also become expanddeigureadaptedrom Corteseet al., 2019.

The CANVAS patients shared a common haplotyp

25000 years agd,Ralfeakhedly2 Oil® )eHuersobpsepecul at ed t
change of the sequence from AAAAG to AAAGG

ancesotuncdr feffect and the pathol ogi cal expan
GuanCyiteosi ne content in the repeat.

CANVAS is a recessive disease, and it can be
families with cousinsdamfeabhed, nBegigeahceg a
those individuals were biall el iad |Ifedresexmpam ch
another branch of the family. The pathogenic

with biallelictAdRGGEaSaRE. devel op

2.1.6.2Patient phenotype

Labbaset ataxia is a common neurological con
mot or coordination occurs. This can | ead to
l'imitations in daily Iife. Thhodmediesot dery; camc
60% of familial and 19% of spor adéatc ,acl®90e04 , ¢ ¢
Gebet. al 201et,. dli2e0tl09) and i n most patients, i
familial backgroun@ANYAKS oc¢lsgeat he o mn2odminGgeatu s e
progressive ataxi a, and the CANVAS patients
neuropathy as wel |l as veestt,ia®wlldr) .dysfuncti on

Efforts have been made to piece together the

genetic information to allow for moerte. aalccur

TN



reported the clinical feat uRRGLAINVAISh € afsiersst T
mean age okdondet jaappeadwver 50 years old. Pro

common compl aint at di sease onset and unive

sensory neuropathy was identified as a commo
RFCdxpansi ons. Patients often reported sympt
pai n, O6pins and needl esGenpatriaest heasiraggs pam
(dysesthesi a), pointing to a damage to perip
mani fested as isolated sensory neuropathy. C
of patients, s hoewirnigc nsyasctcaagdneuss ,a nddy sbom ok en pu
di sease progresses, to dysarthria and dyspl
cerebel |l ar atrophy affecting the vermis and

conf i r menmdotrerm poxat nse(.Samad W) .czVesti bul ar ar

present and probably its frequency is stildl

and, when clinioalullyart eetfde x veastoiflwelno bil at ¢
over 6 0%VASY pCGAN ents expfegd phraowdhosey caosghr
unexplained. The cough is reported up to thi
2020, emf.ah2@e18), and it i s hypothesised to
syndrome due to a peripheral mechani sm wher e
or oesophagus occur s; or due ted. méR2OBL8)Il ar Ne
conductionedbhbengshsthependent sensory neurop
Mot or nerore iconmruegaet.v,atd2 @Dt e¥iesual i sati on
genetically confirmed fG2gN2 0SS dteasse¢ 202 @Nn. be se



Number of CANVAS cases

Overall Symptoms of CANVAS

Figure2.2 Overall symptoms of CANVAS. Symptoms during the manifestation of the disease in 100 biallelic
RFC1 expansion cases. Listed are the number of patients reporting specific symptoms and a combination of 2 or
more symptoms (multiple symptoms). Adapted fromt€xeet al., 2020

2.1.6.3RFC1 expansions around the globe

The first cohort originating from 11 families with a CANVAS diagnosis studied by Cogtese

al. consisted of 29 individuals of whom 23 were affected and six unafféCtateseet al.,

2019) Additional cohort of 150 sporadic cases with late onset ataxia were screened and 22%
of them were found to have the expanded AAGGG present and if only the individuals with
sensory neuronopathy and/or bilateral vestibular areflexia were considereddbetguoe

would have been higher. The patients were of European an@estigseet al, 2019) Another

cohort studied by Cortese included 363 Caucasian individuals witbriatt ataxia of whom

105 patients were identified to carry the biallelic (AAGG&(Corteseet al, 2020)

In a bioinformaticshased approach to screening the repeat expansions, a cohort of 35
individuals with clinically diagnosed CANVAS was recruited. Of those, 30 were found to carry
the mutant biallelic repeat expansion and most of the individuals were gbd&aumr ancestry

and a few were of different ethnic backgrour@®afehi et al, 2019) Further since the
discovery of genetic cause of CANVAS and the first publications noted above, it has emerged
thatRFClrepeat expansions are common cause of cerebellar ataxia with neuropathy and it is

underdiagnosed anisdiagnosed due to a range and variety of symptoms and relatively recent

TH



characterisation of the disordefhe frequency of the AAGG&y allele differs between
populations worldwide. In a cohort of European descent, the allelic distribution for AAEGG
was concluded to be 0.7% and conversely, the wild type;erpanded AAAAG allele
frequency equals 75.5%orteseet al, 2020).In a Canadian cohort of 163 control individuals,

the frequency of expanded AAGGG was 4% and-expanded AAAAG, 84.6%Akcimenet

al., 2019) In 490 healthy Chinese Han individuals, the frequency of AA&EMEas found to

be 2.24% and for AAAAG, 70.82% (Fan et al, 2020) Based on allele frequency the
estimated disease prevalence at birth ranges from 1:10,000 to 1:650 indi(@rsdseet al,

2019) Wu et al estimated the disease prevalence in Auckland, New Zealand to be nearly
1:100,000(Wu et al, 2014) suggesting that disease is either under diagnosed or has reduced
penetrance in the population.

As a result of the discovery there has been a high demari®HGA screening in various
populations across the globe and it is transpiring that the frequency of expanded AAGGG allele
is as high as 7% (ranging from O(Davigsettah 6. 5%
2022) table2.1). Furthermore, much can be learned from diverse populations, and | further

talk aboutRFC1genetic heterogeneity in my next chapter.

Studies Ethnicity Cohort AAGGG,, frequency Method of identification
Cortese et al., 201 g European 304 cantrals 0.7 PCR
Rafehi et al., 2019% Europearn 31 controls 6.5% Bioinformatics
Coriell WGS 1.2

33G WiGs 1
Akcimen et al., 2019% Canadian 163 controls &.0% PCR
Fan et al., 20205 Chinese Hamn 245 controls 2.2% PCR
Wan et al., 2020 Chinese 203 cantrols 1.0% PCR

Table2.1 Carrier frequency of Pathogenic AAGGG alle in healthy populastudied up to 2020'he AAGGG
carrier frequency can range betw@erfso to 6.5%n healthy populations depending on control population studied.
Adapted fromDavieset al, 2022.

2.1.6.4CANVAS and ataxias with similar features
Clinical diagnosis of CANVAS may be difficul
di sorders whi,SiCAsnahddMuFRDAl e System Atropt

takRl. 1't is therefore advised that only acqul
are excluded, but al so the pati en(tBo naiegnei ks cr €
al, 2020)



_ _ _ _ Spino-cerebellar | Multi system
Disease CANVAS Friedreich ataxia _
ataxia atrophy
ATXN1-2-3, o
No definite gene
Gene RFC1 FXN CACNAL, several | . .
identified
others
Cerebellar
_ Frequent Yes Yes Yes (MSAC)
ataxia
Possible sensory
Sensory Frequent sensory q or sensorymotor
Neuropathy neuropathy alwayq sensorymotor neuropathy Usually absent
present neuropathy depending on
subtype
Vestibular _ )
_ Frequent Possible Possible (SCA2) | Usuallyabsent
areflexia
Dysautonomia Mild Usually absent Usually absent Severe

Usually early onset

Usually early

Onset Usually late onset| but late onset onset, but late Usually late onset
possible onset possible
Pyramidal tracts
involvement,
_ parkinsonism, _ _
. Optic atrophy, - Parkinsonism,
Additional . cognitive _ _
. hearing loss, _ . ) rapid progression,
neurological Cough _ impairment, visual _
pyramidal tracts _ . REM behaviour
features ) impairment, )
involvement _ _ disorder
variably associate
depending on
subtype
Extra )
. Cardiomyopathy,
neurological No _ " | No No
. diabetes, scoliosis
involvement

Table 2.2 CANVAS, FA, SCA and MSA patients share a number of complaints which may include ataxia,
sensory neuropathy, dysarthria and dysphagia (Doneingl., 220, Szmulewiczet al, 2011, Corteset al,
2020., Delatycket al, 2012, Palmat al, 2018)



2.1.7Gold standard molecular techniques for RE disorder diagnosis

The gold standard techniques for detecting r
PCRRPCR)or the detection of specifBSoutkeansi
bl otftoirngconfirming the results of RCRg.8hd me:

Hegaita cirl
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(=) Gel slacirophoresic
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Figure2.3Example of RE testing flowchart. Genomic DNA is used for testing of presence of a specific expansion
motif at a given locus arSloutherrblottingis performed for confirmation of PCR results and sizing the expansion.
Adapted from Chintalaphaet al, 2021

And indeed, currenRFGdlleagnogtirel sesatoagyofl gme
including fl aRERGCgrePt€EReel@r00d®R N ,al ZM2 0t al aphan
et. alF@zZLhi ni *et.DaolRiOrgidkwmeiveeen t he | aGugaen isnez e
T Cyt ofGiQgnceont ent of t he pat holgaesdd tAAGHGIGI gmoet si
amplify the full expanded repeat. Therefore,
all el es and measurement of t hSeoiurt BdeioaredS Bnegs o n
SB util-deesgaegrprobe that only RFCdepéat a s
and the expansion sizing is based on the vi
referentcred Cladedtesael 20 D8 pi te being clintcally
consuming techniqgue which requires consider a

setup.

Sout Beohhtashngbeen a gold standard technique f
conditions such as C9or { De J-Bepreaatid.eeaxl p2aOnlsli)o n
myotonic dystropbogestt gap @ 0OROEDMI )agi( ICea«CX io$sy¥ndr o
et. al20BB) is a cumbersome method and studie

TP



conveni en-t hrammwdg hhpiugth met hods, so far mai nl vy
mi ni mi se théGnaestsoafl r0 18 B. 2thlelh)However, PCR c
amplify |l arge repetitive sequences; therefol
expansi ons.

Optical Genome Mapping (OGM) is a new techn
|l arge (>500 nucleotides) Structural Variants
fluoropbet eed probeis gwhinoh ecadg aul Wwea&d ghtT hBN,
advantages of this technique include the fol
(2) the possibility of mapping the entire ge
the possibility of aut mmanhi zionmmgnetr e adai amphaea

OGM is currently pr ovUndteidl biympBli eoomeamntoad@&bnno no fc
before research Bincdame dOGM was salilhestic ,r el i
of repeat expansi(oOt eitho,aDMD 2&ritd 28C€AB@) addi t i
OGM was successfully used tRFCdgphnemobh&ei pr
Dutch pati BRCdx prangG@onsgbtanal 20 Hd)wever, a sys
compari son between OGM and SB was never per
Southleontil ng@@Mofr@er me aRRIClempentt efxpansi ons.

2.1.8Pathomechanisms

The underlying pathomechani sms of CANVAS i s
a l-ooffssncti on mechani sms due to t he driesceosvsirwe
of truncating variants in tran(sRovedd,alzh0e2 p)at
that my work contributed to (further describ
been evidence f-off unecmmom REcbannsms in RFC1
evidence for RAN transl ation or i Hhaweowe rr, et ¢
i nvestigations o f bul k t imoguesn (bperiinp hseamgd |
CANVAS patients, there appekeansofRdcCilanbcali pt
at mMRNA | evel or no | oss of porfoutnecitni opnr ohdyupcott

may be | imited to a subset of cells or maske

|l nvestigations on postmortem brains of CANVA

fibres, most severe in vermis. This is in [|i
with neuronal l oss in cerebel ésmof | CANJAS t p
revealed | oss of smal lCoaatesdl&®)0ge myelinated



2.1.9Replication Factor C complex

The replication factor C complex (RFLndiiss a
essential for DNA replication and DNA damage
compl ex at 140kD40kDahenssbeehpgant -bBondcionngt ai
region and interacts with ptHajkarand nBurcegeéeil

The complex | oads PCNA and DNA polymerase in

onto DNA and allows for its elongation in p
(f i29.4. ANoreover, the complex can act in DNA d
repair and excision repair. | mportantly, it

t hat provide a binding site forkBNADPDN2Xnd it
B) Leit. al;2@éalB. ,al)2022

RFC:PCNA bound to 6-gap DNA

PCNA

Polymerase

-\Ni»

Figure 2.4 A schematic of RFC complex with RFC1 binding PCNA in presence of (&)Rnd an example of
RFC:PCNA complex hinding to a gapped DNA of 6 nucleot{@sAdapted from Liuet al., 2022.

To date, as described above, there has been
RFCiln CANVASwiptah i eindlIsl el egpAABGBGNshApeat s al sc
for other RFC1 proteins fdyrsrhiumdtttlhe compll ex.
members has been implicated in numerous <car
| euk acevmeirai an an { Leirta nayl 2dt1Be r s



2.2 Materials and methods
Maicrontri but or  atna trlees umetshods t Ri.83 chapter

Contribution tabl e

Met hods wused Contributors
CANVAS Screening Natali a, D&mceociakdo Cur
Sullivan, Val é&net i na G

(PCR & Southern blo

Southern blotting o|{Natalia Dominik
troubl eshooting

Bi onano Optical Gen|Natalia,D&mephlnie Ef

Clinical Examinati ol]Andrea Kenmr\y skRiud adaernd
RFCrlepeat expansion s

Bi oinformatic analy|Stefano Facchini

Table2.3. Main contributors to the methods (and results) in this chapter

2.2.1Patients and rationale

Mu lcteind oleo2 8 p&aft i ents with clinical di agnosi s
| adeset (> 25 years old) cerebellar ataxi a,

Wher e waasuvdinlgabl e, other causes of spinocere
as acquired candses!| alBbiCIAist y FRIDAWGS i wans cirb it sea
study.

Using standard s RFeCaénxipragqismebhbsodvhi €br i ncl ud
concurrenICR wiorhcBRRoni cal AAGGG, AAAGG and
patient samples. Samples with no band on fl a
RPPCR but negatpatehogreni Be AAAASGG configurat
Subj ecStoeudt btea hitfi ngguf fi ci ent (DiIMA,5Wasd avapkabb
Sout béonftdarng395 patients. Il n addutbéeoht itrog c
techniques, 17 CANVAS patientsdé blood sampl e

were subjected to Bionano Optical Genome Map



Spinocerebellar degeneration FA, SCAs, MSA
acquired causes excluded excluded

Flanking PCR band
. and RP-PCR positive

YES and NO NO and YES
respectively respectively
No biallelic expansion 5
CANVAS negative v
&

1 band in 7-15 kb
AND
1 band in 5-6.5 kb

+ —

No expansion
CANVAS negative

Biallelic expansion

CANVAS positive | allele expanded

CANVAS carrier

Figure2.5Workflow diagram representing repeat expansion screening methodology. Flanking PCRRG&RP

are used simultaneously on patient DNA to identify which are more likely to have two expanded alleles. If flanking
PCR shows no amplifiable product and-RER shows typal sawtooth patternSoutherrblottingis carried out

on additional patient DNA if available (Dominé al., 2020)

2.2.2Clinical details
Clinical and demographic BBERCex pfaorrs ipocans ewass ct

usi nsgt aan d aradbilseedcompl et ed by all referring ¢
hi story, age at neurol ogi cal onset, age at
use of walking aids, and detailed fiedstonand
the informati on, patients were divided into

compl ex ataxial/neuropatvleyi oy GANVAS.ogDiesed Da
di fficulty in walking resulting in a need |

dysphagia. Only patients of Caucasian ancest

Considering that as many as 70% of CANVAS pe¢
data was al so recorded, but not considered ¢

of the condition.



2.2.3Flanking PCR

lelof DNA of conk®Oatgdast i aodndaddfa $2055t7a bt mast er mi
5el o f PCR graddowatt®@uMakdr Ward and Reverse p
conditi oakhessdofi nPCR product was subjected t«
agarose gel against a 100bp DNA | adder ( Gel
recorded as no amplifiable product where no
widtgpMd)s(i ze of 350bp and intermediate as a b

2.2.4RP-PCR

lel o f DNA of condé&l0simwatsi cand defdo f2 ®P h7Ww.sh on Mast
(Bi ol abesgf wRG@Gmh vwaeaechaotd 10uM FAM | abell ed f
primer and (tealelrlse2 p4&)y encaee pus exdrr 8 merda pPeCaRt
anchor and & friggv.&rTdHhed)preivmarse primer binds tc

i beinagdtemayetti nd to the repeat riesudmny plnac

S
positivepasa@wt polthhe6 Bl)ever se prtirméerc hc @mt DINMAS s
termed whai chamglbement ary to the DNA sequence
expansi onThsiesq uaelnlceews for amplification of th
alleles with a | esser<~6llheechof pepeat ekhpar
tail of the reverse pricypmed efsomnfamCRkmwlhiefni ¢ &te
becomes depleted. The tail of the reverse pr
compl ementary to any DNWRAosagoaedcenspebumao g

Reverse primer and cycler conditions(twebrlee ch
2..4)



Sequence Reagents PCR conditions
Short range | Fw TCAAGTGATACTCCAGCTACACCGTTGC 7501 Fast-start Master Mix 95°C 4 mins;
flanking PCR | Rv: GTGGGAGACAGGCCAATCACTICAG “ul 20 [055C 30 secs
1ul forward primer 10 um
1ul reverse primer 10 um 63°C 50 secs
Tul DNA (around 50ng/ul) 725C 60 secs] 35:
72°C 5 mins
RP_PCR Fw FAM: TCAAGTGATACTCCAGCTACACCGT Phusion Flash High Fidelity PCE. Master | 98°C 3 mins;
Anchor: CAGGAAACAGCTATGACC Mix 2X (Thermo-Fisher) [98°C 10 secs
Primers 0.3uM
RFCI-WT M T0RC (MY 655C (V) 55°C
CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG | gDNA Sing (W) 50 sece
TTTCAAAAAAGAAAAGAAAAGAANAGAAAA
72°C 2 mins] x35;
RFCL-V
72°C 1 min
CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG
TTTCAAAAAAGGAAAGGAAAGGAAAGGAAA
RFC1-MUT
CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG
TTTCAAAAAAGGGAAGGGAAGGGAAGGGAA
DIG probe Fw: ATTAGGTGTCTGGTGAGGGC Faststart Master Mix 2X (Roche) 95°C 4 mins;
generation Ev: GAAGAATGGCCCCAAAAGCA Primers 0.3uM [95°C 30 secs
Plasmid 30mg 63°C 30 secs
Raoche PCE. DIG probe synthesis mix 72°C 1 min] %35;
vialno.2

Table2.4. Thermocycler conditions for Flanking PCR andRER




Flanking PCR

RP-PCR iy f
A ‘

FAM - For - © Reverse
FAM - For ~ Reverse Clamp
RFC1 AGAGGn / AAGGCn / AGGGCn

Figure2.6 A schematic of binding dRFC1primers use@nd a positive RIPCR pattern examplé&lanking PCR

(top) uses a forward and reverse primer to amplify across the second intronic regie@lofhere expansions

may be found. RFPCR(bottom)uses a fluorescently labelled forward primer and two reverse prinsetsverse

primer that binds to the specific repeat motif tested and an anchor primer that binds tothiegaéverse primer

for an amplification in further cycles of PCR when the reverse primer becomes depleeverse primer
contains a stretch of DNA sequence termed 6a clampd
after the repeat expansion sequefide tail of the reverse primer and the anchor primer asigiged not to be
complementary to any DNA sequence in human genBm&R-PCR with primers targeting the AAGGG
pentanucleotide repeated unit. An ABI 3730 DNA Analyser was used to separate the products, and these were

vi sualised using GeneMapper. The presence of a O6saw
individual
Fragment analysis was performed on ABI 3730x

anal ysed usingrGeGeenieoMasp pRrExgpeaimtswadames ar e Vi
decrement al O(sfaiwg.on.tehB®) patt ern

2.2.5Sangersequencing
Sangemgquencing was performed when additional

warranted due to technical di fficulties or i

lelof gDNA of c-AbO0#wé s ad d dleodf 280h u3dssi on Mast er mi
witbhloR5PCR water , el@% DMSWarachdandid reverse fl al
24 PCR cycling conditions are available in th
purified with FastAP Thermosensitive Al kal:
sequencing at Source Bioscience. Theusl ectr

Pri me.

2.2.6Digoxigenin labelled probe synthesis

Digoxi gethialkmal( IDINQ) pS obteh Efootmtaisn gpr epared using
Probe Synthesis Kit ( Relooife )p.l aB@ma dmicoornd laii tna rr
sequence RIF€Mépeoagtwabeedst o gliFaswi tSh a2® Mast

Y H



1of PCR greldée waph®o| fLorwar dt aZpldenrddd3e@ se pr
Probe synthesis mix. tPCRAae Ol @i tliadored | &@rde PLHRoO v
the probes used for deRFFCd owmt oo tnmeiprbga ane x p
and they f uDItG earnthbiibnodd ya nftoir si gnal amplifica:
X-ray fil m.

2.2.7Southerrblotting

2.2.7.1DNA preparation and gel electrophoresis

Up to 18 sampl esbkarntliBegmampd essaddhdpe&r | adder
of genomic DNA at gdwascedilat ¢ @& nwdbtf dtlabld nwga | wm

on awed986 Tphleatweo.r kfl ow of southern blotting is

A mast erllmiXx Cufo 84nA e g | aBni do ),2ebSsp e r m(Sd ig)mea d

lelof Eco RI NCeOMpBAd CaOn dU)Bele | pve pared per sampl
7elof the mix was added -weo |t hpel astaempal neds ndiixleudt ev
up and down. The plate wasCpfuor ih o PrCRafctye
addi tadlmfnaBcd RI 100, 000 U/ ml add€df peraddmpl ¢

2 hour s.

A 1.5% agarose gel was prepacecled Bhue/ Omagee
|l oadi &r dywagsa)added to the enzymatically cut
Mol ecul ar WeagdDIl ®Mab dfedwerpee epared for 2 well
delof waltodr ,t hle mao ket hoarnddn glee dy e, per wel |l

The samples and the markers were | oaded on

around 15 hour s.

2.2.7.2Gel treatment andlotting
After the sample front reached the bottom of

5 mi hautdesin depurination solution (475 ml w
mi nut es. Denaturing solution was prepared b\
distilled water and after another 5 minutes
deaturing solution for 45 minutes. The gel

mi nutdeini nwaeh wmadepneutrali sdigesmbuBcoentob

Foll owi ng tileo twaisimhgas sembéed by creating a se¢
3MM What mann papepi lpli etcrea yr,ieris cdaOkiKesdt Ao allaygl tiito n

y o
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The gel was put on the soaked paper and a =
(Roc)was carefully positioned on the gel. The
film and a 20x20 square of 1 CHR paper soake
pieces of dry 3MM What mann paper and oamedt ack
on top. A glass piece was placed on the sant
all owed to transfer overnight for about 15 h

2.2.7.3Membrane pré and hybridisation

Aftebl oheitme sandwich was disassembled and
20x20 square of 1 CHR paper soaked in 2XSSC
3 minutes. Subsequently, the membhryabnrei dwassa tpil c
wt h 40ml -HDyigso &b eyuti on $50lhloauwesd ifnors h&®i ng i n

A probe MOILKkMF @lroofbe dAanal m&dO( Agiewanst pboi | ed f o
mi nut es. 't was -d dhelned mone dii @ad ed ryd sandaepleyd t o 3
solutiorytho i chakati on-hynb xit diir ®at iTdre Paoleut i on
membr ane and replaced with the hybridisatioc
i ncubatCorwveatni ght for about 15 hours.

A 2 litre 0.1X SSC / 0.1% SDS solution was p
20X SSC and 20ml of 10% SD6S. oVThaep eveuhi ght wt

next day.

2.2.7.4Membrane washing and detection
The hybridi sed membrane was washed twice for

solution prepared by mixing 890 ml of distil

Subsequentl|l vy, it was washe@ @. 1tXm8SCfhbr0l1b%n
shaking inrPCubAatdbut etwadsbh at room temperature
(Roc)He |l | owed. The membrane was then incubat e
mi xing 194. 4ml di stilled wat eRo caingdh 224Iml 6 nil0 X

bl ock 6é6Bboahte bmoom temperature, shaking.

The antibody solution wablsl G rAePp aarnetdi bboyd yc € nRtorc
mi nutes at EIOVEQ Gr prmmerdd a4 el y aliquoted from
4 0 ml Bl ock solution. The membrane was draine

t haent i doldyt i on for 30 minutes at room temper &



The me mbr ane was washed t wi ce for 15 mi nut

temperature, then for 5 minutes with detect:i

To visualize the DNA b&imMAR, sabcshemnmitleu fiRmeheq
me mbr ane and the membrane was wr arpapye df-iwinm.h X

ray developer was used to visualize the filn
[ Day1 ] [ Day 2 ] [ Day 3 ] [ Day 4 ]
DNA preparation
Enzymatic digestion el 1 ‘Membranehybridisation ( Membrane_washes
; Blat assembly Detection
Gel electrophoresis

Genomic
DNA

A
.
Enzymatic
digestion —
= glass

e |

[ Whatman paper

-

"“
»

membrane |
| gel |
1 i e ——— U S

Gel electrophoresis

Figure 2.7 A schematic of Southern blotting workfloenomicDNA is enzymatically digested and separated
on agarose gel. The DNA is then transferred onto positively charged membrane and the membrane hybridised
with RFC1specific probe. The bands are visualised with chemiluminescent substrate.

2.2.7.55B: Repeat expansion size measurements

Repeat expansion size were measured using a
|l adder track were measured with a ruler and
to a |ine drawn between 6. 5kbbl oltddeegsi maskeae
calcul ated by plotting the | adder points on
equation and subtracting the size of the pr

presented in repeaspaisiumber s rather than b

2.2.8Southerrblotting optimizing

One of the first objectSoetshlodmtenigrhd®h Duwadesp
above. The original protocol produced good i
of DNA to the positi veeweacandaersg e dl hneyrleofno rmee, mbtrh

was extended from approximately 4 hours to 1

yop



Af ter t rhaynbsrfiedi,s aptrieon was extended to 5 hour
temperature was increased to 49AC from 46A

i mpl emented for the overnight hybridisation

Biallelic expansions in affect édtba nid5 kvb ,d uaoarl s
thicker band i f the expansions on both all/l
individuals who carry the mutation can eithe
and one band i n6.edopdrmked rangevomornfex pandeid al
pat hogenic range of wup to arouh2@6. Akbhauwgh
Sout heotrteirmag ns the gold standard technique
t he si zeRIpBCelxbpiaanl sihemlsiiss ever al i mitations. Fi
| arge guwant imbye)50f good qu-alahygy @BO6DL2380r a:
2. 2) DNA. Seconad yymiing -iandanidgabmeeurt echni que
speci fic lugphorTahtiardg ushbeirss orsdetiHdred and trai nc

needed to ensure final readout i s trustworth

A new technology, Bionano OpvetapeGebhomdeMap
variants in DISAudIBdoliratidn gRei aRskeCdlok pfacnrsi on si zi

the same individuals to compare the methods.
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Figure 2.8 Patients are characterised by either one overlapping band or two bands within the region 7 to 15kb.
Carriers are identified with one band residing between 7 and 15kb and the othebdkhklequivalent to the
nonexpanded AAGGG sequence osmall AAGGG expansion. Neaffected individuals exhibit 2 bands in
regions between-6.5kb. Two ladders are needed for accurate measurementdalidizd DNA Molecular

Weight Marker 1l (Roche) (labelled as LADDER II) and Dl&belled DNA Molecular Weigh¥larker 111 (Roche)

(labelled as LADDER Ill). The leftand righthand side of each panel documents the molecular weights
represented by LADDER Il and LADDER Il respectively. Figure from Domeatikl, 2020

2.2.9Bionano optical genome mapping

2.2.9.1DNA extraction

Ul thriagh mol ecul ar wei ght DNAuwasnge Bt oamaamhed Gfer
provided kits as described in Bionano Prep ¢
v2. Briefly, frozen blood was thawed at 37AC
Heamocytometer. And an appradkperni atoe twoalnusnfiee ro f:
which were pelleted for 5 min at 4000g. DNA
to the pellet and resuspendnéeckerTlwen hsdmpl es a
Buffer (LBB) for 15 min. Fol |l emiinnugt et hiantc uPbVaStF
nanodi sk was dropped into the tubes as well
mi nutes in hoolamixeananattdohehOdNAt prielce pmagmn
di sks were subjected to washes with the was!
was eluted from the nanodisk wusing Elution |

pi petting up aan d 0d csverc o5 dtsi mpeessr aspiration an

yT



2.2.9.2DNA labelling
The concermtormotgieanfe idiyel DNA sampl es was esti ma

homogeneous high mol ecul ar weight DNA was | a
Stain (DLS) Protocol ehoft hDNA twapsr oivnicduebda.t eBdr iae
|l abel mixture provided and for further 30 mi

for 60min using membranes provided and the F

Saphyr chip.

2.2.9.3Chip loading

8 .l f | abell ed DNA was | oaded into the inlet
mi grate for 2 miawbaesof SDObédewgasntbpdetili nto
A few drops of PCR grade water were added on
a convex. The flowcell was then closed with
|l oaded witheanoODNArfphl owing the same proced
a clip and positionTehde kvindro Wef SapO@O@Mei snasiho wr

Ultra-high molecular

weight DNA extraction DNA labelling Chip loading Data

GAIN/LOSS

(S 1]

Insertion

| LK

COPY NUMBER CHANGE
Repeat Array Expansion ~ Tandem Duplication

| -
B

Direct
Label

Figure 2.9. A schematic of Bionano optical genome mapping workflow. Bionano kits are used for extraction of
ultra-high moleculamweight DNA and for subsequent labelling of the DNA. The labelled DNA is inserted onto a
chip which allows the molecules to be linearised and labels visualised on DNA backbone. The data can be seen
on Bionano Access interface and the differences between thes ledoelinfer presence of large structural
variations.
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2.2.9.40GM: Repeat expansion size measurements

Size measurements in OGM rely on fluorescent
that are present -2 ttihree sg efRecPgned Crhakulagpds alIn5 e x ar
of a nor mal all ele aligning to the referen:i
bet ween the | abels vary between different I
| abell ed DNA mol ecul es. Mud tt pl ¢ hBNAemel eau
di stance between mar ker RF CrIe2me aaf(h ddgo/BALs4 cvahni c |
be accessed for all the molecules. The data
expansion size visualizati on.
A

o o o
(R N R e ronh T T B R ‘reference

RN 1 IR I R N .<]n0rma]a1]ele

1 I I B B LIl N 0 - Il \

B marker
| I gl [ I T wn< reference
| | | I < expanded
allele
marker

Figure2.10 example of Bionano optical genome output. A) a section of DNA with all labels correctly aligning to
the referencé no SV present. B) a section of DNA with a label at a distance from the referencshedveah in
orange)i anexpansiorpresent.

2.2.10Meiotic and somatignstability

Where consented, af fdegtreece ared aun afefse cotf e dp rfoib
Soutihleotnmtoitrad | i ng 27 f amRAFUIT.UuSExwman sioonp agieae
families to assess the stability of the AAGC
gener apitad rcsa.l genome mapping was pesofmat med
instability in affected (vermis, cerebellar
muscl e, f i dbpraotbil eansttss ) cia®fr Gelixpg n Bl ebElel ved DNA

y @



from a patient with C9o0orf72 GGGGCC expansi o
repeat .dnstability

2.2 11 Statistical analysis

StudenhedsMaobWhi tney tests wer-wi speerdompnerdi sfom
par ametr-par aometnnonc variLableas, coespepéati oal yw.a s
Paersondés coefficient. We analysed the corre
smal l er) and both alleles with the age of
correlation wasr defN n®.d3s= fmillldwsorrel ati on
moder ate correlation; rPI1>0 tRs 0a.n7d0 g=t agithrswintgh r a
GraphPad Prism version 9.4.0 for Wi ndows, Gr

www. graphpad. com.



2.3 Results

2.3.1Southerrblotting optimisation

S u c cuebspstfi mi sSatuit dnile 0 awitaisn g mpl ement ed, and t he i
been wused in this thesis and contributed to
(Screth.aal2026t. EURODED. aLDOIMI @t .kal,20Q&t r @l
2024

While five micrograms of good quality genom
better vi sbhlbdtatrieragpadc cmes &f ul . Moreover, short
the bands on fluorescent detection film can
guality i mage overall, we find thgth.2. 3D1)mi nu

( Domieni Jal2020) .



Positive control, DNA not transferred
incomplete transfer

Positive control,
complete transfer DNA ftransferred

Figure2.11Southern blotting optimisingd) An example oSoutherrblotting with incomplete transfevherethe
positive control is poorlyisible,and many DNA samples did not transfer onto the membB)rem example of
Southernblotting after protocol optimisatiowherethe positive control is fully transferred as seen by a strong
band

2.3.2Southerrblotting technical considerations

During the course of research contributing

fail Soeat bk obnatnidngt he need for repetitive trol
technical hurdle | experienced was bl ank dev
bands or | adders. I n order to troubleshoot t

steq@yt was needed due to the conffpiRei2dBy aakd
me mb rwainteh no | adddrd prbadsgeamstt apr ANA transfer
membr ane and this was assessed Dbtyr avnissfuearl anr
presence of a blue colouration suggestive of
excluded. Anothen brabkememesahéiogul d have

o H



and variable SSC buffers were assessed with
yielded no i mprovement . Fidiaflflaaleamembmane s r w
(SS€9ncentlraanteBso@n,d( 5 with standaAaran® XlpBSCn b
concurrd&ntilly gwmitt hn di ff er ef(tantersanls ialnldu i n at d
UV machine, | anes 3 and 4 in 5hbamaBioRanddVGeFr a
Doc NXfRotr purpose of DNA crosslinking on the
machine that had been used previously became
in no DNA crosslinking on the membrane and t

and sampl es olfarfehgr onédumbe dntehe strongest band

were taken for wamrd memtte.t he next ex

Figure2.12 An example ofSoutherrblotting troubleshooting. 6 separate strips of positively charged membrane
were used for transfer of a control DNA and a marker. Lanes 1 and 2 were UV crosslinked in the standard UV
machineandwashed at different concentrations of SSC buffare 1 standard 2XSSC and lane 2 5XS%$@re

were no DNA nor ladders at detection. LanegsBere UV crosslinked i@ different UV machineg¢lane 3 and 4

in benchtop UVtransilluminatorand lane 5 and 6 i(BioRad Gel Doc XR+) and washed with different
concentrations of SSbuffer(lanes 3 and 5 with 2X SSC and lanes 4 and 6 with 5X I3¢A and ladders are

visible in lanes & pointing to analfunction of the UV machine used.

The above further hiSght bigbtastsi haj e eccdmp lgeuxei tayn
for specialised equipment and Soaithédnst aff
provides an invaluable information of sizes
di scerning the role of repeat expansion si ze
clinical <characteristi csf atshidse scchraipbteedr .i n f ol

o



2.3.3Genetic testing

I screened 1531 pati enRGR umsdtnhgo dfsl,a na&kn d gt hPeCRp
amplifiable PCR producti oatt hf Ipart K iem @ CRROR,N ApAGSE
negative for AAAGG and AAAAG motifs | were ¢
AAGGG repeat. Furthermore, | contributed to
entire study cohort of 2334 patients.

I n total, we i1identified 556 patients I|ikely
per f oSomnetdh ko tftoirng395 patient samples with su:
information avé&pbpuahblkethtoirn g8er5f ratheck nt s. The
thesis is based on the entiirne Baroadionf ul by @884
(Cureta 2a024) .

The presence of biallelic expansions was coOl
who were not confirmed as carrying darmddrel i c
sequencing and intermpmadhageniexpraapeadains motfi fn

repeats were obser vgdAAAMRGIdN AIAWVIBESISE. i AFASA A G

2.3.4Clinical details
Clinical data for 392 patient sRFcCAnSoiurtniheedr nt o
bl otitsi mgrai |l abbe in table



Demographic

N. of males (%), females (%)

195 (50%), 197 (50%)

Positive family history

45 (11%)

Current age (mikmax)

70 years (420)

Age at neurological onset

(min-max) 54 years (280)

Deceased 32 (8%)
Lastexamination

Symptoms (N/total)

Unsteadiness

366/388 (94%)

Age at onset
56 years (3680)

sensory symptoms

276/383 (72%)

55 years (25/5)

Dysarthria/Dysphagia

196/381 (51%)

64 years (3685)

Oscillopsia

94/352 (27%)

62 years (3@1)

Chronic cough

267/358(75%)

40 years (183)

Use of walking aid

Disease group
Isolated neuropathy

203/379 (54%)
Patient number
54 (14%)

67 years (388)

Complex neuropathy

131 (33%)

CANVAS

195 (50%)

Not assigned

(incomplete clinical data)

12 (3%)

Table 2.5 Demographic and clinical data of biallelic AAGGG patients confirmedsbythernblotting in our

cohort
392 patients were
were represented equally i

was reported

sympt oms

common compl aint
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present in
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Figure 2.13 Patient symptoms at last examination. Most commonly reported symptom was unsteadiness (94%)
followed by chronic cough (75%) and sensory symptoms (72%)

Patients could be divided into difszmalsepwstubgr

fubllown CANVAS was stildl the predomi nant p he
sensory neuropathy.

OQur cohort i's of Caucasian ancestry, most |
originated from Turkey, and one patient each



@ Isolated sensory neuropathy
[ Complex neuropathy/ataxia
Hl CANVAS

3 Not assigned

Figure2.14Patients could be divided into three subgroups depending on the symptoms. 50% of patients suffered
from full blown CANVAS, followed by complex neuropathy/ataxia at 33% and isolated sensory neuropathy at
14% and 3% of the cases were not assigned a diagoattgory

2.3.5Repeat expansions size and afjenset and disease phenotype

Il n total, 392 patients wREFE @Habds adc ludSsasutt hAArGG G
bl otpteirfgor med to tot al 784 alleles availabl e
had showedSonthkbatsadigge st i ng all el es of the s

the |Iimits of detection of the technique.

We used the sizes of minor and major all el es
possible correlations between age of onset ¢
We observed that patients witdir l aggeof eapaart
was stronger ffoieg JiBlesnomi novesatigheed the size

subgroups isolated neuropathy, complex neuro

Patients wi t h smal |l er repeat expafmsmi oons t e
al lemeael=l er allele=770 N 260 repeat )urmwihtid;e |

people with complex neuropathy/ ataxia or CAN

ataxia: nsimmaorl earl laellleed e =1 0 0060 1IN 3l2a4r greerp eaalt! eulne
repeat ODOCANVAPmAlalldrel e=1018 N 3P91lrepaagenr
allele= 1294 N 49Y. rEhenét wastano ps@nddlica

CANVAS and complex neuropathy/ ataxi a.
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Figure2.15Age of onset of neurological symptoms and the expansion size for minor and larget bdedeatter

plots illustrate the strength and the direction of the correlation between the age at neurological onset of the disease
(y-axis) and the repeat size of the smaller or the larger allelrigx Pearsof s ¢ o r Adepted from €urro

et al, 2023.

2.3.6Meiotic and somatiénstability of AAGGG repeat expansionsRC1

27 families were available for assessment o
allele. In total, 69 affected and unaffected
22 siblings, 18 offspri8gsethbdom2itrnpctane mtasni | Al
avail &b2geh @dn an intrafamilial repeat expansi
family me mber i n figure B. AAGGG appears s
(r>= 0. 9wbi)t,h a mefdaimain i aht rvaar i atmionn =B /25 10 k p €
Expansions and contractions of expanded al |l €
waso evblemger expanded alleles in offspring

We compared the r epenvadr istibzee mons tRFad1lf elca cewds t i
di seaserebell ar hemispheres, (fignt 2aidéo IC&®Y
C9orgart2i ent bl ood sample as a Mesisawva cvamt
in size of t hT@®7r apdat+tsl 90 e tr eeemp asr e(di 5t%0 +Méond n
Further mor e, mean dispersion of the repeat |
hemi spheres and N2.7% for frontal cortex, as
carrying C9omMhbkaigglepmessednsomatiaf fiemcsteadi bAn

unaffected bul k tissues.
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Figure2.16limited meioticand somatiinstability ofthe AAGGG repeat expansions. RepresentativEouthern
blotting showing6 probands (with asterisks) and their unaffected family membadB) a correlation plot of
the repeat expansion sizes in the 27 familiesreeach dot represents a meiotic evé)tTherepeat size among
different brain areas and peripheral tissues of four patientsRHL biallelic expansions and in one patient
with C9orf72expansiorand an example giatientRFClrepeat expansiosizemeasured in different tissubg
OGM Adapted from Curret al., 2023

2.3.7Validation of a new technology for repeat expansion testiiRfF@1disease

We measured the size of expanded a$dwtllresr rusi
bl otitn nh7 tadd es R{2¢67)land compare the resulti:H
techni qluheiss wopkbhashdBk emol ecul es, an*, MDPI
Domi*reitk al2023)

Optical gendGa)smag pnenwy technol ogy that all ow
| abell ed DNA with a camera system (Saphyr) r
of structural varspaassnts | arger than 500 b

¢



Al | CANVAS samples wereRECMépeatedexpamccairgrys
met hods2 X6TabBhaeients 6, 9 and 17 showed a pr

corresppomnudibreghstugnggesti ng alleles of t he sam
Bi onano OGM detected two distinct all el es |
resolving 2 alleles foiRg 4d8ml haobpnbyzenescpases:

presence of homo&B gohuswead |2 | kisstwhBdirasrepassio

homozygous alleles wusing both the techniques
to OGM analysis, confirming the absence of b
allel e; Control 2 has two unexpanded all el es)
bet ween thefi2gdl,7/7mwi btdds 2( = 0. 97. However, t
[ 0i06.866] at 95% confidence inteiRe&l] @€C. 950 C
suggesti ng-eusntdiematoironovoefr all el e sizes by one



Patient SB Allele 1 SB Allele 2 OGM Allele 1 OGM Allele 2
Pt 1 765 1242 677 +41 955 + 45
Pt 2 598 1035 622 + 34 841 + 36
Pt 3 989 (Homozygous) 894 + 29 (Homozygous)

Pt 4 1127 1593 866 + 48 1182+ 70
Pt 5 1447 1838 1017 £ 57 1180 +40
Pt 6 917 (Homozygous) 664 + 24 730 £ 22
Pt 7 1400 (Homozygous) 1223 + 36 (Homozygous)

Pt 8 991 (Homozygous) 829 + 53 (Homozygous)

Pt 9 1185(Homozygous) 880 * 46 943 £ 29
Pt 10 1256 4746 1055 + 79 3226 + 163
Pt 11 249 810 333+ 20 831 + 35
Pt 12 724 (Homozygous) 792 + 63 (Homozygous)

Pt 13 294 (Homozygous) 406 + 32 (Homozygous)

Pt 14 640 794 652 + 40 759 + 24
Pt 15 605 714 640 = 51(Homozygous)

Pt 16 794 2386 745 + 51 1646 + 97
Pt 17 810 (Homozygous) 582 + 35 654 + 24
Control 1 i4 N 26 450 + 22
Control 2 T 6 NHofdzygous)

Table2.6 Estimated sizes of the repeat expansions (number of pentanucleotide repeats). Ire@ahsize is
indicated as mean + standard deviation of the Gaussian. Highlighted in grey are the patients where OGM, unlike
SB, could better discriminate the size of the two expanded akalapted from Facchini*, Dominik&t al.,, 2023.
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Figure 2.17 Expanded allele size comparison between Bionano Smdhernblotting. Overall satisfactory
comparison was observed between the two methods altismugherrblotting tended to overestimate the size of
very large alleles
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Figure2.18(A) Bionano OGM markers used for the analysis. The red triangle area indicates the position of the
repeat expansion inside the second introRBE1(blue arrows point in the coding direction of the gene). The

blue triangles indicate the position of tharkers flanking the repeat (markers 7723 and 7B4)ptical genome

mapping for Pt 6. Two alleles are observed as Gaussian components of size 664 and 730 repeats (3322bp and
3648bp, respectively)d) Representative example 8buthernBlotting plot. For Pt 6 (indicated by the red
triangle), only one band is visible, corresponding to an expansion of 917 repeats (4588amb¢d from

Facchini*, Dominik*et al., 2023.

Vi sual comparison of allele sRz&a9o9®OGW dioz ds ma
represented as molecule size distribution \
correspontdhkgmtriengpresented for each patient
arr ows.
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Figure 2.19 (A) OGM molecule size distribution for all samples, with estimated Gaussian components. On the
vertical axis the molecule count is reported. The vertical dotted red line corresponds-expanatted allele. For

each sample, we report the total numbeoloderved molecules in parenthesis. (B) SB images for all patients.
Arrows point to the alleles visible ddoutherrBlotting; yellow and green when two alleles of distinct sizes are
seen and red when two alleles of the same size are/Asdsgrted from Facdhi*, Dominik* et al, 2023.

Man



2.3.8Technical Considerations &outherrBlotting and Optical Genome Mapping

SB relies on largquauanyi andsp(b0gy ONAhi 6B
DNA extraction methods, thus facilitating se
from coll aborators across t he fgolrorbeed. -hoing hucl ot m pe
mol ecul ar weight DNA fragments (>150 Kbp),
using the Bionano extraction kit fromnfresh
processing time at the b2e nwohr kiisn g4 dwaoyrsk ifnogr dGCa

by Saphyr imaging and automatic data coll ect

SB size estimation relies on comparison to
which bind to specific 6 bp DNA motifs (CTTA
times per 100 Kbp.

I n addition to good technical skill s, neces
|l iteracy for size estimation in the online
cust om (afaadcyhsiimsi f. BOMMO 23 K *



2.4 Discussion

Bi alRFQdxpansi ons represent-omsecomaoaxicaausmed
neur opathy. However, i mpl ementing a diagnost
heterogeneiafy,t lceo mpdleexdulyar met hods and t he |
especi @dltyhdrom bcloontftiirnngat(iSB) which 1 s often
| aborator iS8ss &andceaenb,er some techniqgue and m
optimisation of the protocol which all owed f
nyl on membrane and in turn better visuali sa
i mpactiedelpypysthe clinical st baiue & ke b sssuecdhg oans a |
the age of onset study, d e s cSroiult dade oitfrioirnlygd 1S5 c h

patient s; identification of noweluth&eomhotgeamngi
which | talk about in the next Sdutphtleorttt ianngd
(Screth.aal2026t. €u20Ddkt. ROROR1L et DAaM2O2&tL. &Llurr o
2024nd 1 mportantly, it all owed for the pati
di sease. Mor eover, i n 2023f oRFhCHla P ERbeene adian
and 1| mplbggmetnhtee ddi agnostics | aboratories in t

value to the research of Dr Cortesebs group

2.4.1RFClrepeat expansion size predicting age of onset, disease progression and clinical
variables
Il n this chdpteol,|l dbdreastcrvdewor k that | contr|

with PCR techniquesocoandeBhbdbilmpaiisemigs wwit hh co

standardi sed data collection and measuring a
This multicentre study with an inteRR@Ii onal
repeat expansions to dat e, and it | everaged
expansion in patients with biallelic expansi
sizes on age of onset of theeR&CYLIpei sease, p
CANVAS is a complex disease which can manif e
cerebel |l um, sensory neuron and the vestibul
confirmed that all patients wi thhy twhea cehx pasn sir
with previ €uwe r f@s0h2dli,n g&do.r.d lezs0e2dl0O )n o pati ents hav
cerebell ar ataxi a. We were able to group t h
clinical presentation and they included full

patients had compliex aredir b9®Bt hgd wsehsatywxne

Mnc



avail able examination. These findings togeth
Sout béonhtiand owed f or correlation of the siz
patients with isolated sensory neuropathy h
subgroups. There was no significant di ffere
compl emeur op atbhlyo waan dC AINWIAIS . These findings s
expansion size can act as a modifier of the

more susceptible to the AAGGG repeat expansi

The repeat eRFLAs son i afze@enoes the onset 0
Patients with | arger expansions tended to h
complaint at the disease onset in our <cohor
i mportant ®©Dolecteonhdi aseenay have influencec
in di sease progression, for eaxnamaeldd e s s enag o ri
overl ooked at first and only considered whe
many %sof7Opatients suffer from chronic cough
as many as 20 years, and it was the presenti

not considered for the purpose of the correl

I n addition, the data from 27 families with
byoutileo tdteimoghstrated that ARGGEEp pegpreatmeixetain
stable and no | arge expansions or contract.i
al |l Mdoreeover, we specifically interrogated th
and the data obtained from peatiisadaretncleulok tsiig
instabilityiof dilid eremeat v srsmwetsi, o m oafe vitelre r e
el | | ev elcd udbRenpoetatbe xgpxansi on di sofdgres mbf ne
instabwhetg an expanded allele may bheaewodme | ¢
omatic instability, where the expanded all €
o unaffected tisthesoewrfverhappaeme pRORtC 1d ot ,be
i sease. This idcentthe RFitCULaltyebbfr g pmnbkt ons and
n di sease onset and t he progression. Il nd
eurodegenerative repeat expansion diseases
ause more severe dihsedssuwiht mseaml| irerceasge v
9ordr7 20Mlieltl. aa |:IS@NGedr a :2@BDI t t et .s2adlj3kPetr i c

I, 20Zh¥ findings have sever al I mpl i cations

the patient RF@éxpamnsiiadnsel aecd ability to be

MIT



progression as well as possibility to ident
complex and debilitating symptoms.

l ndeed, this wor k -efvuorltvhienrg apeiEc@dbu steoa eteéh es peevcet rr

identifying more expanded alleles with smal/l
(the small est previ(Cwogleyesmépgobdhgdd shoeifnagr , 4 OnOr
carrying AAGGG =expansi ons i n birdalhleelei car feo rni
premutation alleles and AAGGG is fully penet
di sorderfi2ZgR®wn i n

CANVAS AAGGG - 0]

owv1 | I [

FROA | [
Ho
nio | [
scazs |l ]

100 200 300 400 500 600 2000 3000 4000

Figure2.20A visual representation aépeat expansion sizes in AAGGG CANVAS dive other neurological
conditions caused by repeat expansiésple indicates pathogenic expansions and black indicatesytation
expansions. To datehe smallest observed AAGGG repeat expansion in CANVAZ5[3 repeats and no
premutation alleles are observé&ther neurological conditions such as DM1, FRDA, HD, NIDD and SCA36
havea premutation allele where expansions are present but are not yet sufficiently expanded to cause disease.
There permutations may become expanded to pathogenic sizes when transmitted vertitfaflying.

2.4.2Repeat expansion sizing RFC1

The need for sizing of the alleles is also h
met hods may indicate presence of biallelic e
inability to size the repe&vbubihblathtasn g exfn tah

gold standard technique for sizing the expar
its | imitations. Il was a part of the team wh
Neurol ogy, University Chllegealbddbhnn@nthe e
al t er nSotuitvhde ottha i n g

My



Optical genome mapping is a new technology a
variants withing the entire patient genome.
mapping and altogether, we vdleisdatidad tkine wtne
RFCelxpansions that Sbaviklebeenngi zed with

We compared the repeat Ssizing between SB a

correlation of the two techniques. We notice
in the regression, which is accourithed OGWM a
met hod, particularly for the expanded all el e

overestimation of repeat size with SB or u
el ectrophoresis to resolve | argatfoagménsecao
structures by the repeats, slowing down the
overestimation of the repeat | engths. Mor e o
with a |l ogarithmic dealsea,zeesitsi mandroena safngtl lye
fragment s, and it often cannot resolve sim
(Facchini®t. BOMMO 23 Kk *

On the ot her mdear,esQGMnameaey expansi on si ze by

DNA mol ecules during imaging, |l eading to the

Mor eover, OGM, unli ke SB, was able to distin
17 patients)whitl &6,i Ptomwe Pasda7(Pt 15), the p
suggested via SB, but only dneabden®e®entl ,wals

i mproved the allele sizing resolution in 4/ 1

An additional advantage of OGM is the possib

(>500 nt) in the entirRFCilasi engbdbs genome i n
Both techniques require good technical skil |l
storageamasport considerations. However, adv a

time (in ideal conduh awvars ,t ianpep rfoaxri m2aN A | iys allOa
|l abelling, overnightghomohgQeoobat i DWNAOHf Bimé t a ta
coverageudwmd 24h omated data col | etchtriooung)h,p uh i
out@pkacchini &t. BOMO 23 Kk *

A known | imitation of both OGM and SB is t h:

repeat sequence and need to breazdmpded egumemdierg

M n g



is particularly true in cases with typical C
where a truncating variant could be present
suspected configuration motifs dhfdesemitbdad
chapter 3)

2.43 Beyond CANVAS

Since theRFICAixparsiyomgd as causative of CANVA
been gained that the disease has been wunder
tested for the expansi ons REBCree pbecaetn eaxdpda nnsgi ot
our work shows that these expansions can cau
sensory neuropathy, s ens érl yo wne WCrAANVAtLShy Cdom @ n @
and dysautonomia wer e sdesddreidh e ch oiwe vtelre fi isir & tt
becoming increasingly apparent t hat ot her f
pati emtFsCrlepeht expansions. For example, a pa
syndrome was found toRFCAxmpyngkKeimste |,d1c2 0p2adt)h o
Convetoselajt,e we have not encountered a patie
biallelic AAGGG expansions and this was fur
where 54 patients wit [Haiddaisospdtifmiud 02¥84axi a wer

With such a broad spectrum of signs and symp
patient shoRIFCelbhpanseistmsl, flopowever, anyone Wwi
neuropathy m&RFCdeneémnitndgraimter exclusion of

bel ow presents typical and atypical RFC1 spe



Typical features Atypical features

(RFC1 spectrum disorde

Progressineairoprags iyy |[Absence of sensory neu
Chronic cough Presence of motor invo

Al tered vestibular o/Early age of onset

enhancedocabbarbuoukbdl e . .
Rapid progression

Gazewoked nystagmus, _ _
Prominent dysautonomi a

Dysarthria and dysph

stages of the diseas

Table2.7 Typical clinical features in patients with RFC1 spectrum disordeatmical features where diagnosis
of RFC1 spectrum disorder is unlikehdapted from Corteset al,, 2022

2.44 Limitations and future horizons
Theaimm | i mitations of the work described in
the recollection bias of onset of neur ol ogi

reporting an ol der age than whehicteme rey mat an

of the study resulted in differences of <coll
bet ween centres; | arge amounts of good qual.
patients not DbSeoiun dil edrtndciil zuiginegd uahrmaav layhseias;i | i ty of
for most owhitdcdhe @aulidgnngaaMmaemtoigelnliyc vari ants
and finally but importantly the reliance on
met hods Swhelhleowtaikregs four days uofs uwaeisds dtnhde mi
Ssizing relies on comparison to a | adder trac

of human error.

The availability of morex pmomrdsircaang eich niohmrgo eis
genome mapping described in this chapter an
explored in the next chapter, however, there

more accessi bleef,f epcrteicviesse and cost



2.5 Conclusion

Il n concluseapftolidirselsatuidynshi p of siRFeClof t h
l ocus with the age of onset of t heThld sckatseae,
showed an i nvAASGEGepéart até x pmdhissfecans esiszeever i ty

age of onset of npatioeé¢migs cwilt sylmpnt gens e xxpans

Il n addi tiagn, cexplgemiompe mapping techndloogy ar
measur ement of repeat e x panGGM na pspiezaerss, atshi &
alternative to SB foRFGike@adseieaosi omwaneg sit
assessment of structural variants and other

in a diagnostic setting.



CHAPTER 3 Genetic heterogeneity of RFC1 disease spectrum

and its implications on laboratory testing

3.1 Introduction

3.1.1Heterogeneity of RFC1 disease spectrum

Around9782 % f individuals wbthIlkéliintc AARGEBNY A
however, few patients with full CANVAS phen
AAGGG repeat expansion and i n some (cCaosretse scear
et. al;20R@meitni,&l )20t2 3t he dIiIRFCdepernt obExpansi ons
Cor teedseahad already shown that the | ocus i s
AAGGG expansions identified t hatAldsido fienr 2f0r10o9m
a bioinformatietappfrowratclhhe Akazdaaed t o the then
motifs RFlCllodusnby identifying AAGAG and AGAG
pat hogenicity.

However, maj ority of confirmed cases have be
the |l ocus in different popuRRCexopnasn shi aovnes . a dl dne
first CANVAS testing in populations of New Z
t hat those patients suffering with GANVAS

2§ AAGG@nd their phenotype did not di ffer fr
suffeBeeenofatl 20 Fu)y t he-Paciahi Astahof 6RFWals scr
expansi onet.bgl aSicdr inboav e | pat hogeni c iAQAG G . moltni
coll aboration wit hSduhtel lgortbtoipn, o we ofr floe mienddi

ACAGG motif has been discovered and saw | arg

This evuggeasteed t hat further ge@GANVAS hanartohye
di sease spectrum padhageémisec mdtilfikedy weolnl

pathogenicity avail able whenfi@p.lembar ked on
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AAAAG,,

nonpathogenic — m AAAAG,
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ﬁ

RN
pathogenic — m ACAGG,
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Uncertain — m AAGAG,
pathogenicity
. s

Figure 3.1 Genetic heterogeneityf RFC1repeatiocusdescribed up to 202M0Non-pathogenic expansiorsse

shown in green anthclude the normal, reference allele AAAAGThe pathogenic alleleshown in orange
include the common expansion of AAG&gs Expansions of uncertain pathogenicity are shown in Bldapted

from Davieset al,, 2022

3.1.2Sequencing methods in repeat expansion research

Sequencing of | arger expansions can be <chal
possi bl e wusingSameghehrod & o st c h e(a@o r ¢ ¢ uyael N2c0i 1n9g
Ef t hyemi. qaul DO I mt .k,al 202 3)

Read |l ength | i nwmhtoaltei ogne noof m@Gsparqtd erhebaedn g s usce
to errors mean that we and other groups are
for |l ooking into exp&onsivenl drger adaeds cemptct le x «
and omolty identi fy novel repeat expansi on S
interruptions. Undeni abl vy, |l ong read sequenc
for Il ong read sequencing platfor ms |hoaw ef dro b

retrieval of unfragment(Eeldeiethdg h2 md4 ;e t Ddamir n iwk
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SegaAaENEs Nne &
exampl e
nain tsed mdetseurl rtarnsg ¢ onmpnao reed
tbosesansd

S i mprov

mol ecul e. However, the technol ogy i
short tandem f E8p)RatThsiesguiencefs ¢our se of
testing, but al so S i nvsatlrueaabslkeq nierd cri evge aorfc he
popul ations to find which sequences might
Mor eover, genome optical mapping is capabl e
patientsd genomes opposed tPHo stplelead ththidn g ar gie
replSacvce bhleontni ndhe future.
Sanger Flanking PCR | RP-PCR Southern Blot | Bionano OGM | Short read Long read
sequencing sequencing sequencing
A l““" B8 MO 1 il 4
% ks H | * l—"—.+
VYUY LW el
g ‘Hw‘w:wﬂ_‘“.‘-‘& ‘ ; ..' p—
_LC) ||| [l | —
| \ L) |
* Quick * Quick Quick * Can * Can * Candetecta |+ Can indicate
$ | Easy * Easy Can indicate accurately accurately motif a sequence of
O 1« [Indicate * Indicate a presence of size size * Can detect a entire repeat
€ reference reference specific expansions expansions presence of |+ Cansize an
g allele allele or repeat motif |+ Sequence * Whole an expansion expansion
o . .
< |* Mightshowa small independent genome
repeat motif expansion mapped
* Less than * Might give * Canindicate |* Cumbersome |°* Not easily * Cannotsize |°* Proneto
1000bp false no specific * Needs large accessible the expansion errors and
» | * Beginningof amplification sequence quantitiesof |+ Special set * Requires artifacts
iy sequence result only good quality up needed validation * Low map rate
..g only * Does not » Cannot size DNA * Bioinformati | * Prone to * Expensive
© |+ Often does show large the repeat * Requires cs expertise errors and
> . . . .
° not work expansions * Might show specific needed artifacts
K] false laboratory set | * Does not
o negative/positi up show
ve result * Locus specific sequence
probe

Figure3.2Techniques used in RFC&peat expansion testimgth their advantages and disadvantages




Il n this study we | everaged short read WGS fr
i nvestigate the nor mal RR@GrHe ppeaatth oel xopgai ncs i voanr i aant
additional pat hogenRKECraaise antg CCAMNVAGurradi adm s €
The full sequencing of novel pat hogenic rep
whol e genome sequencing and sizes of the ex

andfouthleonti ng

We identified 3 novel pat hogenic repeat con
homozygous or compound homozygous state with

Patients with novel pat hogenic configuratio
(AAGGGgpeat expansion carriers, although in

and the di sease course more sever e.



3.2 Materials and methods

Main contributors to the methods3.(And resul't

Contribution tabl e

Met hods wused Contributors

CANVAS Screening (P|Natal i a,6 Dtoenfiannika cMaagrrdi
bl otting)

Sanger sequencing Natalia DominiKk

Bi onano Optical Gen|Natalia,D&mephlnie Ef

Clinical Examinati ol]Andrea Cortese, ERenpaa
Henry HoRIFCdnrepeat e
group

Bi oinformatic analy|Stefano,AFaaamjanWallcen't

Long read sequencin|lra Dgvaemsncath MacPher sao
Natalia DominiKk

Table3.1 Main contributors to the methods (and results) in this chapter

3.2.1Whole genome sequencing data analysis

The 100, OO oGercdmes un by Genomics Engl and ((
whol e genomes of UK National Heal th Service
can¢6&PP I nvestijaga2i0®rny hi s study, we | everage
screened for the presencRFOIIh BOBt smampll ect if d @

di agnosed with ataxia and 8107 RFoQdtpreclIts ,umal
di sease has a | at e age of onset . Repea
Expansi onHunt er DeNovo (EHDN) vO0.9.0. We cons
nucl eoti REf€lIlmdust.heRepeat motifs present i n
heterozygous state wii taht atxhiea AcAaGGG ,e xbpuatn sa bosne |
frequent in controls, were considered to be

Predicted genetic ancestries for sampl es fr
analysis (PCA), -aitshhmigcitthieesf iovfe tnhaecro000 Gen
Af ri can, South Asi an, East Asian, Amehicang¢

of the components reached 95% were classifie



3.2.2RP-PCR

Samples identified to carry novel pat hogeni
reperatmed@® CRRP) n addition, we screened a coho
414 for the 3 novel configurationsas wdefhi gead
the presencePOGR faopotshe i ARGR® expansion and t
PCR product from the flanking PCR, to | ook f
second aldRelfeor RAPAAAG, AAAGG oawrsd wraAsG GGe ref xopram
describedtogethaept awi t B -PtChiger irnaetriso nuasleed .of RP

Pri mers -POR ftdre tRFPe novel configurations wer
as i n33faingurae e avaid2ablgethert wetthabhe PCR con
and AAGGC modified to 30 s denaturation pe
configurations.

§

<
RP-PCR s
o
@EQ €
FAM - For Reverse
FAM - For Reverse Clamp
RFC1 AGAGGn / AAGGCn / AGGGCn

Figure3.3 A schematic of binding of RFC1 primers used-RER uses a fluorescently labelled forward primer

and two reverse primefisa reverse primer specific to the motif being investigatad an anchor which is
complementary to the reverse primer and aids PCR amplification when the reverse primer becomesldhepleted.
reverse primer contains a stretch of DNA sequence t
sequence immediately after the repeat expansion sequence.



Sequence Reagents PCR conditions

Long range | Fw: TCAAGTGATACTCCAGCTACACCGTTGC 251 Phusion Flash High- 98°C 3 mins;
. idelitv i 3 [98°C 13 secs
flanking PCR | Rv: GTGGGAGACAGGCCAATCACTTCAG Fidetity PCR Master Mix 2X §5°C 20 secs
(Thermo-Fisher) 72°C 3 mins] x8;
259l H20 [98%C 15 secs
65°C 20 h cycle -
0.4ul forward primer 10 pm . Fecs each ayele
0.6°C
0.4ul reverse primer 10 pm 72°C 3 mins] x16;
3% DMSO [985C 15 secs
1ul DNA (zround 50ng/ul) 63°C 20 secs

72°C 3 mins] x16;

T2°C 3 mins

RP-PCR Fw FAM: TCAAGTGATACTCCAGCTACACCGT Phusion Flash High-Fdelity PCR Master | 95°C 3 mins.
Asnchor: CAGGAAACAGCTATGACC M 2X (Thermo-Fishen) [985C 30 secs
Primers 0.5pM
RFCI-AGAGG 70°C (M)/ 65°C (V)/ 55°C
CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG | gDNA S0ng (W) 50 sees

TTTCAAAAAAGAGGAGAGGAGAGGAGAGGA

72°C 2 mins] x33;
RFC1-AAGGC
CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG

TITCAAAAAAGGCAAGGCAAGGCAAGGCAA

72°C 2 min

RFC1-AGGGC

CAGGAAACAGCTATGACCAACAGAGCAAGACTCTG
TTTCAAAAAAGGGCAGGGCAGGGCAGGGCA

Table 32 RP-PCR primer sequences and cycler conditions

3.2.3Sangersequencing

Any patients with no ampl i-PCBHSI eoPCRABGGduAkA
and AAAAG or where further sequenci®angerf orn
sequeasidgscribed AlnShaoh@éeéeeni ng cannot sh
repeauswetfiot iingdi cate presence RFCiAxpgaroitomder €d
in ~1000bps amplified by PCR.

3.24 TargetedRFC1llong-read sequencing
Il n coll abor at iiom Awistéhr plériafa oDremveeds oshe g enci ng t «

the precise repeat sequence in pati ®&FIC4d carr
Given the technical hurdle of sequencing | ar
di fferent platfor ms, i ncluding those from OXx

Target enri chment was perf or medr swiatcte d e isthipe
palindromic r-apeadisat(eCRIl R ei(Cas9) system

programmabl e selective sequencing.



3.24.1 Single molecule real time sequencing

Single molecule real ti me sequencing (SMRT)
and relies on creating closed circles of DN,
consensus read. This is accomphashpidnbgadbhpgae
coval ent closing of the DNA mol ecul es. The
i mmobilised polymerase that extends DNA mol e
each have their signals diedrecdfed@u.A3hen excit a

Errors in sequencing may occur due to noi se
or nucleotides with no fluorophore. These er
of polymerase through the DNA mol ecul e.

Pacbio relies on a | arge machine for i1its sei

affordabl e.
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Figure 3.4. Pacbiomachine and SMRT bell sequenci). An example ofPacbiomachinewhich is a large
machine and not easily affordable B) SMRThell sequenpiogides subreads from which consensus read is
generated Clexcitation ofdifferentfluorescently labelledNA basesesults indifferent emission for each base
(D) which is read by the machin&dapted fromhttps://www.pacb.com/

3.24.2 Nanopore sequencing
Nanopor e sequencing i s a technol ogy cComme |
Techno(l ®@NTI ) dhese sequencing methods all ow DNA

nanopores which allow for sequencing in real
for each base in DNA as it passes through.
This technology is easily accessible with th

to any comffu3ged )HowelWwSBE , t he technol elgy% has s



which arises due to electrical current bei ng

mol ecul e only passes once through the pore a

[

- =

|| —
L Y

nanopore
protein

v :current @

current intensity

membrane

®

time

@ 8vw

ACTGCT..

Figure 3.5 Oxford Nanopore technology arsg#quencingA) Nanopore machines are of various sizes and the
smallest MinlONis portable and can be used wherever there is an accessoiopater. B) the sequencing
technology relies on a single strand of DNA passing a nanopore protein which results in D) different electrical
current intensity for each baskdapted fromhttps://nanoporetech.com/

3.24.3 DNA extraction from blood

DNA samples for |l ong read sequencing were ex
t hat all ows for retrieval of high mol ecul ar
of | ong stretchebasédD&lAttdaani cohmehbys siva
DNA and produce shorter molecul es. Therefor

HMW DNA kit and an overview off i3ghée extractio



Lyse

Add magnetic

particles to lysate Bind

<) «—

Woater rinse (2x)

}

Magnetic
separation (™ Elution with Buffer AE

Magnetic =&
separation (™ Remove supernatant
of particles ™
l 2 x Wash (Buffer MW 1)
|':W Magnetic separation
l 2 x Wash (Buffer PE)
({'_:Na Magnetic separation

of particles —™

Transfer of eluate
into a new tube

Pure high-molecular-weight genomic DNA

Figure3.6. Qiagen MagAttract HMW DNA extraction methothis extraction method relies on DNA fragments
binding to magnetic beads. Impurities are washed off \pitffers MW1, PE and waterrigure from
www.giagen.com

MHO



For t he eekafr akcrtoitoeni,na2sle K was pipetloédbi obd &
was added and gently migell BNasapApi sighd fu tSiud s €
Buf fer AL were added and vortexed. The mi X
mi nut eglodndMalg’At t ract Suspension G was added
After adddtBahfef BMBO the sample was incubat
for 3 minutes at 1400r pm. Trhaec ks aampd eb enaadss pd |
separate. Wi thout disrupting the beadsl, the
Buffer MWl was added, and the sample was i nc
was repeated twice.t AZl® @rufrfeemo WIiEn gvasu mardreat a
1 min at 1400 rpm foll owed. This sctoefp Bwafsf erre |
AE was added to the beads and incubated 3 m
was ©pl aced ornactkh eanna gtnleee i xuper natant coll ect
without disrupting the beads.

This wiaMA used in long read begubPaunv@mlgihegad U ead c

Sydney, Australia, who also provided the met

3.24.4 Long read sequencing

For CRI StPRr Caats®d sequencing, fragment |l engt |
Femto Pulse Genomic DNA 165 kb kit, and on
fragments were over 25 kb were used. Li brar

each sample for -Ampt t arlyet Pdc BiegquBaoacCag9 ut il
system protocol (Version 09) and the Oxforec
enri chmenstK1(02QK protocol (Version: ENR_9084 v
wersequenced on the Oxford Nanopore Promet hl
Sequel I le, respectively. For the Oxford Nan
we used f&€as9CRIuUsSERSs dtr,oanl Nakamur a

RFCARL1:-GANAGTAACTGTACCAGBNATGGG
RFCR1:-CBANJATTCGTGGAACTANCTTGG
RFCR2 -AGCGANCTCTTTGAAGGAABANAGAGG

RFCR2 :-TGAGGTATGAATCATCGB8NGAE®&Ge ptl, f-IXrla rGha sXlIsl | V
for whi ch onkdy amwhRRREWEdAr e used. -FIBhe 5g\wi d
GAAACTAAATAGAAGCOIAGOCCIR3IRFEEIGIITATGGCTTACGCIGAGTG



desighedséen were ushep ftar ghaechkBi ceMdaencing, ¢
were multiplexed using PacBio barcoded adapt
Mi nl ON wer eouwmt H ogt &dahrd | oadi ng protocol s
for a moviceuwstme arf i3M@mdbi 6u.zaAlilonl ith rneer iogs 4y

neat .

Programmabl e targeted sequenci 06t wasentpagaslkor m
202HMW DNA was sheared D200 fkrba gueinn-g ushCezseasr ic
Sequencing | i brar D35sg woefr eHMW elpNMA ews ifrirgom nat
kit -ISSQK110, according to the manuf aaddederds o
a FMON106D (R9.4.1) fKxxoéwowNaadelphbireln@N rdieav iocre awi
target selection/rejection exelRayra ab®02Mh)e.
Detailed descriptions of the software and |
experiments are provided in a recent publ i c

approach for pr ofStleivnagntotZafhid?&)e t apgat sused ir

was RtFfCglene | ocus N50 klbr Sampalke suwe weswittnho n
nucl ease flushes and | i brary r eHouwrdsgnogt npneer f o
for targeted sequencing runs, to maximize se

3.24.5 Amplicon long reagequencing using Oxfoldanopore Flongle

Standard RF€deprgt of egPiiCoRn awiltohwsRH or detect i
absence of a known repeat expansion motif di
moti féds sequence to bind along the repeat tr

temsg ii f the most common pathogenic AAGGG exp

Il n order to devise a quick RRhCGCLxegpaxmnys i mat hmod i
ge n 0 MINA , I used Oxford Nanopore |l ong read se
amplified PCR product from a known biallelic
was carried gbblNtA ovmt 80mpg/fi mers fl anki-ngndgde r
PCR protoc8l.1as in table

The | ibrary was prepared wi tLhS K1l 1gd4a)t ikoint sferqgoune
Nanopor e. 100f mol of t heelWwiCtRh pPORugrnt a da swalti ¢
of DCS8lofl Ne®HNext FFPE oDNA NEPMeéext bRFPErDNA R
1.€16f Ul t rPar elpl REmcti oalUBuf et l akddlPb5ep Enz
added and mixed gently by pipetting. Usi ng a

MH P



mi nut 6 an’@ 2&®&&ch. The sample was translferred
of AMPure XP beads were added and incubated

mi xer . The tube was placed on a magnetic r a
without disrupting the beads. The blelads wer
nucl ease free water was added. The eluate wa

andluked for quantification with Qubit fluorc

12 15eof Ligadli dNfEBBNefxfterQuisick TdloDNAiIigiagasa Ad
were addeldft ®NtAhs a3n®@l e and incubated é¢§lor 10

of AMPure XP beads were added to the sampl e
was incubated on hool amixer for 5 minutes at
for 2 was hfersagwnermt shhwfrfter. Th&daofsaepltei ovasbef f
lelwas used for concentration quantification

|l i brary was injected onto Oxford Nanopore FI

for 24 hours usiahgihagst model base

3.24.6 Bioinformatic analysis
Bi oinformatic analyses wer,e tphea floalmew et Dad
provided by Dr Facchini

Al ignment to the hg38 reference of Nanopor e
done using mMinimap228r wio-@oaxa@waEd@ | 0dal Fopt iPa
sequences, the recommended step of geserati:

from subreads was not al ways possible becaus
only CCS map we could obtain-lwadAfter t@he gAhAm
used PacBio scripts (https-s¢tr gpetxdhbatcdo mi/hPea cri
region (extractRegions.py) and obtain waterf
AAGGG, AGAGG, AGGGC, AAGGC and AAAGG.

For programmabl e targeted sequencing, raw ON
format wusing sl owbtcoaolllse d( vuOs.i3n g0 )@uwp ptyh e(nv 6b)a.s €
files were aligned to the hg38r 8&3)esrheohircte ge
tandem repeat ( BFRllosu s ewavs t pematyh@gad edsipng
(Pagphe,al 2T0R2i1ls) .met hod i nvol-awar ¢hessemal yhapl



spanning a given STR site and annotation of
using Tandem Repeats Finder (4.09), followed

3.25 Haplotype analysis

We used SHAPEI Tv430 with defaul't par aimeter s
40550000) enkétdgass.i ngo tmaxi mi ze availabl e h
entire Rare Diseases panel in Genomics Engl a
di seases) were jointly phased. The input dat
55179%mtwari a

The estimation of haplotype age was based o
Esti muatttops:(// shiny. we hid aetd (n@a/a deotd.f,@h2DHhel IMut a
met hod required as input a |ist of ancestral
individuals with pathogenic expansjo@Gase AAGC(
and C&8se |11

3.26 Optical genome mappirend southern blotting
Patients for whom whole blood was avail abl e

mappingaéO&GMscri bed in chapter 2.

3.2.7 In-silico prediction ofG-quadruplexe$ormation

Gquadruplexes (G4s) are stable structures fo

that are rich in guanine. G4ds can form mul ti
can further stack togeit3p&dnTlhe stoamtmecaf bfyolsdio
of g@adrupl exes can affect numer ous cellul a

transcriptionFr astdoatir®&m2l)ati on

; o— \
/ﬁ | N,H — : Loop

“—<N |N)\N/H”.N..NYN\R Parallel Hybrid Antiparallel
{ I H
R

Figure 3.7 G-quadruplex A)G quadruplex is formethrough hydrogen bonding in molecules rich in guanine
which further B)forms into higher order structuresdapted from Frassoet al., 2022.
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3.3Results

3.3.1Novel pathogenic repeat motifsRFC1in patients from the 100,000 Genome project

Of 893 cases diocagrodtsead awii ah (dadelrt t he age of
the 100,000 Genome project, 124 cases harbou
48 had biallelic AAGGG repeat expansions, th

di sorder.

To i dentify additional RHEGlivg pptehofgenntl yep
repeat configurations presastetiatpatae@bsedi
year s) or in a compound heterozygous state

expansion but absenéegweaentsiigmidorctamoly Utedsr
(f i3g .8) .

-

Figure 38 100000 genome project screening for novel configuratioHE1 893 patients ove30-yearold with
hereditary ataxia were screened and homozygous and compound heterozygous motifs with AAGGG were noted.
Non-neurological controls wemdsoscreened, anthe5 expansion motif§hatwere only found in the ataxia cohort

are shown in the red bokhe pentanucleotide motif ACAGG in yellow has previously been described (8triba

al., 202) and the four pentanucleotide motifisgreenare novel motifglescribed in our study.



Various pentanucl eotide and two hexanucl eoti
cases carrying repeatl)ex paGiGGCA N(sCatsleBBGA GGCH Ce
VI-1) repeat moti f s, -nwehuircol ovge rcea | a hcsmenrptr eisrs nn AAr¥
the homozygous state, while AGGGC and AGAGG
with the AAGGG expansiontre@ort addAgi amadncas

previously reported rare pat hhommpeaeryigouAsACAGG@tree

AAAAG, AAAGGG and AAGAG expansions were foul
and conatBhplesBpport-paghopenrcnengni ficance, w
percentage of compound heterozygous AAGGG/ AA

Patients carrydilng ahAGBGGQRAGaeRplaenslilons wer e
South Asian and mixed ethnicity, respectivel
be East Asian based on the predigureat igoemse twec

mostly identified in individuals of European

We did not i-df#minhictyoanyat oant OoRFGderue tium al
individuals carrying heterozygous AAGGG repe

Hereditary ataxia (N=893) Non neurological controls P values

(N=8107)
Rare homozygous (<1%) repeat expansions present in ataxia cases and absent in controls
ACAGG/ACAGG 1(0.01%) 0(0%)

AAGGC/AAGGC 1(0.01%) 0 (0 %)
Repeat expansion found in compound heterozygous state with AAGGG expansions (allele 1/allele2)
AAGGG/AAAAG 21 (2.3%) 248 (3%)

AAGGG/AAAGGG 5 (0.6%) 32(0.4%) Ns
AAGGG/AAGAG 3 (0.3%) 16 (0.2%) Ns
AAGGG/AAAGG 4 10 (1.1%) 47 (0.6%) 0.05
AAGGG/ACGGG* 1(0.01%) 0 (0%)

AAGGG/AGAGG 1(0.01%) 0 (0 %)

AAGGG/AGGGC 1(0.01%) 0(0 %)

Table3.3Frequency of differerRFClbi al | el i ¢ expansions in 100000 genom
neurological control®ver the age of 3(Rare homozygous (<1%) and compound heterozygous with known
pathogenic AAGGG motifs are showi®range circles highlight the AAGGG/AAAGG alleles that are
significantly enriched in the hereditary ataxia cohort as opposed to th@ewnlogical controlsNs=non

significant. *ACGGG is found in small nepathogenic repeat expansion rangdapted from Dominilet al,

2023.



3.3.2Genetic screening for validation of novel motifs
The presence of AGGGC, AAGGC or AGAGBCRepeat

in all three cases, and the AAGGC repeat seg
present in the-22dif(8€0€ted sister Case |
A

Case I-1 Case IlI-1 Case VII-1 Case XII-1

(AAGGG)exp (AAGGC)axp (AGGGC)exp (AAAGG)exp (AGAGG)exp (AAAGG)exp
(AAGGG)exp {AAGGG)ex (AAGGG)ey

N S O TR

AAGGG

25 .
20
15
10
5
0 1 2 3 4 kb

o (i
U | l:’ |

|

| l!‘ Il
3011 'Y
Al ]1| h
(i amm)
i 1A
15 20 25kb 0 1 2 3 4 5kb

Figure 3.9 Longread sequencing defines the precise sequence of the novel pathe§éianotifs. (A)
Pedigrees. P = proband. (B) R plots and, where availabBouthernblotting images and optical genome
mapping plots. (C) Longead sequencing results of representative patients with AAGGC, AGGGC, AGAGG and
AAAGG expansions (Casesl| IlI-1, VII-1 and XIF1). In Case IH1, only partial reads, which did not span the
entireRFC1repeat locus, could be obtained from the AAGGG allatiapted from Dominilet al, 2023.

Additionally, one case with isolated cerebel
an ACGGG repeat, whi ch wa sSaabgseegrute nicn ntgh es hcoomne
the ACGGG expansion was only 50 repeats, whi
pathogenicity (250 repeats) for the pathoger
l' i kely -pat bb@eg enminc (f ii3g .1tONN st acbal sye, the patient
cerebell ar ataxia but nRFCie seapat hy, which i
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Figure3.10 ACGGG repeat motif. aoutherrblotting shows one allele with small expansion and one expanded
allele. B) Sangersequencing shows ACGGG motif and suggests a very small expaokiabout 50
pentanucleotideepeats which is within the ngrathogenic repeat expansion range of up to 220 repeats.

Next, weP WK etdo RPcreen an internal cohort of
sensory neuropathy, ataxia or CANVAS and i
AGGGC expansilonll(MCé42¥antd)l Vand three cases ¢ca
expansions on the-1selXdbdanndd )a{lllwd edi(dCase@ts iXdent
AGAGG or AAGGC repeat expansiorerpoatederlCaucaA
et hnicity.

BaseBoonhlkont G earealdomse ue.Briamg C) when av.
we oOoObserved that the sizes of the rare AGGGC

>600 repeats in all cases [mean N ftganidlard ¢
A) . Further mor eSouenmokewgWwa ddNgaAv diorabl e from fi
CANVAS/ spectrum iKi)soracserde(fCarxeals bWl t he preser
and at | east one of the additional featur e

vestibul ar arefl exicantrcdughYar  rand g eicgohrip o u
AAGGG/ AAAGG ekiBaidi &8ns (
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w AAAGG (0] . e Controls
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Sa000] QR § -
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z g ‘
£ 1000- x
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______ e m————m————mm——=== 250 repeats
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La b \s v v

Repeat configuration

Figure 3.11 RFC1 repeat expansion size8) Expansion sizes ofommon pathogenic AAGGG, previously
thoughtnonpathogenic AAAGG and three novel configuration moftifee dotted lines refer to the smallest
pathogenic expansion of 250 AAGGG repeats identified soBpExpansion sizes of AAAGG compared in
CANVAS patients and neneurological controlSCANVAS patients showignificantly (p<0.01) larger AAAGG
expansions than nameurological controlsThe AAAGG expansions are in compound heterozygous state with
the pathogenic AAGG@xpansionAdapted from Dominilet al, 2023.

3.3.3Longread sequencing confirms the sequence of the expanded repeats

To gain further insight into the exact seque
target-edad osngdiug8dnDQi.ngWe( confirmed the prese
AGGGGsion Calseanldl AGCCake Mddeowvead deoquyenci
enabled us to define the exact repeat compo
whi ch reveal ed t he presence odAAGGESEMd repe
( AGAGH)AAAGH)N Cdsaxndl, Vikespecrteakl|lsyequemgi ng
performed in five cases <carrying |l arge AAAC
uninterrupted AAAGG-Imo-iXldsd) XI twht bes{ €asesf X
600 repeat wunits, respecti-vedrnd) Iwka ricreimgp we x p |
(AAAGHGAAGGE&GNd (AAASEGGE)epeat s.

3.3.4All pathogenic repeat configurations share an ancestral haplotype
A haplotype is a combination of dihfef saeet as$i
that tend to Herieremermpiatne ca ntdo @gseeti geerr 200 4)

Hapl otypes are importantcaueohg 1 opci nvesthiog:
popul-baadassddudi es and can provide information

mut ation events or di st ant events such as fo

MOO



We | ooked at the inferred haplotypes associ .
regi on Dfg..6162bklh ween Markers B98660B84, chgld883
shared among all pat hogenic alleles. It 1 s w

Mar kers A and WDR 1aQRiFtCgle nesgwabeshared among

all el es, execle)pt whneer ¢ Gahsee hlapll ot y ptey pbee caalmee Ite
This suggested a more recent r-Bcofmibe nlaan ger e
region idemntirfsi @i itmecamovel pat hogenic confi
AAAGG <carriers, supports the existence of a
expanded all eipasg.hodebpablpgmAdddA@npanded AAAAG
ori gi naat eddi fffreooment hapl otype.
We =estimated that the ancestral hapl otype
confi guRECIlioknes]l iy ndates to 56 100 yeailslmgo (!
580 years)
¢ 207Kb
| 66Kb
+1 TMEM156 wAC0790921.2 - i-emn—e—++— RFC1  »RNUG-8B7P wemim»LIAS Genes
-4+ pKLHLS WDR19 ' +H—unKLB
AC079921.1 13NUE<32P ’MIRSSBIMCOZHAB.?
i = RPLY

15.73 ‘ ‘ HapMap

]\ l i ‘ recombination

ol fhll e L | L e s g TR (M)

39,000 39,100 39,200 39.3_00 39,460 39,500 Kb chrd

B R C

AAG6 hom LI | [ (o
ACAGG hom— I [ { : : | | il i I |
Case VIl-1[_ i i Iéﬂ i IE ! t E " n||{§|gﬂ””u E EEI”
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Figure 3.12 A shared ancestral haplotype in patients with pathodgeRi€1motifs. Graphical representation of

the haplotypes associated with AAGGG, ACAGG and novel pathogenic repeat motifs identified in this study. For
each single nucleotide polymorphism, the reference allele is represented in blue, while the alternatise allele
represented in yellow. The repeat expansion locus is marked with a red line (R). There is a shared fggion (B
rs2066782rs6851075, chr4:393023089366034, hg38) of 66 kb for all novel digurations. A larger region of

207 kb (A C, rs148316325s6851075, chr4:391588439366034, hg38), which is flanked by two recombination
hotspots (arrows), is also shared among all but one allele for Cdsesulfjgesting a recombination event at B
(rs266782) in this family. The shared haplotype lies in a region of low recombination rate (HapMap data) and is
delimited by small peaks at A and C. A smaller increase in the recombination rate is also visible at B. hom =
homozygousAdapted from Dominilet al,, 2023.
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3.3.5Clinical features of patients carrying novel pathogenic repeat configurati&®idmh

We found 14 patients from IRFClamebhtesooa&argyur
The demographic and cliniaalai cablr acli @Alaptpiea
patients were Eur ofe an2sl, Mmahpoarwe rfer ofmm o@Gia,slensd ila
who was from Aus torfoan sieat. wahse &2 KhegkBs7 6R4d
di sease duration at exa®édpatyiean ewmdsSi hapgat so
sensory neuropathy, which was associated wit
neuropathy and westwhhbdlears ed/yesnf ucnacsteiso had f u
features were observed in some cases;l)i,ncl uo
cognitive impdirrmamdptvi mGasée K Hmpgld Idircth)sled |

and REM slbbeep dbslbadier with positive dopamini
| XX). Autonomic dysfunction was obsetvaddin

| +11) , who both carried AGGGC expansions, it v

3.3.6Pathogenic configurations RFC1lare predicted to form @Quadruplexes
As r epertiicth vseeq@ences asechkhndanyt ®NAostnr Gd s u
as transcriptional regul ators by 4JiDMN@e dirng t
stalling the progression of RNA pol ymer ase,
di fferent repeRFCltloohbrgouiGdsi ons i n

All pathogenic repeat configurations showed
for t-keoweflo@Gdmi ng r egMYCBIFHRAS hh& e s, as predi
QGR-Blapper and G4Hunt efp,atihm genrn tcr a8AAAtGo (tThad | &



Gene: analysed sequences QGRS-Mapper score G4Hunter score

RFCI1: (AGGGC)1wo 42 1.83
RFC1: (AAGGG)10 42 2
RFCI1: (AAGGC)o 21 1.82
RFC1: (AAAGG)10 21 0.94
RFCI1: (AGAGG)10 21 1.12
RFCI: (AAAAG)10 No putative G4 identified

c-MYC: 41 2.59
TGGGGAGGTGGGGAGGGTGGGGAAGG

HRAS-I: 41 1.19
TCGGGTTGCGGCGCAGGCACGGGCG

Table3.4. G quadruplex formation prediction mariousRFC1pentanucleotide motifs comparedwell-known
G4 forming sequences ofMYC and HRASI. All the pathogenic pentanucleotidesind inRFClrepeat locus
(AGGGC, AAGGG, AAGGC, AAAGG and AGAGG) shohigh G quadruplex scores comparable toviled-
known G4forming regions of theMYC37and HRAS138enes The norpathogenic AAAAG expansion is
shown not to fornG4. Adapted from Dominilet al., 2023.

3.3.7Motif detection using long read sequencing on amplified PCR product

The curr8anhgggmgquerding can only sequence the
around 1000bp and often does not provide a ¢
RPPCR only provides indication of presence ¢
exomeholte genome short read sequencing may e
end of the repeat sequence directly flanki ng

be short (around 100bp) and may Iisequercithy

l'imitationsgargateaedldl bhgnread sequencing
chall engt hgREGlepeaft expansions, and it i

to scale up.

Therefore, a known biallelic AAGGG sampl e

and | performed | i brary preparation and

sequ

for

The Flongl e sequei@g rAsgh)oows PAARSG GG osdeugcute n c e

xpensive and challenging CRI SPR/ Cas?9

usi

S

S 1

h a

oncg

e
a possibi,mbtyg sofrmneaamise@E @iot i f swirteheonuitn gt he
e

of the repeat only foll owed by r egtihoynmsi noef
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ncing to inspect whether ad rtelpwesatwamortar

n
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andytodiumdder downstream. These are errors
amplification across the repeat region and r
addition, the sequenci-agpamdedadk*bfeibge)lpdrtece n
contrary to flanking sequenci ngSowheiree nrta nrge f

where no allele of nor mal size was present

sample at the DNA amplification stage.

Figure3.130xford Nanopore Flongle sequencing. Barcoded primers targei@d.repeatvereused to visualise
expansion motif present in a DNsample known to contain biallelic AAGGG expansiorsvalidation of using
Flongle forRFC1repeat expansion motif detectiofop panel indicates an unexpanded algtéch might have
resulted from contamination at PCR amplification stdgetom panel indicates a repeat expansion and yellow
box is used to zoom in on the repeat expangibich shows high error rate apdesencef various bases other
than expected in AAGGG expansiogggenandorange.

MOT



3.4 Discussion

We | everaged WGS data from nearly 10 000 i n.
sequencing project to investigaRECriehpes anor mél

identified three novel repeat configuration
including AGGGC, AAGGC and AGAGG. Notably, wi
uninterrupted or interrupted AAAGKO LeptanB DD

pat hogeni c. AAAAG, AAGAG and AAAGGG gnmpansi
(f i3g )1 4

AAAAG
[ Likely non pathogenic AAAGGG
AAGAG

Variable penetrance/ expressivity
(dependent on size and/ or AAAGG
AAGGG interruptions)

Observed in single families
AGAGG

Pathogenic AAGGC

Observed in multiple cases
AAGGG
ACAGG
AGGGC

Figure 3.14 Normal and pathogenic significance of repeat expansion motifs &R locus. Likely nor-
pathogeniaepeat motifs found iRFC1found in our cohort are shown as well as the pathogenic nobstsrved

either in single families or in multiple cases. AAAGG repeat expansion motif is found to be eitipathogenic

or pathogenic wen sufficiently expanded and in compound heterozygous state with known pathogenic AAGGG.
Adapted from Dominilet al., 2023.

Most pathogenic repeat expansions were found

ACAGG seemed to be common in East Asians, w
South Asian ancestry. | nt eresti ndglryo,m nao ssth apra
region of 207 kb, supporting theDbO O000giymeaf
ago. BRaf aprevi ously identified a | arger anc

affected by CANVAS of 360 kb and estimated

MOy



approximately 25 8801480020 d€yraadadshnal @O 1) ;. 1
our study, the inclusion of additional patho
all owed the identification of a smaller cor
the origin of the common anm®REé&S¢€tolrt ciasr rryd ansgo n
believe that the dGcurarsicitti o#Cs CabdcNeesti oAs
podAy t ai | of the Abux®s8ralemapt obogpehéavour e
of -GICch motifs over the millennia. Since the
estimated to haveid0k0eh0 py eeaacres adbga,t wel Qa0 s |
containypg bppkatd with the migration of ear|l
the Near East and to the rest of the worl d.

Patients showed <clinical features wundisting!
AAGGG expansions. I n some cases, however, tF
symptomatic dysautonomia, ear | yi scteurrebbaeniclear i
The identification of these motifs has direc

PCR for AAAGG and AGGGC should be considerec
be paid to carriers of compound AAGGQ/dJAAAGG

sequencing of t her esaadt es ¢ qu enctihnrgo uigh 11 e@agmme

possi ble pathogenicity. |l nSaddbéobhigregiemend
optical ma-ppadgseguéepnogng awettwamar santgge st n v |
phenotype but i nconclusive screenamml,i fsiuahkhl e

product on flanki-R@GRPCBrbAAGGBEgakxparsR&n.

Il n addition, during the course of this thes
clinical CANVAS phenotype but with AAGGG ex|
individuals with standard scr €e€mRi nagn dnrestohuat dhs
blotting if sufficient DNA was present and f
whol e exome sequencing to test RFGQLn ptrressresn cvei
the AAGGG repeat expansion. Tepdbbiuent $ of camr
mut at R&Liln ntrans with the AAGGG repeat expal
found to R&CEAr arslarcieplt Ramdo plt2Q@ 23 )n

These findings add complexity to CANVAS gene
full char RFtCelx psmasi oms osequence and size to
di ag(8s.i18)



Figure3.15 Proposed algorithms for screenfgRFC1mutations CanonicaRFC1screening includes RPCR

for most common pathogenic AAGG@peat expansion and sizing confirmation with Southern blotting.
patientds phenotype warrants st r on gleartylbiallelic BAGGG suspi ci
screening results, necanonicaRFC1screening should be employetiich can include expansion sizing via SB

or OGM or LRS olNVGS/WES for detection ofsecond pathogeni@riant intrans with the pathogenic expansion.

The findings of thigcomplexi bhryeliod ti eRliFtCdlit hhea ge
support to the hypot-derstiesntt haft ttthe [matzhleo gaenn
i mportant than the exact repeat moti f. Cons
rich-cont &nt and are pretianbtedGde, fwhmchi ghWV
demonstrated to affect gene tanséehept2®22; n
Wangt. al2021)

Both Nanopore or PacBi o sequencing platforn
adaptive selection approach were use&dCtlo inc
repeat | ocus. Despite sever al att empdaasd and
sequenci RFCaepdaate remai ned chall enging and,
configurations, size and DNA quality, only
cases. Notabl vy, RFe€Cllenusoaer agseso aampéhese dvais
recent R¥FtClldpeaf composition uBrndampamMan@p@@Be s
The authors attributed the variability to va

the del ay between bl ood sampling and DNA ext

3.4.1The future ofrepeat expansion testing
Il n my thesiedanl ekepeat expansion sizi Mg and ¢

work expanded thet Eenowét R& gty padri ¢ itedred | eoxcpulsai n e
the i mportance of not enxlppndebaecmmiong ft bhatcai
repkeashowed that PCR techni gueSRRFaREp oisniftoirvneat













































































































































































































































































































































































































































