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SUMMARY

L'avvento del sequenziamentaead lunche ha migliorato la nostra caps~** -
caratterizzare regioni genomiche compleasatterizzate dgrandi varis
strutturali, elementpetuti contenuto anormale di GC o geni altamente omu.vy. ... La
combinazione del sequenziamenteaalunghecon strategie di arricchimento che
consentono di catturare frammelutnghi di DNA rappresenta uno strumento
prezioso per ridurre i costi di anahsasimizzando la produzione di dati su una
regione di interesspecificaln questa tesi sono state valukatearatteristiche e le
prestazioni di tre diversnetodologidi catturadi frammenti di DNA lungdra i quali
figurano la cattura indiretf&drop di Samplix)il sequenziamento target mediato da
Cas9 ed una serie di metodi basati su ibridazione mediantePbldeQas9 e
dsDNA-probes)l vantaggi di questpproccsono stati valutati combinazione con

il sequenziamento raad lunche mediante anoporiper l'analisi delleépetizioni
presenti nei geRMR1 DMPKe CNBP Gli stessi sono statlezionatome casi di
studiodi malattie congenite contraddistinte rispettivamente dant@dgjetunghi,
lunghi e ultrdunghi.

Tuttiimetodh anno per mes s aricahiméniacfmmneenidunghiedi | 6
DNA oltre le kilobasianche slero lunghezza risultataariabilera i diversi approcci.

In particolare, la cattura mediata da Cas9 ha permesso di sequenziare molecole fino a
50 kbp di lunghezzgrazie alle quali &€ stato possdatatterizzare una ripetizione di
466 kbp, una delle piu lunghe ottenute con approanicthimentoNonostante si

sia rivelatiapproccio piu sensibdétaqualita del DNAJi partenzga cattura mediata

da Cas9 ha consentitioottenere il piu alto arricchimento tra i metodi testati. Usando
il metodo Xdrop siamo riusciti a cattuaoezioni di DNA ancora piu lunghe (100
kbp) rispetto a Cas$gppur frammentate in porzioni da ciré@ &bp, e ad un livello

di arricchimento leggermente inferioneltre, il metodo Xdrop ha permesdio
lavorare con le quantita piu basse di DNA di partgdng)rispetto amicrogrammi

di DNA necessafper gli altri metodi, suggerenakrtantoil potenziale di questo
approccio per campioni derivdditest prempianto o pranatali,biopsie cliniche o
anche singole cellule. Uno svantaggio legato all'basséi quantita di DNA di
partenza € stata fecessitali amplificare con metodo WGA (whole genome

amplification) il DNA arricchito. Questa procedura ha idfatihuto le dimen®ni



delle molecole sequenziditeitando quindiapplicabilita di questo metodiwltre,

I'approccio Xdroprichiedegli investimentiniziali piu elevatijn quanto prevede

| utilizzo di edungitemeedca at bues dimgnbGlopdat r i
approcci basati sull'ibridazigpuerebberaappresentare la soluzione piu conveniente,

con costdi circa 10 volte fariori rispetto a Xdrop e Cas9. Tuttavia, utilizzando questi

metodi il recuperael DNA arricchitoe statocosi basso da naronsentire la

successiva analisi di sequenziamentoeeoltunghe. Anche se gli approcci basati
sull'ibridazione rappresentano soluzioni potenzialmente interks$antefficace
applicazioneichiedera successivtimizzazionvolte a migliorare leesa del DNA

arricchito.

Gli approccXdrop e Cas9 hanno consentito il sequenziaraeatal lunghe, usando

la piattaforma OxfordNanoporeTechnology, di DNA estratto da pazienti che
presentavano espansioni patogentibeha dimostrato la capacita di questi approcci
di catturare e caratterizzare microsatelliti significativamente éahgi,modo
consistente rispettayla approcci diagnostitradizionali. Inoltre, i metodi hanno
consentito I'accurata discriminazione di alleli normali ed espansi, con la valutazione
simultanea della lunghazzruttura e motivo della ripetizionee del livello di
mosaicismo somatidmformazioni non ottenilbsimultaneamenten con i metodi
tradizionali (usati da soli o in combinaziodapplicazione di questi approcci di
catturadi DNA lungo in ambito clinico potrebbe potenzialmente migliorare la diagnosi
deé pazient e fornire correlazioni genotiEnotipo piu precise,ancora
carenti/limitate per quelle malattie caratterizzate da grandi espamsaosédtelliti.

In conclusione, la valutazione approfondita dei punti di forza e di debolezza degli
approcci di cattura del DNA lun§acome descritto iquesta teg) promuovera la
loro applicazione piu diffusa per la caratterizzazidoei ghatogei ancora solo

parzialmentesploratutilizzandagli approcci tradizionali.



ABSTRACT

The advent of longead sequencing has enhanced our capability to characterize
complex genomic regions harboring large structural variations, repetitive elements,
abnormal GC content or highly homologous gdrtescombination of longead
sequencing wittnrichment strategies that allow to capture long frageymsents

a valuable tool to reduce analysis costsmdpidenimgdata production on a selected
region of interesHere we evaluated the features and performances of three different
longDNA caepture approaches, comprisimglirect sequence a pt ur e ( Samp|l |
Xdrop), CasPnediated targeted sequencing, and a set of three hybrideatiive
methods (PNA, dCas9 and dsDigrobes).The benefits of these approaches in
combination with longead sequencing were assessed for the anall8ilR Hf

DMPK andCNBPrepeaexpansionsselected as case stutbesnediumlong, long

and ultrdong targets, respectively, and causative ohitahgéesorders.

All methods resulted in successful enrichment of long DNA target molecules, even if
the length of enriched DNA was variable across the different approaches. In particular
the Cas9nediated capture allowed to sequence up to 50 kbp molecules in length, and
thus to characterize a repeat of 46.6 kbp, one of the longest achieved with target
enrichment approaches. Despite being the most sensitive approach to input gDNA
quality,Cas9mediated capture enabkddoto achieve the highest fadrichment

among the three methods testézing the Xdropnediated method, we could capture

even longer DNA portions (100 kbp) than with Cas9, at just slightly lower enrichment
level, even if these were fragmented in shorter pieeE3 kibp in lengthin addition

the Xdrop method allowed to work with the lowest gDNA input (10 ng), in contrast
to the micrograms of gDNA required for the other methods, suggesting the potential
of this approach to work with samptiesived frompre-natal/preimplant testing
clinicalbiopsies or even single célslrawback linked to the use of lower input was

the need of Whole Genome Amplification downstream the enrichment step, that
decreased the size of sequenced molecules and thus restrained the applicability of this
method.Also, the Xdrop approach required the highest capital investments, as it
depends on a specific droplet generator instrument and a cytometer forilgwting.
hybridizatiorbased approaches could potentially represent the mesffetiste
solution, with cost~10 times lower thandkop and Ce&& However, using these



methods the downstream recovery of enriched DNA was so low that did not allow the
subsequent sequencing analysis with-réay. Even if hybridizativased
approaches represent potentially esterg solutions, subsequent protocol
optimization aimed at improving the yield of enri€}¢4 are therefore required for

their effective application.

Xdrop- and Cas®nediated workflows enabled successful ONT sequencing of patient
genomic DNA harboring known repeat expansions. This demonstrated the capability
of these approaches to capture and characterize significantly long (pathogenic)
microsatellites, indh agreement with traditional diagnostic approdotaatdition,

the methods allowed to achieve the accudliiateiminationat single nucleotide
resolutiorof normal and expanded allghgth the simultaneous assessment of repeat
length, structure/motiéind level of somatic mosaicism, otherwise not feasible with
traditional methods (used either alone oombination). Application of these leng

DNA capture approaches in the clinical setting could potentially improve patient
diagnosis and provideore pecise genotygehenotype correlatisnwhich are still

lacking/limited for those diseaderacterized bgrge microsatellite expansions

In conclusion, the deep evaluation of strengths and weaknesseb N aagpture
approache® as described in thithesisd will promote their more widespread
application for the characterization of pathogenic loci, only partially resolved using
traditional approaches.
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1. INTRODUCTION

1.1 THE BENEFITS OF ENRICHING LONG DNA FRAGMENT S
The advent of nexgeneration sequencing (NGS) has revolutionized our

understanding of the genome, mostly due to a consistent increase in throughput and
accuracy, associated to a significant reduction of the costs. This enabled a more
comprehensive and acate characterization of various genomic regions, reason why

NGS platforms have been widely used for disease characterization. State of the art
NGS platforms usually rely on sheads and PGBased workflows. However, the

limited read length (< 600 bgmd lack of contextual information has restricted their

utility mainly to the characterization of short nucleotide variations (SNV), short
insertions and deletions (indels). However, as recently pointed out by Ebbert et al.

the human genome contains sever-@dd odar ko

sequencing, whoseadysis is important for several clinical condittagaré 1).

ental origin | | e.g PMS2, CYP2D6, CHEK2, SMN1, PKD1
Mosaicism ey

Structural variation Repeat expansion
©.0. PRKARTA, GOFC, BBS9, ARGHEFS, TAF1 ©.0 FMR1, DMPK. ATXN10, HTT
o R —
" ce6c66——— = : L. = ACTACTACTA Guul
— . — ‘
) —— CGG-CGG-CGG-CGG—= / — I GeneATI——
— = . TR | —— g A CTACTACTAQ
— - L GeneA e
= —_— L AN J
Bal ars¢ed ovtauri;alnt sLow compl exity Hi ghly homologou reﬂions
. P . . ) engw@nome
Transl ozmdi ons Repetitive re#laphstyping phmarialgogous genes- and
Inversions Mul tiple mapping pseudogenes
—_ Shdrtagment s Adapred Maht emtein@mdd

Long fragments

Figure 1. Overview of genomic dark regions and the benefits of long fragments for their
characterization. (1)improved characterization of balanced structural va(®r@apability to span

across entire repeat expansions, including the flanking sequences for repeat size precisg@assessment.
Enhanced haplotype phasing, i.e., assignment of genetic vgratetasb or maternal chromosomes.

(4) Improved discrimination of clinically relevant genes from their pseudgdngz.oveddenovo

genome assembly and genome refinement (efijirggp

Despite the use of sophisticated bioinformatic algorithimsften impossible to

accurately map, or even assemble, short reads originating from regions harboring large
structural variations (SVs), repetitive sequences, abnormal (>60%) GC content or
highly homologous genes (e.g. pseudogéngisp, haplotype phasing has been
proven difficult when vari arMhtAsaresdlti st ance
technologies that prale a substantial increase in the read length are highly desirable

to resolve structurally complex regions. At the cost of a lower accuraggdsng
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provide contextual information as they span the entire complexirefioimg its

flanking sequences.

The most widely used lomgad sequencing platforms are provided by Pacific
Biosciences (PacBio, Menlo Park, California, USA) and Oxford Nanopore technology
(ONT, Oxford, UK).PacBio sequencing can generate either continuous long reads
(CLRs) or high fidigy (HiFi) reads. CLRs are typicalp@&bp in lengfifwith error

rates ranging from 8% to 15%HiFi reads are generated by collapsing multiple reads
originathg from the same template, thus compensating errors, that decrease down to
1% or less'? but at the cost of a reduced read lengt 260kb).

On the other hand, ONT sequencing routinely generates reads @& Kifp up

to megabases, with the current record h@@ M. The current error rate is lower

as compared to PacBio (< 8psequencing, but less randomic and more frequent in
homopolymers. Also, ONT has recently released a new sequencing chemistry (Q20+)
which, in combination with the latest nanopore version (R10.4), has shown a
consistent reduction of the error rdoevn to 1% 1.7%'*2

Still, longread sequencing technologies are relatively new, reason why they still suffer
from high costs and are still confined to the research field. Sequencing a whole human
genome (3.2 Gb) at 30x coverage using the
while the equivalent analysis with PacBi
respectiely. Hence, theombination of longead sequencing technologies with
enrichment strategies that allow to capture long fragments is highly desirable, to reduce
costs while ensuring sufficient coverage on the target site for accurate characterization.
Targeted sequencing also allows faster and simpler downstream bioinformatics analysis

which are more compatible with diagnostic applications.

1.2 LONG-DNA FRAGMENT ENRICHMENT APPROACHES
Several lor®NA -fragment enrichment approaches are availabléaieiprinciple

being sometimes very differéralfle 1. However, their application is limited to the
research setting and an extensive benchmarking of their performances for the

characterization of difficult genomic regions is still absent.
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Table 1. Overview of longDNA -fragment enrichment approaches

Method

Enrichment principle

Peptide nucleic acids

PNA hybridization and pedlown

dCas9

Binding specificity of nucleaeficient Cas9 and pdibwn

DNA-probes

DNA hybridization anghulFdown

Regiorspecific extraction

Enzymatic extension and padiwn

Type IIS restriction enzyme|

Sequence specific overhangs

Xdrop

Digital encapsulation and flow sorting

Chromosome sorting

Flow sorting

Cas9

Cas9riven cut and sequencedgapter ligation at specific targe
sites

CATCH

Cas9riven target cut and isolation of DNA fragmentsubyee
field gel electrophoresis

1.2.1 Hybridization -basedcapture
Hybridization capture takes advantage of the hybridization of DNA/RNA probes to

aregion of interest followed by target-pgolvn using mostly streptavidin beads. In

general, these methods have been optimized mostly for clinical applications and for

the capture of short fragments. Due to the low recovery of target DNA, they have

often keen coupled either to canonical F&Ror whole genome amplification

(WGAY", followed by lllumina sheréad sequencing. Some approaches, however,

have also been employed to-gaivn long DNA fragments of 60 kbp®* and

involved the use of ptde nucleic acids (PNA) and nuclebsef i ci ent

(dCas9).

Peptide nucleic acid®NAs Figure 2A) were first introduced by Nielsen ét ahd

consist of short (12 21 bases) sequences harboring an uncharged-psetide

odeadyd

polymer backbone which confers higher affinity to DNA due to the lack of repulsive

forces. Such structure also confers highemmédtimperature (Tm) and stability as

compared to DNAprobe$***°. Previous reportsave shown the use of a single

biotinylated PNA for the PCIRee capture of genomic regions up te @0 kbp in

sizé*?'coupled to Sanger sequencing. Importantly, no reports have been produced to

date which coupled PGRRe PNAbased capture to longad sequencing.

12



DeadCas9.dCas9 Kigure 2B) is a recombinant nuclease that carries fnack

mutations in theRuvGlike and HNHnuclease domaffisWhen assembled to a

gRNA, t he o0deadd r)icdmplexuetalnetioepbilibyttoebinchto ( d RN P
the target without cleaving it. The system has begety laxploited for genomic
visualization via the fusion with fluorescent proteins, gene regulation through fusion

with activators or repressors, alteration in epigenetic modifications through fusion with
methyltransferases or deacetylases, and immuritgii@dif?®. In a recent report,

biotinylated dCas9/gRNAs were used to pull down gDNA fragment of up to 15 kbp

in length®, followed by WGA and lllumina shogead sequencing. To date, no report

has been produced which employed biotinylated dCas9 for the captur®Nfong

fragmentsaupled to longead sequencing.

DNA -probes DNA probesFigure 20 are short (~20 bp) probes tiling across a given
target region. Methods involving biotinylated DNA/RptAbes have been
extensively compared and optimized to captureBNétfragments for human
exome characterization and using the lllumina pl&¥&rm recent report also
described the usé DNA probes for the capture of IolNA fragments coupled to

ONT sequencing, enabling the enrichmenbofplete plastid genorfies

13



Bi otinyl-atedde PNA

Peptide back

Target

B

Bi ot i ndy&si RNA Sequence s

gRNA
Botn. Botn
dCas9 dCas9 6seHp

Target w0

C *"7; Canonical [

BiotinylpredeBNA

LD T T IR

Target

Figure 2. Schematic representation of hybridizatichased approaches(A) Biotinylated peptide

nucleic acid probes (PNAs). The presenaa ahcharged pseugeptide polymer backbone confers

higher affinity to DNA due to the lack of repulsive forces as well as higher melting temperature and

stability. Due to the higher affinity and stability, only one PNA is potentially necessaryduli-target

down.(B) Biotinylated nucleasee f i ci ent

odeadd

Cas?9

(dCas9) .

Wh e n

complex retains the ability to bind to the target without cleaving it. The biotin on the recombinant dCas9

or synthetic gRNA is then used for targetgmn. (C) BiotinylatedDNA -probestiling across the

target region. For all methods, target hybridization was followed by Streptdiatied puiiown.

1.2.2 Region-specific extraction

Regionrspecific extractiorr{gure 3) relies on the hybridization of short-P&0bp)

oligonucleotide primers to a given target region. These primers are then enzymatically

extended, incorporating biotinylated nucleotides into the newly synthetized DNA. The

original target molecule is thanlgddown by using streptavidinated beads. The

method has been first described by Dapprici®etral.was coupled to WGA for the

capture of overlapping 20 kbp DNA chunks which spanned a 4 Mbp pbthen

14



major histocompatibility complex. Illumina sequencing of the captured DNA
generated up to 164x coverage on the entire target (MHC). The WGA step allows to
start from limited amount of input DNA (< 500 ng), and since the yield can be
consistently gh (1040 ug), the method has also the potential to be coupled-to long

read sequencing platforms.

A B

A
targeted segment A.\‘
of genomic template targeted segment
of genomic template

extended section of capture % polymerase
primer with incorporated e
biotinylated-dNTPs y AV
o 2
hybridized

A\
=y ‘ - . AR
capture primer ﬂ\, 3’-end of ‘[ \\\‘

capture primer

streptavidin-coated
magnetic beads

Figure 3. Principle of regionspecific extraction. (A)Capture primers are hybridized to the target
region.(B) Enzymatic extensions using biotinylated i\ followed by streptavidimediated pull
down.Retrieved from Dapprich et al, BMC Genomics 2016

1.2.3 Type IS restriction enzymes

The method exploits typkS Genomic DNA

Fragmentation "
restriction endonucleases (R Tye s Restriction Enzyme (RE) Y
Figure 4), which are known to cu I H e ——

Targel Protection B
at a specifidistance outside o -9t ssquence specific 4

adaptors A and B . —

their recognition sequence, usui — 0

within 220 nucleotidé¥®* This Complexity reduction
. « Add off-target cutting REs ',
produces DNA fragments with - AddExonucleases il & Vi

SingleStranded overhang S€QUET Hybridization selection
+ Purify; add primer & polymerase — 8 ——

determined only by the loc- eendpriner "

] + Capture exposed ssDNA section ‘
context at the site of cleavage. T  using magnetic beads with _ faet,

capture-probe oligonucleotide T P
independent hairpin adapters o=/ \
|l igated to the __V.._ - Yt er
o . e
ligation originates closedcaiar 0 ,,» :
DNA, which is refractory tc
o .

subsequent digestion Wit i

exonucleases. @frget circular Figure 4. anuple of Iong—fragmgnt capture using
type IS restriction enzymes.Retrieved from Pham

DNA is instead removed byMolecular Genetics and Genomics 2016.

using additional REs, not cutting the region of interest. The method has been applied

15



for the PCRfree capture and lomgad PacBio segncing of a 1.1 kbp target spanning

the FMR1CGG repedt. Importantly, the method is free from amplificateated
biase¥**and enabled the characterization of native DNA with the possibility to assess
its methylation pattern. It is however limited by the high amount of input gDNA
required (18 ug), which does not allow to work withlbmwdant samples (e.g. clinical
biopsies). Also, the success of the approach is restricted to the presence of Type IS
RE sites in closproximity to the target of interest.

1.2.4 Indirect sequence capture via Xdrogechnology
The Xdrop technology (Samplix, Birkergd, Denmark) uses-tha ol ed oi ndi r

sequenc e Figua ptta enecb for(long fragments (several kbpyhHi
moleculaweight (HMW) DNA molecules @00 kbp) are initially encapsulated in
individual droplets, and droplet PCR (dPCR) is used to amplify a detection sequence
(DS) of 106150 bp located near the target of interest. Positive droplets are revealed
by staining with a DNAntercalating dye and are recovered by flow sorting, providing
the actual target enrichment. A few hundred target DNA molecules are recovered for
multiple displacement amplification after their encapsulation in individual droplets
(dMDA) to minimize amplification bia&&8

. Qor 9 4

1. Encapsulate DNA 2. Amplify Detection 3. Identify droplets 4. Sorting of positive
Sequet with target

Figure 5. Schematic representation of the Xdrop indirect capture workflod) High-molecular
weight DNA molecules are initially encapsulated in individual dropl€23,daodlet PCR (dPCR) is
used to amplify a detection sequence a@1B00bp located near the target of inte(@stositive
droplets are revealed by staining ailbNA-intercalating dye aifd) are recovered by flow sorting,

providing the actual target enrichmé&it.A few hundred target DNA molecules are recovered for

16



multiple displacement amplification after their encapsulation in individual dropletst(diiDitnize
amplification biase&) Amplified target DNA can be sequenced using either sihddngread
sequencing platforms.

The method offers the advantage that the input DNA required to perform the assay is
as low as 105 nd®*, This is up to 5@1000 times less than the input required for

the other longead capture approaches, mostly based onr@ds#ted capture or

type IS RES$%31%2 Thjs allows thapplication of longead sequencing to limited
samples, such as those derived from prenatal*e3tindate, the method has been
proved useful for the identificationfafman papilloma virds8 integration sites in

the human genorifeand CRISPRas9meidiated offarget genome editiigOn a

final note, the Xdrop indirect capture has never been applied for the characterization
of repeat expansion disorders.

1.2.5 Whole cdiromosome sorting
Chromosomesorting allows the isolation of entire chromosomes from the genome.

Mitotic chromosomes are prepared by blocking cells in mitosis using colchicine. Cells
are lysed and filtered out to release the chromosomes. Staining is performed by using
DNA -specific florochromes to allow chromosomes to be classified according to
fluorescence intensity (relative DNA content). Flow sorting is finally employed to
generate a flow karyotype, i.dis&ributions of chromosomal DNA content. Ideally,

each chromosome forms a distinct peak on the flow karyotype, whose location is
proportional to fluorescence intensity and whose volume is proportional to the
frequency of occurrence of that chromosome type

Chromosome sorting has been used for the specific capture of native human
chromosomes Y and 1. The method allowed to recover a significant amount of target
DNA (465 ug) which in turn enabled lemegd sequencing on the ONT platform,
generating up to-30x coverag®™ In both papers, two highly continuous
chromosomes could assembled and used as referenceSisscélowever, the

method is laborious, time consuming and does not allow to enrich for specific portions
of the chr omosome. | mportantly, the meth
ability to obtain intact mitotic chromosomes, which is possiblehamigh cell

culturing. Also, similarities in size and relative DNA content between chromosomes
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may lead to peak overlapping during flow sorting and the impossibility to resolve

chromosomes.

1.2.6 Cas9mediated capture
The CRISPKCas9 systenThe CRISPR (Clusezt Regularly Interspaced Short

Palindromic Repeats) genes and CR#SB&tiated proteins (Cas) system is a

prokaryotic immune system that confers resistance to foreign genetic elements
providing a form of acquired immupfif§ In this system, exogenous DNA from
viruses or plasmids is cut into small fragments and incorporated into a CRISPR locus
in a series of short ~20 bp repeats. Thedaeitranscribed, and transcripts are
processed to generate small CRISPR RNAs (crRNA), which guide effector Cas
endonucleases to recognize and cut invading DNA, based on sequence
complementarity®: The most well characterized and widely used system is the
CRISPRCas9, oginated from type Il CRISPRas systertts®and first described in

Streptococcus pyogenes

Guide RNAsThe S. pyoge@ss9 uses a guide sequence within an RNA duplex,
tracrRNA:crRNA (gRNAEigure 6B), to form base pairs with DNA target sequences,

enabling Cas9 to introduce a-sfiecific doubtstrand break in the DNA® The

tracrRNA provides structural support to the crRNA whereé&attireprovides target

recognition based on complementafigure 6B) to the genomeA functional

crRNA is composed by a protospacer sequence (20 bp) and a preto§geedr

moti f ( PAM) -downstneam the grotospgdeidlii@ 6A). The presee

of the PAM sequence is essential for target recognition and activation oftffe Cas9

In S. pyogertbs motif consistsofaandom nucl eoti de f-ol |l owed
NGG-3 h ) bases. The interaction between th
ribonucleoprotein (RNPwhich then activates the protein. The compterogates

the DNA in search of the target sequence associated to tHé Biabh target

recognition, Cas9 cleaves the DNA (destoénd breaks) thanks to the
complementary activity of the HNH and Rii&€ nuclease domaitfS(Figure 6B).

The design of a crRNA is relatively simple and requires some basic criteria to be
followed, such as GC content -@%), the absence of secondary structures or

mismatches at the seed sequence (first 11 bases upstre&ngirAMA). Also, the

18



design istrictly dependent on the presence of the PAM sequence at the target site.
Considering the frequency of 0GG®H® dinucl
there is an expected 161,284,793 NGG PAM sites (1 every 42 bases). This makes the
use of the CRISPRas9 system extremely programmable and versatile. Owing to its

high programmability and sipety, the CRISP®&as9 system hasen used in a wide

variety of biotechnological applications that involve genome editing, gene therapy and,
most recently, targeted sequenitig

Cas9Assisted Targeting of CHromosome segments (CATGéljnethod employs

the specificity of Ca$®NPs for the targeted excision of a given genomic region
(Figure 6Q). Briefly, cells are embedded in agarose plugs and HMW gDNA is released
via protein digestion (Proteinaseb&sed digestion). -fjel target excision is
performed by addingro RNP complexes, one on each side of the target. Each RNPs
consists of a gRNA (crRNA + tracrRNA targeting the region of interest) and the Cas9
nucleaselhe target is then separated fromrit of the genomic DNA (gDNA) by
pulsed field gel electrophoresis (PFGE). DNA is isolated from the gel and sequenced
using longor shortread sequencing. CATCH has been first described by Jidhg et al.
for target cloning of large-tact genomic fragments (up to 100 kbp). Recently,
Gabrieli and coworkers harnessed CATCH for the targeted capture of a 200 kbp
region containing thé8RCA1 gene, followed by WGA and ONT/lllumina
sequencirg In general, the method shows flexibility as the WGA step allows to yield
sufficient target DNA both for ONT and lllumina sequencing libraries. As a drawback,
large amount of input gDNA (2 ug) is required:edtly, Sage Scientific is distributing

an automatized system to perform the CATCH protocol, however the system is not

largely employed due to the need of freshly isolated cells or nuclei.

Cas9nediated targeted sequenciige method employs the speityfiof RNPs for

the targeted excision of genomic regions and sequencing using the @iddlong
platform Figure 6D). Briefly, starting gDNAs dephosphorylated to prevent
downstream unwanted adapter ligation. Two RNP complexes are formed, one on each
side of the target, consisting of a gRNA (crRNA + tracrRNA targeting the region of
interest) and the Cas9 nuclease. Upon target recogniticamBdi&ed cleavage

or i gi mhosphmylated Obli@nded DNA. The incorporation of a nen

19



templated dAMP on the-8nd of cleaved gDNA (d#iling) facilitates the specific
ligation of the ONT sequencing adapters containing the motor protein. The final
library includes also nterget fragments which, in princiglannot be sequenced

t h ephosphatec dnd carima beSigated by the ONT adaphers.
whole library is loaded into the sequencing platform and the enrichment is provided

since

by the squencing itself, owing to the fact that only target fragments bear sequencing
adapters.

The possibility to provide a P@Re assay enables the unbiased, comprehensive
characterization of complex genomic regions, including epigenetic modifications such
as methylation. Potentially there are no limitatiortarget length, as soon as good
quality, HMW gDNA is provided and the gRNA design is performed properly. As
shows in recent repdft® Cas9mediated capture coupled to ONT loagd
sequencing has enabled the enrichment of genomic targets up1@02kbp in
lengtl?*®® The principal drawback of the method is the largeirdnad starting
material required, typical§ii g DNA 4346486480 \which makes it difficult to work

with lowabundant samples, as for example those fremafakpreimplant testing

or clinical biopsies.
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Figure 6. The CRISPRCas9system and its application for targeted sequencing. (Atructure

of a functional crRNA. The protospacer sequence provides target recognition based on
complementarity to the genome. For correct target cleavage, the seed sequence (blue) must ne 100%
complenent ary to the target. On the other hand, misr
black). The protospaeard j acent mot i f ( P A MJownmsuwearh theaptotospacer be pr e
and consists of a random nNGGSIeégt ibde efsal IThvee d® AdW st
is essential to initiate target cleavage upon recognition. Sequences fully complementary to the crRNA

but lacking a nearby PAM are ignored by (B)sStructure of a functional ribonucleoprotein complex.

The Cas9 nucleafight blue) forms a complex with the guide RNA. The latter is composed by the

tracrRNA (orange) with structural function and the crRNA (yellow) The PAM sequence (red) is found
3-downstream the protospacer. The Cas9 nuclease domains (HNH and Ruv&)shosvalen

correspondence of their cleavage sites (~ 3 bp upstream(EABBYhematic representation of the

CATCH workflow Adapted from Gabrieli et al., Nucleic Acids Reg&)r8t2éx@itic representation

of the Cas%nediated target sequencing Wovwk

1.3 REPEAT EXPANSION DISORDERS
Genomic o0darko6 regions include tandem re

DNA base pairs that are repeated adjacent to each other. The current assembly of the
human genome (Hg38) has been reported to containr@verillion of annotated

tandem repedtd! They are usually found in raoding regions of the genome, even

though short repetitions of triplets are frequently localizeih aisding portion&

Their intrinsic repetitive nature makes tandem repeats particularly prone to mutations.
They bear indeed the highest mutational rate in the genome and are typically
polymorphic and multialic, with the longest alleles being the most unstable.
However, interruptions of the canonical repeat by alternative repeated motives have
been shown to stabilize the expan&fhsconferring milder and/or different
phenotypes compared to uninterrupted ‘6ffeFandem repeat expansions are the
causative phenomenon of at least 50 known human di$oEdgransions affecting

coding regions usually cause the formation of polyAlanine (PolyA), polyGlutamine
(PolyQ) or polyGlycine (polyG) stretches. These may lead either to protein loss of
function(polyA) orto protein (polyQ) / peptide (polyG) toxic¢ttyExpansions
affectingno-c odi ng portions ar-enusanas$l gtédundgie
UTRs) , i N-WTR$.ns Nomrc odd ng repeats i n 5Ah r
hypermethylation and subsequent gene sileimtingic expansions and expansions
affecting 3h UTRs are more often I|inked

repeaiassociated neAUG translation and subsequent formation of cellular/nuclear
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aggregates. A common characteristic of repeat ierpaisorders is genetic
anticipation, namely a phenomenon in which the signs and symptoms of some genetic
conditions tend to become more severe and/or appear at an earlier age as the disorder
IS passed from one generation to the nEx¢. mechanism underhg repeat
expansion is attributable to the difficulties encountered by the DNA replication
machinery within long stretches of repeated DNA. Repeated units seems to be deleted
or added to long repetitive tracts as the cellular machinery tries te rbpbiagh

DNA hairpins formed by repeated sequéfices

Genes known to bear repeat expansions inEM8d. (fragile X mental retardation

protein translational regulator RDMPK (DM1 protein kinaseggnd CNBP (CCHG

type zinc finger nucleic acid binding prot&xpansions in these genes le&dagile

X syndromeKMRJ, FXS), Myotonic dystrophy typeDMPK DM1) and Myotonic
dystrophy type 2CNBR, DM2), respectivelfd@ble 2). In particular, FXS repeat
expansions have been reported to expand over 600 bf,0pQdp. On the other

hand, DM1 and DM2 patients have been reported to bear some of the longest
expansions, up to 19.5 RfdM1) and 44 kbp(DM2).

Table 2. Schematic representation and features of&eat expansion disordersFMR1, DMPK
andCNBPexpansions have been selected as case studies forlorgglilong and ultd@ng targets,
respectivelfrMR1: fragile X mental retardation protein translational regulator 1, DMPK: DM1 protein kinase,

CNBP: CCH@ype zinc finger nucleic acid binding ein.  prot
Di s e as €# rsetpaptaet ss
=X PEM ] S0 Mut at i
mot i
FMRBROmMediluoong expansi on CGG 5-53 55200 >2 0Wp 10 6
CTG 5-36 3749 >5Q@p 6500
CNBRJI tiromg expansion CCTG <26 2775 7%1D00

1.3.1 FMRIgene
Repeat expansion in the fragile X mental retardation ENEE KMIM# 3095507

#is causative of the Fragile X syndrome (FXS; MIM# 300624)lirsked disorder

characterized by intellectual disability, autism, hyperactivity, long face, large or
prominent ears and macroorchidism at puberty and théteBffierdisease is caused

by the expansion of CGG trinuclF&BLE i de r e

The protemn encoded b¥MR1regulates the translation of potentially hundreds of
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MRNASs, many of which are involved in the development and maintenance of neuronal
synaptic connectidfisThe expansion causes the hypermethylation of the promoter
and transcriptional silendhdioss or a shortage (deficionafythis protein disrupts
nervous system functions and leads to the signs and symptom3\airféSalleles

carry 50 44 CGG repeats, whereas expanded alleles are classified as intermediate (45
0 54 repeats), prautation (5% 200 repeats) or full mtitan (> 200 repeats). The
premutation allele often expands to a full mutation during female germline
transmission, thus giving rise to FXS in the progeny. The risk-rafitpten
expansion depends mainly on the number of CGG repeats (with shorteealtgles

less likely to expand to a full mutation than larger ones) and the presence of AGG
interruptions in the tandem array. Such AGG interruptions increase repeat stability,
reduce the risk of expansiBi&®°and can modulate the disease plypgd®°!
Moreover, recent evidence has suggested pronounced repeat variability between
individuals and withingin (mosaicism) that also modulates the disease pHéfibtype
Although much less frequent than microsatellite expansions, intragenic single
nucleotide variants (SNVs) and short insertions or deletions (indels) are significant
mutational rachanisms leading to FXS and other repssaciated diseades
Accordingly, accurate risk prediction in genetic counseling not only requires the precise
characterization of repeats, but also the mapping and counting of interruptions within

the repeat array and the ability to map additional intrageamtSeari

1.3.2 DMPKgene
Repeat expansion in tiEMPK gene (MIM*60537Y is causative oMyotonic

dystrophy type 1 (DM1; MIM#160900), an autosomal dominant disorder
characterized mainly by myotonia, muscular dystrophy, cataracts, hypogonadism,
frontal balding, and ECGhange®$®’ The disease is caused by a (CTG)n repeat
ex pansi o4UTRi ohtheDMRK geBedon chromosome 19q1%3°52 The

protein encoded HYMPKis a serin¢hreonine kinase which, among others, has the

role to inhibit the muscle protein myosin phosphatase, which in turn plays a role in
muscle tensing and relaxaffbiexpanded alleles produce altered mMRNAs containing
doublestranded hairpin structures, which are not translated and form clumps with

other proteins in the cytoplasm. Among these we find Muscleblind Like Splicing
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Regulator IMBNL1), which is a protein involved in RNA splicing. The depletion of

its activity leads to impaired splicing disrupts muscle development and®ftfiction
Non-pathogenic alleles contain up to 36 €&fikat units, whereas-pnatated allele

contain between 37 and 49 repeats. In DManps, repetitions range from 50 to up

to 6,500 unitin congenital forms. Expanded repeats are highly unstable and lead to
show genetic anticipatiéh Moreover, the CTG tract has been shown to expand
duringan ndi vi dual 6s | i feti me, resulting in
the disease symptoms with'&gm 38 8 % of the DM1 patients the CTG tract of
expanded alleles is interrupted by@® tracts such as CCG, CTC or GGC motives
72108110 |mportantly, these smlled variant repeats have been reported to stabilize the
repeated tract with significant implications in disease onset and progression. As a
matter of fact, patients with variant repeats may exhibit delayed onsély omldsua
symptoms, or atypical patterns of symptofi§°

1.3.3 CNBPgene
Repeat expansion in tB&IBPgene (previousENF9, MIM*11695%is causative of

Myotonic dystrophy type 2 (DM2; MIM#602668), an autosomal dominant
multisystemic disorder characterized by progressive proximal muscle weakness,
myotonia, myalgia, calf hypertrophy and multiorgan involvement with cataract, cardiac
conduction defects and endocrine disordé¥sThe disease is caused by a (CCTG)n
repeat expansion in intron 1 of @BIBPgene on chromosome 3q2%.TNBP
encodes for a singderanded DNAbinding protein which is essential for embryonic
development in mammafsNevertheless, still little is kmoabout its function and
molecular pathways, though it seems to be invonlegiplasmic postanscriptional

gene regulatory processes rather than acting as transcriptioh Thetqrathogenic
mechanism of DM2 is similar to DM1 and involves the formation of alternati
MRNAs containing doubstrand hairpin structures which in turn sequester
cytoplasmic proteins involved in RNA splicing subtB&_s This leads to impaired
splicing disrupts muscle development and fuffétion

The CCTG repeat trast part of a complex (TG)v(TCTG)w(CCTG)x motif which is
generally interrupted in healthy range alleles by one or more GCTG, TCTG or ACTG
motifs resulting in repeat stabitity®™'® Non-pathogenic alleles contain up to 26

CCTGrepeat units, whereaspneit at i ons ar e masdvehsulf opur e
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uncertain clinical significaH€€ In DM2 patients, repetitions range between ~75 and
>11,000 units and represent some of the largest repoftedrsoepeat expansion
disorder§. The DM2 mutation shows marked sotriagtability and tends to increase

in length over time within the same individual, while it does not show a strong bias
towards intergenerational expansion and genetic anticipation is rarely seen in DM2
familieg™118120121%  The few genotygehenotype studies reported so far in DM2
patients dichot reveal any significant associations between the severity of the disease,
including the age at onset, and the number of CCTG repeatét!tindsntification

of such correlations is indestlongly challenged by heterogeneity across tissues,
somatic instability, and the relative technical difficulty of accurately measuring repeat
length in such large microsatellite expansions. For the same reasons, the discovery of
additionalcisgenetic radifiers that may protect or exacerbate disease symptoms is
hampered.

The genetic features of l@&IBPmicrosatellite locus along with its extreme length

and high C&ontent hampered the ability to sequence expanded alleles in DM2
patients. Indeed, investigators of the originaldisoevery study were unable to
sequence the entire CCTG array becauseexttiemely large size and the high level

of somatic mosaicisi?322

1.3.4 Limitations of the current diagnostic approaches fo the analysis of
pathological repeat expansions

Most of the known repeat expansion disorders are of recent digmobatyly due

to the limitations of the current approaches used in diagraddes J). Best practice
guidelines for the diagnosis involve a first step whereaiget PCRSRPCR) is

used to assess whether an individual has two alleles with a low number of repeats. If
only one allele is detected, pathogenic expansions can be addresseahga PGR
(LR-PCR) or repegirimed PCR (RPCR) on genomic DNA (gDNA) or ERCR
product$?®1?2° The assay also allowsdtedt the presence of mosaicism. However,
the presence of interruptions may result in aberrant patterns or failure to detect
expansions with RPCR** In such cases, Southern blotting ofAGR products

or gDNA is usually performed for confirmattét>*2*However, this procedure is
time-consuming, requires large amount of DNA and it is not included in the routine
workflow of most diagnostic centefdonetheless, the combination of these

approaches provides clinical sensitivity andifisjtig approaching 100931132
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Despite the high success rate and relatively low costs, these metbéida are
simultaneously required for reliable diagrdsigover, they can be impsecivhen

dealing with extremely long expansions, mosaicism and min8r&&lesbove all,

they lack singleucleotide resolution which is crucial for the accurate characterization
of both the repeat structure (e.g. interruptions) and its surroundings (e.g. pathogenic
SNV9, which have been shown toifpeolved in disease onset and progression.

NGS approaches provide an unprecedented opportunity for the characterization of
repeat expansion at singiesleotide resolution. However, stitéhe-art approaches

rely on short reads which are very accurat@réwften limited to normal alleles as

the length of the expansions usually exceeds the maximal read length (< 600 bp).
During bioinformatic analysis, short reads originating from long tandem repeats
typically map to multiple genomic regions, are clgppent are discarded. As result,

short reads do not allow to accurately determine the repeat length.

Table 3. Overview of current approaches for repeat characterizatidme main features of tandem
repeats are indicated on the far left. For each fahtideom symbols indicate if the approach allows

to characterize it not.

PCR Repeatprimed PCR | Southern blot| Short reads
Normal allele X
Expanded allele X X
Repeat interruptions X X
Mosaicism
Methylation X X X
Single nucleotide resolutior X X X

In this context, the combination of lergad sequencing with IeB{A capture
approaches provides a valuable tool for the comprehensive characterization of repeat
expansions, which are often associateatihwmlogic conditioffs Long reads capan

across the entire repeatesjion, including their flanking sequences of higher
complexity, and provide a single nucleotide resolution. This enables more accurate
mapping providing insights on repeat length and structure, and presence of specific
features such as interruptions andsaiwessm. Moreover, the possibility to map
methylation simultaneously to sequencing data acquisition provides an added value to
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the analysis and the possibility to correlate this molecular feature to the pathological
phenotype. Overall, a more accurateactenization of repefgatures would lead to

a more precise genotypeenotype correlations for repeat expansion disorders, that

is still lacking/limited for those disease with large microsatellite expansions, such as
DM1 and DM2, probably due to the tations of current diagnostic approaches.

In recent reports, the consistent benefits of 4 capture approaches coupled to
longread sequencing technologies have been demonstrated for the characterization of
short tandem repeats in different disofti&r§18434647 These approaches
demonstrated the possibility to sequence DNA fragments several kbp in length,
facilitating he accurate genotyping of repeat expansion alleles, with future potential
application in diagnostics. In some of these reptie, DMPKandHTT repeats

were amplified by PCR for PacBio toead sequencitig®**PCR may be unsuitable

for comprehensive repeadiaracterization due amplificatiorrelated biases and the
difficulties to amplify regions with high CG coritént* Also, the use of PGkased
approachem patiets heterozygous for normal and large expansion alleles may lead
to the amplification of only the normal aifeland polymorphisms surrounding the
repeat region may leadaitele bias, dropout, or the misinterpretation of résults
Targeted and PCirRee aproaches coupled to longad sequencing have been already
reported for the wilepth characterization of repeat expansions in different disorders
such as FXS, Frontotemporal lobar degeneration/motor neuron disease, Fuchs
endothelial corneal dystrophy, Hogton's disease, Benign adult familial myoclonic
epilepsy and Neuronal intranuclear inclusion d®8ase

However,the possibility to develop a robust andnalhe assay for the full
characterization of repdautked disorders in the clinical setting requires alcarefu
evaluation of these approaches, both in terms of performances-effécostness.

In contrast, a deep benchmarking of targetegiread sequencing methods, enabling

the analysis of clinically relevant repeats, is still lacking.
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2. AIM OF THE THESIS
Severaapproache®or longDNA -fragment enrichment are available, however their

application is limited to the research setting and an extensive benchmarking of their
performances is still absénthis thesis, we assessed and compared the performances
of longDNA capture apmaches aupled to longead sequencing for the
characterization &#MR1, DMPK andCNBP repeatexpansions selected as case
studiesfor medium(FMRJ), long DMPK) and extremely lon@€NBP expanded
microsatellitesAt this aim,we benchmarked a total of three approaches: indirect
sequence apt ur e ( Sa mp-madirtéddargete semyencing, &hd & set of
three hybridizatiecnapture methods (PNA, dCas9 and dsEuxgbes).Xdr op 0 s
indirect capture was selected owing teertsatility and cheap assay dealgmough

its implementation is still very limit€hs9nediated capture is the most commonly
utilized approach in combination with lesegd sequencing to characterize not only
repeat expansions but also other genomic features, Sisatarge SVs and CpG
methylation.Finally, hybridizatichased qature approaches potentially allow to
significantly reduce costs but their combination withréamh sequencing is still
largely unexplored. The performanceadct enethod were assessed by comparing
type and amount of input gDNA) enrichment effieincy,lll) length of enriched

DNA fragments andV) additional features, such as costs and need of peculiar
instruments.
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3. MATERIALS & METHODS

3.1 DNA SAMPLES
Genomic DNA (NA12878, NA06891, NA07537 and NA20241, representing cells

with diverseFMR1 alleley was purchased from the Coriell Institute for Medical
ResearctHMW gDNA from the HEK293 cell line was extracted starting from cell
pellets (~1 million) and ing the Nanobind CBB Big DNAMW kit (Circulomics,

now PacBio, Menlo Park, California, United) Stah s e d on manuf act
instructionsAll the other samples for Xdrop indirect capture were isolated from the
whole blood of unrelated healthy donors BlGedter, Verona Hospital) following
informed written consent. Samples werglelgified immediately after collection.

The study was approved by the Ethics Committee for Clinical Research of Verona and
Rovigo Provinces and all the investigations were tewdaccording to the
Declaration of Helsinkenomic DNA was extracted from venous bloodd 0.3

ml) collected in EDTA tubes using the Genomic Tip 100/GCkégen, Hilden,
Germany, NucleoSpin Blood Mini kit (MacheMggel,Diren, Germaryor the
Nanobind CBB Big DNA Kit (CirculomicsThe Genomic Tip 100/G and
Nucl eoSpin Bl ood Mini protocols were car
instructions. For the Nanobind CBB Big DNA kit, we used either the HMW or ultra
HMW protocols with@me modifications for 0.5 ml whole blood input. In particular,

the volume of all reagents used was increadettizabd puls&ortexing was doubled

from 10 to 20 times.

Venous blood samples from DM2 patients (N=9) was kindly providedvbsdical

Geneics Section of Policlinico Tor Verg&iaroliment oparticipantsvas approved

by the institutional review board of Policlinico Tor Vergata (document no. 232/19).
All experimental procedures were carried out according to the Declaration of Helsinki.
Informed consent was obtained from all the participantsaamgles were de
identified immediately after collectiGenomic DNA was extracted from 0.5 ml of
venous blood collected in EDTA tubes using the Nanobind CBB Big DNA HMW
protocol (Circulomics). DNA gutity was measured using the QuBit fluoromether
(ThermoFisher Scientific, Waltham, Massachusetts, USA) in combination with the
Qubit dsDNA BR Assay Kit (ThermoFisher Scientific). DNA fragment size was

assessed by capillary electrophoresis using Tapd3&Qiam combination with the
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Genomic DNA ScreenTape assay (both from Agilent, Santa Clara, California, USA)
or via Pulsediled gel electrophoresis. DNA purity was determined using a Nanodrop

spectrophotometer (ThermoFisher Scientific).

3.2 PULSED-FIELD GEL ELECTROPHORESIS
PFGE was run on the CHEF Mapper electrophoresis systeRa@loaboratories,

Hercules, California, USA). Seven hundred ng DNA was resolved by PFGE using a

1% agarose gel that was let solidified overnight at RT for 3 h.

The electrophoresthamber was filled by 2.2 | ofxX0T5is-BorateEDTA (TBE)

buffer. The run was set as follows and according to according to the expected size of

extracted DNA:

1 From 2500 2,200 kbpwith a Two State Mode (24 h) that consist of two field
vectors, with each vector having the same voltage and duration but separated in
direction by a 120A definable included
and a final switch time of 90086.

1 From500 1,000 kbp with a Two State Mode (20 h) that consist of two field
vectors, with each vector having the same voltage and duration but separated in
direction by a 120A definable included
and a final switch tinkef 900 6 .

1 From 5- 450 kbpwith a Two State Mode (20 h) that consist of two field vectors,
with each vector having the same voltage and duration but separated in direction
by a 120A definable included angl e, wit
switch time of 35060.

Threek DNA markers (either liquid or embedd

run differing in their size range: CHEF DNA Size Standard (size ranget8&3

<kbp, BioRad), MidRange PFG Marker (size ranged<Pd <kbp, New England

Biolabs), Lambda PFG ldat (size range <483018 <kbp, New England Biolabs)

and CHEF DNA Size Marker (size range <2800 <kbp, Bidrad). After the run,

the gel was stained for 300 xdBEbafferHul a mi

suppl ement ed wi tharmotFshefHciensfig) bSelrsequzotly the gél T

was washed f or 3 &dBEmuffaruGeldansaging wasiperformeels h 0 .

on a ChemiDoc Touch Imaging System with Image Lab Touch Softw&adBio
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3.3 XDROP INDIRECT CAPTURE

3.3.1 Droplet generation and dP®
Before enrichment, DNA samples were purified usindjghPrep MagBio beads

(MagBio Genomics, Gaithersburg, MD, USA) and diluted with Bridaseater to 5

ng/pl. Detection sequenseecific primers fdfMR1, DMPKandCNBPenrichment

were designed using the Samplix primer desigrhtipal/(samplix.com/primer

Table 4). The dPCR reaoh consisted of 20 pk@PCR mix (Samplix), 0.8 pl of each

primer (1dnM), 2 ul 5 ng/ ul DNA, and water to 40 ul. Droplets were generated using

a dPCR cartridge and Xdrop droplet generator (both from Samplix). Droplets were

then transferred to fourtubasnd dPCR was <carried out by
followed by 40 cycles of 94AC for 3866 ani
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Table 4. Primer pairs used in this thesid-or each primer is shown the reference assay, the target
gene, the genomic coordinates, the expected amplicon length and the efficiency as determined via gPCR

and using a calibration curve.
Assay D Primer Sequence Chromosome  [Start] [End] Aorpitmm Efficiency
length (bp)
Fw GAGCCCTAGTCCTCACCCAAT 147,917,027 147,917,947
FMR1_dPCR 140 NA
Rev CCCTACCTATCAGGCAAAGCT 147918046 147,918,066
X
Fw TCATTGGTGGTCGGGTGTAC 147917152 147,917,171
FMR1_qPCR 111 1.08
Rev AGCGACACCTCACATTCCTT 147917243 147917262
Fw AGTCTAGGTCACTGCTGGGT 45,777,164 45,777,183
DMPK_dPCR 137 1.03
Rev GGACCTTCCTTGCTGAGTCA 45,777,049 45,777,068
Xdrop indirect capture 19
Fw TCTCCCCGTCCAGATATAGG 45,771,261 45,771,280
DMPK_qPCR 216 0.82
Rev AGAGAGAAGGGACAGGTGAC 45,771,065 45,771,084
Fw GCTTGGAGAGGTGAGCACAT 129171389 129,171,408
CNBP_dPCR 157 NA
Rev GCCACCTCTACCGCAGTTAT 129,171,252 129,171,271
3
Fw GGCGTTTTGTTCTGCATGGT 129,170,637 129,170,656
CNBP_qPCR 124 1.06
Rev TGCTGCAGTTGATGGCTACA 129,170,533 129,170,552
Fw CTGAAGTGGCAGTTCCAGCG 45,771,908 45,771,927
DMPK_gRNA1 275 1.03
Rev CTCGCGTAGTTGACTGTGGG 45,771,653 45,771,672
Fw CACCGAGCGTCGAGAAGAGG 45769462 45769481
DMPK_gRNA2 132 0.88
Rev  GGCTAGAAAGTTTGCAGCAACTT 45,769,350 45,769,372
Fw AGGGTGTGTCAGGTGGATGAG 45,779,108 45,779,128
DMPK_gRNA3 19 187 1.02
Rev CCCAGACACTCCTTCCCTAG 45,778,942 45,778,961
Fw AGACGCAGGGACAGGAATGG 45,765,441 45,765,460
Cas9-mediated capture | DMPK_gRNA4 276 097
Rev GTTCCGCTTACAGCTAGTACC 45,765,185 45,765,205
Fw TAAGTAAGGGTGTGTGTGTTGC 45,772,440 45,772,461
DMPK_gRNA5 155 095
Rev AACAAATCAGGATTCCCACCTG 45,772,307 45,772,328
Fw GACAAGTCTATCACAAGGGACC 129,175970 129,175,991
CNBP_gRN 132 1.19
Rev  TAAAAGAGGTCTTTGAGTGGCC 129175860 129,175,881
3
Fw CAAAGATCTGACTGCAGCCATG 129171755 129,171,776
CNBP_gRNA2 153 0.82
Rev GACAAAATACCTCTATCCGAGG 129,171,624 129,171,645
Fw AGGGAAACGAATGCCTGATT 22,297,096 22,297,115
/ PRI 6 120 1.02
Rev GCAGGAAACACACTTCACCA 22,296,996 22,297,015

3.3.2 Positive droplet sorting
Following dPCRdroplets were collected in a single tube, diluted with 1 ml dPCR

buffer (Samplix) and stained with 10 ml droplet dye (Samplix). Droplets were sorted

on a FACS Aria Fusion Il (Becton Dickinson, Franklin Lakes, NJ, USA), with
instrument settings adjustedASC = 210, SSC = 250 and FL1 = 370. The positive
droplets were gated on FL1 fluorescence
Sorted droplets were collected in 15 ml water.
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3.3.3 dMDA
Sorted droplets were mixed with 20 pul Break solution and 2 pl Bre&Raraplix),

and 10 pl of the resulting aqueous phase was used as a template for dMDA. The
reaction mix consisted of 4 pl dMDA buffer, 1 pl dMDA enzyme, 10 pl template, and

water to 20 pl. Droplets were generated as above, while running the dMDA program.
Afterwards, the droplets were incubated 1
at 65°C to terminate the reaction. The dMDA droplets were broken using 20 ul Break

solution and 1 pl Break color as above.

3.3.4 gPCR analysis
Total DNA released from dMDA dotets was quantified using a Qubit fluorimeter

and the Qubit HS DNA quantification kit (Thermo Fisher Scientific). The size range

of the amplified DNA was analyzed on a TapeStation 4150 using the Genomic DNA
ScreenTape assay (both from Agilent Techngldgmés enrichment of target DNA

was assessed by gPCR using the KAPA library Quant gPCR mix (Roche, Basel,
Switzerland), 10 ng DNA, and i each of forward and reverse validation primers
(Tabled. The qPCR reaction was pdméRCRmed on
System (ThermoFisher Scientific) with the following program: initial denaturation at
94AC for 26 followed by 40 cycles of 94A
was determined ug an online calculatohtifps://samplix.com/calculatiohs

Usual ly, s a-4ojkneichmentiailP®R stbwdd@lfo robust enrichment

and breath of coverage after sequencing and thus were selected for downstream

analysis.

3.3.5 ONT sequencing of enriched DNA
We sequencedl5 pg of the enriched DNA samples from the Xdrop workflow using

the ONT platform, poling two replicates when necessary. Amplified DNA was
initially debranched using 15 wunits of T
DNA fragments were isolated by size selection ubliRyre XP bead8éckman

Coulter, High Wycombe, JHKn the presee of 15%polyethylene glycdbigma

Aldrich, St Louis, MO, USAThe ONT sequencing library was generated using the
Ligationsequencingit SQK-LSK109 ONT, Oxford, UK) according to the
manufacturerds i nstructions wi-ebairechi nor me
using the NEBNext FFPE DNA Repair Mix (New England Biolabs, Ipswich, MA,
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USA) at 20AC for 1-#9répped withdhe SIEBMN&s Enduent | y
repair/ldA&t ai | i ng Modul e (New Engl and Bi ol abs)
were | igated at room t é&imellibsaty wasdoadedor 100
onto a MinlON R9.4.1 flowell (ONT) and standard settings were applied for a ru

time of ~16 h using MinKNOW (ONT, v20.06.5).

3.3.6 ONT sequencing data and repeat analysis
All the analysis were performed by the bi

Functional genomics lab. Raw ONT fast5 files weresiés® using Guppy v4.202 i
high-accuracy mode. Reads were quality filtered using NanoFiltévaitii a

minimum quality score of 7. Reads were then mapped to the hg38 human reference
genome using Minimap2 v2r@41*. The ONT datasets showed a large fraction of
bases (59.3%) mapping as supplementary alignments within the same genomic region,
but not recurrent at the same position, suggeste presence of chimeric reads
possibly derived from dMDA as previously repBft€ti To exploit the full
sequencing dataset, both primary and supplementary alignmentslgcpghetiag

the FMR1repetitive region were considered. Repeat length of normal and expanded
alleles was determined from consensus sequences obtained by the de novo assembly
of the extracted sequences using the CharONT pipeline
(https://github.com/MaestSi/CharON)l Sequences assigned to each allele were

processed separately. Roihg two rounds of polishing, consensus sequences for
each allele were searched for repeat motifs using Tandem Repeat Fititier v4.09

The presence of somatic mosaicism was investigated by aligning reads to sequences
flanking the repeat, searching for repeat motifs, and visualizing alignments in a genome
browser using the MosaicViewer FMR1 pipeline

(https://github.com/MaestSi/MosaicViewer_FMRAlignments were visualized in

the IGV genome browes v2.8.58"

3.3.7 IlMlumina sequencing
Amplified DNA was fragmented using a Covaris sonicator to achieve an average size

of 400 bp, and llluminad®-free libraries were prepared from ~2@D ng DNA
using the KAPA Hyper prep kit and unique -thdéxed adapters (5 puL of a 15 uM
stock) according to the supplierds prot oc

distribution were assessed on arityzer (Agilent Technologies). Barcoded libraries

34


https://github.com/MaestSi/CharONT
https://github.com/MaestSi/MosaicViewer_FMR1

were pooled at equimolar concentrations and sequenced on a NovaSeq6000
instrument (lllumina, San Diego, CA, USA) to generateplifireeend reads.

3.3.8 Illlumina sequencing data analysis
Alltheanal ysi s were performed by the bioinfo

Functional genomics lablumina fastdiles were qualigheckedising FastQC

(https://www.bioinformaics.babraham.ac.uk/projects/fasigc/ and low-quality

nucleotides and adaptors were trimmed estgf? Reads wetbenaligned to the
reference human genome version GRCh38/hg38 using-MBNA v0.7.17
(https://arxiv.org/abs/1303.3997 Allbam files were cleaned by local realignment

around indel sites, followed by duplicate marking and recalibration using Genome
Analysis Toolkit v3.B.6.BamuUtil v1.4.1das used to clip overlapping regions of the
bam filein orderto avoid counting multiple reads representing the same
fragmentCollectHsMetricby Picard v2.17.10 wasedo calculate fold enrichment

to determine enrichment quality.

3.4 CASSMEDIATED TARGETED SEQUENCING

3.4.1 crRNA design
Design of crRNAs was conducted using the online tool CHOPCHOP

(https://chopchop.cbu.uib.nd/ foll owing ONTG s rec

(https://community.nanoporetech.com/info_sheets/targetegblificatiorfree

dnasequencingsingcrisprcas/v/ieci_s1014 vl reve 11dec2018Bhe upstream

crRNA was designed on the +ve strand while the downstream crRNA was designed
on the-ve one, making sure that the excisepinieat was at least 3 kbp. Candidates
were manually checked for unique mapping via alignment on the human genome
(Hg38) using BLAST and excluding region overlapping common SNPs (MAF > 0.01,
dbSNP database). Selected crRNAs are showabla 5 The crRNAs wre
purchased from Integrated DNA Technologies (IDT, Coralville, lowa, USA) at 2 nmol

scale.
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Table 5. GuideRNASs used in this thesis The design has been performed using the CHOCHOP

online tool. Candidates were manually checked for unique mapfiogngwénaon the human genome

(Hg38) using BLAST and for the presence of SNPs (MAF < 0.001) using the dbSNP database. For each
gRNA is shown the target gene, the sequence, the PAM sequence, the genomic coordinates, the strand
location and the cut efficiencyi.e. % of Cut DNA) as determined via qPCR.

ID Target Target sequence PAM Chr [Start] [End] Strand Cut(;lf’fi;:li:)ncy
¢RNA1| DMPK CGGACAACCAGAACTTCGCC AGG 19 45,771,773 45,771,792 + 80.3%
¢RNA2| DMPK  TCGAGCTTGCGTCCCAGGAG CGG 19 45,769,376 45,769,395 - 67.6%
¢RNA3| DMPK GGTCTTCAGGAATTCTAACG GGG 19 45,778,972 45,778,991 + 65.6%
¢RNA4| DMPK AGTCCCCCACGTATATGGCA GGG 19 45,765,242 45,765,261 - 84.9%
oRNA5| DMPK  TCGATCTTTGAGCTGAGCGC TGG 19 45,772,405 45,772,424 + 37.4%
oRNAG| DMPK  GTTGGAAGACTGAGTGCCCG GGG 19 45,770,437 45,770,456 + NA
oRNA7| DMPK  ATAAATACCGAGGAATGTCG GGG 19 45,769,783 45,769,802 - NA
¢RNA8| DMPK TGCGAACCAACGATAGGTGG GGG 19 45,770,067 45,770,086 - NA
¢RNAT| CNBP CCACCTGATTCACTGCGATA GGG 3 129,175,929 129,175,948 + 74.4%
oRNA2| CNBP GGCTTCTCATTCCACGACCA CGG 3 129,171,664 129,171,683 - 84.4%

3.4.2 RNP complex assembly
RNA assembly was performed following the ONT protocol (Version

ENR_9084 v109 revD_04Dec2018). A mixture of the crRNAs (10 uM each) and the
transactivation crRNA (tracrRNAO pM, IDT) in duplex buffer was denatured at

95AC for 560 and cooled to room temperat
duplexes. RNPs were formed by mixing 10 uM gRNAs with 62R® Alp. HiFi

Cas9 Nuclease V3 (IDT) in 1X CutSmart Buffer (New Enddamldbs) and

i ncubating 300 at RT.

3.4.3 gPCR analysis
Primer pairs flanking each gRNA cut site were manually designed and are reported in

Table 4 Two pg of HMW gDNA from the HEK293 cell line were directly subjected

to Cas9mediated cleavage with the selegifdAs as previously described, ending

the protocol right after the cut reaction. Then, 5 ng of intact and cleaved DNA were
amplified using the primer pair of interest (10 uM each), separately, and KAPA library
Quant gPCR mix (Roche). Both cleaved andt IDISA were also amplified using

primers for the Prolactin gene (10 mM each) that was used as internal control
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unaffected by cutting. The qPCR reaction
Time PCR System (ThermoFisher Scientific) with the followingarpromitial
denaturation at 95AC for 108 followed by
Fold change (i.e. amount of uncut DNA) was obtained using the following formula

which allowed to normalize the results on the efficiency of the primers:

v

Fotl change—= 5

Cut efficiency (i.e. % of cut DNA) was then determined using the following formula:
Cut efficiencyp= "O¢ ad@ &¢ "Q@p 11 1T

3.4.4 Cas9mediated capture
In order to preserve DNA integrity, all mixing steps were performed via tube flicking

and, when strictly necessary, using wide bore pipette tips. Input gil0fgiwas
dephosphorylated using 15 units of Quick Calf Intestinal Phosphatase (New England
Biolabs)intCut Smart Buffer (New England Bi ol ab
80°C for enzyme inactivation. Next, 1@fupreassembled RNPs were mixed to
dephosphorylated DNA for target cleavage and simultanetaiirdfwith dATP,

using 5 units of Taq DNA polymerase (New England Biolabs) auMidATP (New

England Biolabs). Castidated digestion and-tiling wer@erformed 26at 37C

and ®at 72C to inactivate the Cas9. Fiwef ONT®& sequencing adapters (AMX,

ONT) were ligated for Bt RT to the cleaved, dailed DNA using 20 pl Ligation

Buffer (ONT) and 10 pl of Quick T4 DNA ligase from the NEBNext® IQLigation

Module (New England Biolabs). The reaction was stopped by adding 1 volume of 10

mM TrisEDTA pH 8. Then, the mixture was purified using @BIPure XP

magnetic beads (Beckn@oulter). Beads were washed twice using 250 pl of Long
FragmentBuffeff ONT) and DNA was el uted 100 at RT
(ONT).

3.4.5 Multiplexed Cas$mediated capture
Some of the samples were processed in multiplex using theeGas®d PCRee

enrichment native barcoding protocol provided by ONT in combinaitiorthe

native barcoding kit from ONT (EXRBD104). Briefly, one mix per each barcode
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was prepared by mixing 3 pl of the ONT native barcode with 5 pl of nirelease

water and 50 pl of Blunt/TA Ligase Master mix (New England Biolabs). The mix was
addedo eachcleavedandtAa i | ed DNA and incubated 1060
were purified using &&MPure XP magnetic beads (Beck@aulter) and eluted

in 14 pl of nucleadeee water. All available nanograms from each sample were pooled

in a final volme of 65 pl nucleaser e e wat er . Five OI of ONT«
(AMXIl from EXP-NB D1 0 4, ONT) were | igated for 10
tailed DNA using 20 ul Ligation Buffer (ONT) and 10 pl of Quick T4 DNA ligase

from the NEBNext® Quick LigatioModule (New England Biolabs). The reaction

was stopped by adding 1 volume of 10mMHEDISA pH 8. Then, the mixture was

purified using 0X3AMPure XP magnetic beads (Beck@aulter). Beads were

washed twice using 250 pl of Long Fragment Buffer (ONT)M#®d Dwas el ut ed

at RT using 13 pl of Elution Buffer (ONT).

3.4.6 ONT Sequencing
Purified DNA was mixed with 37.5 ul of Sequencing buffer (ONT) and 25.5 pl of

Library loading beads (ONT). Library was loaded on eMIN@OG6D (R9.4.1) flow
cell and sequenced wsMinKNOW (ONT, v20.06.5) until plateau was reached.

3.4.7 ONT Sequencing data and repeat analysis
All the analysis were performed by the bi
Functional genomics lab. Raw ONT fast5 files werechiese usingsuppyv3.4.5
with highaccuracy mode Reads from multiplexed runs
weredemultiplexeavith Guppy v3.4.5 Reads werguality
filteredwith NanoFiltv2.7.1% requiring a minimum quality score aofR&ads
spanning the full repeat watentifiedvia insilicdCR and using 100 bp primers
pl aced on the repeatods flanking regions
ocompl et e sequencesao wer e extracted 3
analyse€ompletesequencesere assigned either to the sylae or to the expanded
allele based on their leng®®ads from each allele and each sample were then
processed separatéiy. accurate consensus sequence was obtained collapsing reads
from the  wildtype allele using the CharONT pipeline
(https://github.com/MaestSi/CharON)ras described forehXdrop workflowThe
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polished consensus sequsmeresearched for repeats using Tandem Repeat Finder
v4.09* Reads frontheexpanded allele wetkgned to sequences flanking the
repeats ear ched for repeats wit handvisualizdd 0T GO,
using thelGV genome browser v2.8'3 For ease of viewinggadsoordinates
corresponding to an annotated repeat reptaced by singlenucleotidestretchof

length equallinthe annotatedepe& and assigned a specific col&agripts for

annotating repeats and generating simplified reads for the expanded allele are reported
in https://github.com/MaestSi/MosaicViewetNBP.

3.5 HYBRIDIZATION -BASED APPROACHES

3.5.1 PNA design
PNAs were designed using the online BA  tool

(https://www.pnabio.com/support/PNA Tool.htinand were chosen based on

length (12 21bp) seHcomplementarity (score=0), purine content (< 60%), and short

purine stretches (especially G, < 6). Sequences were then manually checked for unique
mapping via alignment on the human genome (Hg38) using BLAST and excluding
region overlapping comm&NPs (MAF > 0.01, dbSNP database). Selected PNA was
586TCT CCG CCC AGC TCCAGTCB8386 with genomic coordi
45,770,358 45,770,377 and was located 93 bp upstreaDMR& microsatellite.

Biotinylated PNA was purchased from Panagene usediYegu, Daejeon, South

Korea) at 25 nmol scale. Once delivered, the PNA was resuspghdedHinal

concentration of 5 pM.

3.5.2 PNA-mediated capture
Five ug HMW gDNA in 97 iris buffered saline 25 mM Tris (pH 7.2b0 mM

NaCl Sodium Phosphate Buffer pH 3.EDTA 1 mM were mixed with 3 pl PNA

(15 pmol ), incubated 106 at 95-AMA and th
hybridization. T e n -27@ IStreptavidin Dgadsa (0.2 ang,s E =M
ThermoFisher Scientific) were washed thmes using 100 ul of wash buffer (25 mM

Tris pH 7.2 150 mM NaCl) on a magnetic stand. Beads were then resuspended in 10

ul wash buffer. Washed beads were added to the hybridization miRNRNA
triplexes) which was t m&ertopreventbeadsfed 300 &

precipitating. Following hybridization, beads were placed on magnetic stand and the
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surnatant was removed and discarded. Washing steps (or no washes) were performed
according tdable 12 Following the final wash, beads weneaatrated on magnetic

stand and the surnatant was discarded. Beads were gently resuspendeedn 10 pl H

and were heated at 95AC for 58. Then, be.

stand and the eluate was transferred on a collection tube.

3.5.3 dCas$%based capture
DeadCas® X F L A-Bi&tin Protein was purchased from MilliporeSigma

(Burlington, Massachusetts, USA). Once delivered, the enzyme was resuspended using
the provided dilution buffer to a final concentration of 62 uM. The gRNAs (6, 7 and

8) were dagned as previously described and are repofigoléns The gRNAs and

the RNP complexes were prepared as previously described and using 0.3 pl of
biotinylated dCas9 (62 uM) instead of the canonical Cas9. Five ug HMW gDNA in 37

pl 1X CutSmart Buffer (MeEngland Biolabs) were combined with 5 pl of dCas9

RNPs and then incubated 10 &70&treptdidid C. Ten
beads (0.1 mg, ThermoFisher Scientific) were washed three times using 100 ul of wash
buffer (25 mM Tris pH 7.2150 mM NacCl) o a magnetic stand. Beads were then
resuspended in 10 ul wash buffer. Washed beads were added to the hybridization mix
(dCasDNA compl exes) which was then incubat
prevent beads from precipitating. Following hybridizdigads were placed on

magnetic stand and the surnatant was removed and discarded. Beads were directly
resuspended in 10 ub® and were heated at 95AC for
dCas9). Then, beads were quickly concentrated on a magnetic stareluatd thas

transferred on a collection tube.

3.5.4 DNA -probe based capture
Biotinylated dsDNAorobes (120 bp each) were designed to capture a 1.9 kpb region

spanning thBMPKmicrosatellite and were purchased from Twist biosciences (South

San Francisco, California, USA). The hybridization capture protocol was adapted from

the Appendix 10 of the Twist Human Core Exome Enrichment protocol (Twist
bioscience) with some modificaiand starting from 5 pg of HMW gDNA in in 12

pl TrisHCI pH 8. Hybridization was performed for 16 h at 70°C following a
denaturation step at 95AC for 508, i n the
Streptavidisbased pull down and washing steps vpendormed based on
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manufacturero6s instructions. Foll owi ng t
beads were concentrated on magnetic stand and the surnatant was discarded. Beads

were gently resuspended in 20 Hand wer e heat e deadst 95AC
were quickly concentrated on a magnetic stand and the eluate was transferred on a

collection tube.
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4. RESULTS

4.1 REPEAT CHARACTERIZATION BY XDROP INDIRECT
CAPTURE

We first t e sindieedt capthre forXhek reoriphtnent of agA

fragments spanning tR&IR1, DMPK and CNBP microsatellites. We selected this
method as first one to test because the assay design is the less expensive and most
versatile, depending on a single primerpaddition, the method can be potentially
coupled with both ONT longead and lllumina sherad sequencing.

4.1.1 FMRI1, DMPK and CNBP microsatellite enrichment using the
Xdrop technology

Specific primer pairs were designed to amplify a Detection Site {B)diyPCR
(dPCR) at few kbp (< 5kbp) from the microsatellite repeat &ivilRé DMPKand
CNBPgenesKigure 7A, B andC). Additional primer pairs were designed to monitor
enrichment by qPCR (Figut&, B andC).
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Figure 7. Localization of dPCR and gPCR primer pairs aFkel DMPK and CNBP locus.

Integrative Genomics Viewer (IGV) visualization ofAhd&-MR1locus on the X chromoson(®)
DMPKIlocus on chromosome 19 and (@9 CNBPlocus on chromosome 3. The figure shows the
localization of the microsatellite (blue), primers used to amplify the detection sequence by dPCR (red),
and to assess the enrichmgngBCR (green) after applying the Xdrop workflow.
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The three Xdrop assays were tested in parallel on samples containing gDNA fragments
> 60 kbp, extracted from healthy control donors, Coriell reference samples and a cell
line (HEK293). Following Xdremedated encapsulation and dPCR, a clear cloud of
positive droplets was visible by FACS analysis for all targetéie&ptvhere a

positive cloud was indeed present but not as defiRBiRAsINdCNBPones Figure

8A, B andC). We sorted an average of 430 and 424 positive droplets, allowing

the recovery of 1.3, 0.9 and 0.8 ug of enriched DNA after dMBM#RL, DMPK
andCNBPtargets, respectiveRidure 8D-E). Based on gPCR analysis, average on
target enrichment was 3b@d, 65fold and 127old for FMR1, DMPKandCNBP
microsatellites, respectivelyigire 8F). DMPK and CNBP showed a lower
enrichment and DNA recovery tHaMR1, consistently with the fact thiaey showed

a positive cloud that was either not very focused or netepathted from the
background signal. The enriched DNA obtainedddBtA amplification was-20

kbp in lengthKigure 8G, H and 1). In the case of thEMR1microsatellite, such

DNA length was more than enough to spamfuthtion alleles, ranging from >600

bp to 2.2 kb. In contrast, sincBMPK and CNBP microsatellites are known to
expand up to 19.5 kptand 44 kbf, respectively, we concluded on the basis of such
results that the Xdrop approach was either highkly or unsuitabldéor the
characterization of these repeat expansions. For this reason, further experiments have

been performed only on tR&R1microsatellite.
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Figure 8. Statistics of FMR1, DMPK and CNBP enrichment using the Xdrop technologyFACS

dot plots showing forward scatter (HH&sfluorescence intensity (FIF of droplets obtained after

the dPCRstep. The gate (red events) identifies the positive droplets that are s@gxjdeM&1(B)
DMPKand(C) CNBPtargets, respective{i2) Number of positive sorted droplef§) quantity of
amplified DNA recovered after dMD) fold enrichment oFMR1 DMPKandCNBPdetermined

by gPCR after applying the Xdrop workflow. Fragment distribution of dMDA target DNA samples
obtained by capillary electrophores{&df-MR1(H) DMPKand(l) CNBPtargets, respectively.

Target enrichment was tested across BiMAgextraction methodg-{gure 9A and

Figure 10A vyielding from standard to UHiMW gDNA fragments. These
experiments aimed at determining if Xdrop could be influenced either by the DNA
integrity (i.e. viscosity) or by the carryover of extrangtimodspecific
contaminants. Following flow sorting, a clear cloud of positive droplets (531 on
average) was visible for all methédsufe 1), allowing the recovery of 1.1 ug of
enriched DNA after dMDAFigure 9A, B). Average ctarget enrichment w851

fold across all methods based on gPCR andfygize( 9C). Although the
Circulomics ultrddMW protocol resulted in highly variable enrichments, no
significant differences were observed among the extraction methods on average, with

the exception of Qien columns (which did not achieve successful enrichment).
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Figure 9. Statistics of FMR1 enrichment using the Xdrop technology. (AYlumber of positive

sorted droplet$B) quantity of amplified DNA recovered after dMD®) fold enrichment of FMR1

deternined by gPCR after applying the Xdrop workflow to DNA samples extracted with different

methods: Genomic Tip kit (Qiagen, N=3), Circulomics Nanobind CBB Big DNA Kit using either the

HMW protocol (Circ. HMW, N=14) or the ukHMW protocol (Circ. UHMW, N=7}he NucleoSpin

Blood kit (MachereMa g e | MN, N=11), or Millerds protocol (
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Figure 10 Comparison of DNA fragment size and fleavting from genomic DNA extracted with

different methods. Genomic DNA was extracted with the Genomic Tip kit (Qiagen), Circulomics
Nanobind CBB Big DNA Kit using either the HMW protocol (Circ. HMW) or the & protocol

(Circ. UHMW), the NucleoSpin Blood kit (Machtdeyg el , MN) , or Mil l erd6s prot
(A) Fragment distribution of starting genomic DNA samples obtained by capillary electr¢phoresis.

FACS dot plots showing forward scatter (A$@sfluorescence intensity (FIFQ of droplets

obtained after the dPCR step. The gate (red events) identifies the positive droplets that are sorted.

4.1.2 Illumina and ONT s equencing of Xdropenriched samples
Considering the high amount of recovered DNAYJ .dn average), both ONT and

lllumina sequencing could be performed on a subset of samples representing three
expansion states FMR1 microsatellite (healthy, praitation and full mutation,

Table 6). Sequencing generated on average 341,@35#%081 reads, with average
lengths of 4,098 and 150 bp for ONT and Illumina, respeciiablg 6). However,

a consistent fraction of reads was chimeric (59.3%) possibly derived from dMDA

amplification as previously descritfétt Upon removing chimeric reads, primary
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alignment length was reduced to 1,506Thplé€ 6 and Figure 11B C). Since
supplementary alignments belonged to the same genomic region, both alignments were
corsidered in order to exploit the full dataset. The presence on chimeric reads limits
the ability to accurately assess repeat lengths expanding over primary alignment sizes
and further supports the unsuitability of the Xdrop workflow for the characterization

of DMPK and CNBP microsatellites that extend far beyond the length of primary
alignment. Low genormrdde coverage was achieved by both sequencing methods
(0.16x and 0.7x on average) and significant enrichment was observed for all samples
on the FMR1 gen85%fold for ONT and 464old for lllumina, on averagéigure

11A, DandTable 6). Importantly, reproducible enrichment was observed only on the
FMR1 geneHigure 12A, B) supporting the specificity of the method. Maximum
enrichment for both sequencingchinologies was observed on the DS, and
progressively decreased moving away from the target site, with a coverage > 10x
maintained for up to = 100 kbp flanking the Bgyre 11E, F.

Average coverage on the gene body was 57x for ONT sequieatdm)(i.e. lower

than the minimum threshold required to accurately call SNV using this tetfinology

On the contrary, llluminsequencing achieved a significantly higher enrichment on
the whole gene (362x), suggesting the Xd
for SNVs and Indel characterizatioRrMiR1gene body. More experiments would be
required in order to confirmehaccuracy of variant calling from dM&#iched

samples, which however was beyond the scope of the present work. Further analyses
were instead focused on the characterizatiBiMBfl repeat expansions following

ONT sequencing.

46



Table 6. (A) Enrichment angB) sequencing statistics of Xdrapriched samples

A
. . DNA Fold enrichment
Sample ID ‘ Condition ‘ Replicate extraction ‘ Sorted droplets ‘Recovued DNA (ng)‘ (GPCR)
R1 688 686 134
NA12878 Normal Miller's
R2 390 610 183
R1 800 1547 148
NA06891 Pre-mutation Miller's
R2 401 1738 300
NA20241 Pre-mutation R1 Miller's 540 804 330
R1 1135 1518 172
NA07537 Mutation Miller's
R2 964 1130 601
R1 698 759 210
R2 698 633 71
NA12878 Normal R3 Miller's 390 975 188
R4 420 4428 126.7
R5 640 649 1223
R1 317 530.4 508
NA06891 Pre-mutation Miller's
R2 243 4238 228
R1 448 427 114
NA20241 Pre-mutation Miller's
R2 394 713 358
R1 556 763 345
NA07537 Mutation Miller's
R2 616 607 183
B
Sample ID Replicate Platform # reads Avg. cov. #ofreads FMRI | Avg.cov. FMRI | g1y covichment (seq) | AVE:fead  Ave. primaty alignment
whole genome gene gene length (bp) length (bp)
R1 71,788 0.04x 1,062 1217 304 3710 1,556
NA12878 Nanopore
R2 121,310 0.05x 1,644 17.66x 353 3,128 1273
R1 103,498 0.07x 1,510 15.04x 215 4,798 1,406
NA06891 Nanopore
R2 427,614 0.14x 5722 66.05x 472 3,613 1,148
NA20241 R1 Nanopore 188,524 0.14x 5,188 75.34x 538 6,993 2,132
R1 274,862 0.13x 3,302 36.26x 279 3,391 1,428
NA07537 Nanopore
R2 1,199,856 0.52x 15,534 175.24x 337 3,054 1,600
R1 19,053,800 0.68x 82,444 293.3x 431 150 135
R2 19,818,606 0.67x 69,506 244.18x 360 150 134
NA12878 R3 Illumina 44,456,772 1.37x 197,840 706.57x 515 150 133
R4 3,116,556 0.10x 16,994 52.42x 372 150 115
R5 5,088,850 0.17x 36,150 114.4x 448 150 119
R1 18,168,888 0.55x 73,754 257.3x 397 150 133
NA06891 [llumina
R2 27,391,144 0.64x 48,572 164.1x 191 150 125
R1 22,675,960 0.78x 712,152 544.43x 698 150 128
NA20241 Tllumina
R2 31,580,602 117x 1,077,064 873.09x 746 150 132
R1 23,151,206 0.85x 421,844 336.4x 396 150 122
NA07537 Tllumina
R2 24825512 0.68x 514,456 399.94x 588 150 124
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Figure 11Statistics of FMR1 enrichment using the Xdrop technology. (Aitegrative Genomics
Viewer (IGV) visualization of lllumina and ONT mapped reads obtained from a representative Xdrop
enriched sampléB) Nanopore read an() primary alignment length distributifd) Comparison

of fold enrichment on the whdf®1R1gene between samples sequenced using Nanopore and lllumina
platforms(E) Fold enrichment an@) average coverage following Nanopore and lllumina sequencing
the Xdropenriched samples. Average coverageddceirichment were calculated on the detection
sequence (DS) and progressively up to 100 kbp upstream/downstream the DS.
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Figure 12. Coverage picture of Xdrepnriched samples coupled to Nanopore and Illumina
sequencing.(A) Integrative Genomics View#&V) visualization of a Xdregnriched representative
sample following Nanopore and Illumina sequen¢@)gZoom in showing reproducible enrichment

only on theeMR1gene.

4.1.3 Characterization of FMR1 repeats by Xdrop enrichment and ONT
sequencing
ONT sequencing data were analyzed from samples with known repeat features and

showing expansions of 82000 bpTable 7).
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Table 7. Characterization ofFMRIrepeats from Xdropenriched samples by ONT sequencing.

(A) ONT sequencing statistics dBJ comparison with previous repofsr each sample, Nanopore
sequencing statistics coveringRN&R1repeat are shown, along with the anticipated repeat features
based on earlier reports and data generated from-efuitoped samples.

A
D Condition Sex Total ONT reads Mean coverage Fold-enrichment Reads spanning
on repeat on repeat repeat
NA12878 Normal F 96,549 33.0x 713.9 22
NA06891 Pre-mutation M 265,556 55.5x 791.2 36
NA20241 Pre-mutation F 188,524 330.8x 930.3 257
NA07537  Mutation F 737,359 146.8x 9129 87
B
D Allele Average number of expected repeats e ecnuibey
g P P of observed repeats
NA12878 1 28 CGG + 2 AGG 28 90(: +2 A(jv(,
2 28 CGG + 2 AGG 28 CGG + 2 AGG
118 (Wilson et al. 2008) R S
1 119 CGG + 1 AGG
NA06891 121 (Lim et al. 2017)
2

29 (Juusola et al. 201; Chen et al. 2010; Lim
1 et al. 2017) 27 CGG + 2 AGG
27 CGG + 2AGG (Tsai et al.2017)
93-110 (Amos Wilson et al. 2008)

2 125 (Lim et al. 2017) 114 CGG + 1 AGG (mosaicism)
119, mosaicism (T'sai et al. 2017)
28-29 (Adler et al. 2011)

27 CGG + 2 AGG (Tsai et al. 2017)
>200, mosaicism (Adler et al. 2011;
Lim et al. 2017; Tsai et al. 2017)

NA20241

27 CGG +2 AGG
NA07537

342 CGG + 1 AGG (mosaicism)

The consistent enrichment achieved on the target (ran@e538§ facilitated the
extraction of sufficient reads spanning the entire tandem array (22 to 257) and allowed
us to determine allele counts and features for every sagwyte 13A, BandTable

7). Sample NA12878 showed the anticipated normal pattern of 28 CGG repeats in
both alleles, interrupted by the AGG trinucleotide at two sites. Sample NA06891 was
derived from a male patient in the-prgtation stage, with 1381 CGG repeats
according to présus sequencing dafa® Consistently, our analysis counted an
average of 119 CG@peats and highlighted the presence of a single AGG
trinucleotide interrupting the array. Sample NA20241 was obtained from a female
patient heterozygous for normal andmutated alleles. The expanded allele was
reported to contain 8310 repeats based traditional method8 whereas more

recent PacBio sequencing analysis revealed two groups of molecules with 90 and 120
repeats, respectivBlyin agreement with the latter study, our analysis demonstrated
the presence of mosaicism in this sample, evident as a bimodal distribution of
sequencing read lengths, with modal vafu@3 and 113 repeats. The CGG repeat
count of the normal allele was also confirmed as 29, interrupted by two AGG
trinucleotides. Sample NA07537 was previously reported to be heterozygous with 29
CGG repeats in the normal allele and > 200 in the expdieteedcarresponding to

a full mutatiok* The expanded allele was also characterized by PacBio sequencing,
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revealing a broad size distribution 06202 CGG repeats, which was confirmed by
our data. Speahlly, ONT sequencing reads ranged from a minimum of 196 to a

maximum of 402 repeats, with a modal value of 342.
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Figure 13. Visualization of repeat structure and length after sequencing Xdrepriched

samples on the ONT platform. (A)Individual ONT reasl were trimmed to include only fdR1

repeat region plus 400bp flanking sequence and aligned at theergeBb6h line represents a single

read, colored according to: A=green, T=red, G=orange, and C&)llRepeat count histograms
showing the number of reads reporting a certain repeat length: shaded background in each plot
represents risk ranges for disease development. Green=normal; yellow=intermediate; -orange=pre

mutation; and red=full mutation.

4.2 REPEAT CHARACTERIZATION BY CASSMEDIATED
ENRICHMENT

Limitations of the Xdrop method were mostly related to the dMDA step, that was
likely responsible of shortening the recovered target DNA after amplification. Hence,
in order to fully characterib?MPKandCNBPlarger expansions, we tested the Cas9
mediated capture. The method is indeed an amplifiteBoassay and, being
coupled with ONT longead sequencingan potentially generate very long reads (up

to 2.3 MB).

4.2.1 DMPK microsatellite enrichment via Cas9nediated capture and
ONT sequencing

Assay validation was first performed onOMPK locus. A set of 5 gRNAs were
designed on both the flanking regions oDlE>KmicrosatelliteHigure 14A. The
cut efficiency ofach gRNA was first validated by qPCR using a method that was

developed and tested for the first time in this thesis work. As described more in details

50



in the Material and Method section, primer pairs were designed on the flanking region
of each cut site drthe accumulation of PCR product was monitored by gPCR in
comparison to an uncut sampkeg@re 14B. According to this approach, we
demonstrated that all gRNASs tested, but one, had cut efficiency B 14C
andTable 5 The four most efficient gRNAs (1, 2, 3 and 4) were tested further via
ONT sequencing. The gRNAs were paired to make sure that the enriched fragment
length was >3 kbp because during library preparation fragments <3 kbp are removed.
Hence, gRNA 1 was paireith gRNA 4 to enrich a fragment of 6.5 kbp whereas
gRNA 2 was paired to gRNA 3 to enrich a fragment of 9.6 kbp. To prevent any cut
interference between gRNAs on the same end of the target, cut reactions were
performed in parallel and then pooled prioOtT sequencing. The assay was
performed on gDNA extracted from the HEK293 cell line, known to carry not
expanded allelgsttfy://hek293genome.org/vaFe
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Figure 14. gRNA design and cut efficiency evaluation via gPCR) Integrativesenomics Viewer

(IGV) visualization showing the position of EMPKrepeat and the gRNAs on the flanking regions.

(B) Schematic representation of the gPCR assay used to evaluate the cut efficiency of (B¢ gRNAs.
Primer pairs were designed flanking gRMA cut site and then used to amplify intact or cut DNA,
respectively. The amount of intact versus cut DNA is compared and plotted as cut efficiency (i.e. % of
cut DNA). Prolactin (notarget gene) was used for DNA input normalizg@mRNA cut effieency

plotted as % of cut DNA. (N=3).
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Sequencing data analysis showed that both gRNA pairs performed dedrothts
sides of the targdtiure 15A. However, we observed a significant difference in the
cut efficiency. In agreement with gR€s8ults, gRNA pair4 produced significantly
higher orarget reads (385, 0.59%) as compared to gRNA3@i0 2.06%l-{gure

15B. This resulted in a 1,8f88d enrichment for gRNA pairdland 194old for pair

2-3 (Figure 15Q. Based on these date@, could determine that > 70% cut efficiency
threshold indicated gogerforming gRNAs. Therefore, gRNA padrdas selected

for further validation and ONT sequencing.
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Figure 15. Cas9nediated enrichment and Nanopore sequencing of th®MPK microsatelite

from a healthy control. (A)Integrative Genomics Viewer (IGV) visualization of nanopore reads on
the DMPK microsatellite. The position of the gRNAs and the microsatellite are indicated at the bottom.
Both the enriched targets (QRNA&nd gRNA:B) dispays clear cuts on both sides, tough to different
degrees(B) Average coverage data for DBIPK microsatellite and whole genome (WG, i.e
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background coverage). Values on top indicate the %tarfgen read¢C) Fold enrichment of the
DMPKmicrosatellite.

We then tested whether the HMW DNA extraction method could have some
interference with gRNA cut efficiency. At this aim, the cut efficiency of gRNA pair 1
4 was tested through gPCR and across four different HMW gDNA extraction methods
yielding different DNA fragment siz&siglure 16A. No significant differences were
shown between the methods tested in terms of cut efficiency, with the exception of
Circulomics kHMW protocol Figure 16B. The entangled, highly viscous nature of
this gDNA may have interfered with the cut reaction, resulting in a highly variable
efficiency for gRNA 1. Based on these results, we showeahyhidM\W DNA
extraction method was suitable for @aefliated capture, as long as the average
fragment length is hightran the enriched target length. In contrast-ditt&V

protocol should be avoided as they could lead to poefficiency and thus
enrichment variability.
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Figure 16. Cas9nediated cut efficiency with different HMW DNA extraction methods. (A)
Pulseefield gel electrophoresis of genomic DNA extracted with Circulomics Nanobind CBB Big DNA
Kit using either the HMW protocol (Circ. HMW) or the UMW protocol (Circ. UHMW), the
Genomic Tip kit (Qiagen), or the NucleoSpin Blood kit (MacNawgsi, MN)(B) Cut efficiency of

gRNAs 1 and 4ested across the 4 different DNA extraction methods (N=2), from standard to U
HMW. The amount of intact versus cut DNA is compared and plotted as cut efficiency (i.e. % of cut

DNA). Prolactin (nosiarget gene) was used A input normalization.

In order to validate the method for the characterizati@Mé&fK microsatellite on
patients with confirmed DM1 diagnosis, we extracted DNA from a set of four selected

samplesHowever, no blood sample yielded good quality gDNA in terms of integrity
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(Peak < 60 kbp, DIN < 7) and quantity (< 5 ug). This could be ascribed to
inappropriate storage of blood samples (i.e. severalttiggzeycles) which
inevitably led to DNA degration. To confirm/reject this hypothesis, we decided to
test the method on the best sample. However, ONT sequencing generated -only 15 on
target reads, corresponding to a fold enrichment ofold.&nd confirming our
hypothesis. Since the use of degr&dedl was highly risky and could have led to
suboptimal results, we did not continue experiments on DM1 patients. Additional
blood samples are therefore required to validate th®R&sGassay for the analysis

of pathogenic repeats.

4.2.2 CNBP microsatellite enichment by Cas9mediated capture and
ONT sequencing

Based on the same criteria usedDMIPK we designed gRNAs on the flanking
sequences of ti@ENBPmicrosatellites-(gure 17A. The gRNAs displayed >70% cut
efficiency as determined by gPER)Ure 17Bard Table 5, that according to
previous tests ddMPKallowed to select gRNA with optimal efficiency for targeted
ONT-sequencing. Confirmation of gRNA cut efficiency was performed by ONT
sequencing on a healthy control (HEK293 cell line) and includingpgiR A for
DMPK as internal control. A total of 65,154 PASS reads were generated, of which
1,595 (2.45%) were-target (able 8). The gRNA pairs designed@xBPgenerated

clear cut®n both sides of the targ&tiqure 17GQ and provided um1,170 (1.8%)
on-target reads$-{gure 17D. Whole genome coverage was 0.21x, resulting inra 5,571
fold enrichment of thENBPmicrosatelliteHigure 17E, B.
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Figure 17. Cas9nediated enrichment and Nanopore sequencing of th€/NBP microsatellite

from ahealthy control. (A)Integrative Genomics Viewer (IGV) visualization showing the position of
theCNBPrepeat and the gRNAs on the flanking regiBn€ ut efficiency of gRNA pairs2ldesigned

to excise th€ENBPmicrosatellite. The gRNAs were pooled together and used to simultaneously excise
the target from gDNA (N=2). The amount of intact versus cut DNA is compared and plotted as cut
efficiency (i.e. %f cut DNA). Prolactin (notarget gene) was used for DNA input normalizgt@n.
Integrative Genomics Viewer (IGV) visualization of nanopore reads@xBRenicrosatellite. The
position of the gRNAs and the repat are indicated at the bottom. Thecetaiget displays clear cuts

on both sides, accounting for a good performance ofn@ak8ted capturéd) Average coverage

data at th€ NBPmicrosatellitand at whole genome level (WG, i.e. background coverage). Values on
top indicate the % of emrget reads(E) Fold enrichment data of tH@NBP microsatellite. For
comparison, statistics on the DMPK microsatellite are also ¢Rpwitegrative Genomics Viewer

(IGV) visualization showing the genemide coverage following Cas@diated capture and
Nanopore sequencing. @#rget reads are distributed randomly across the genome and result from the

ligation of nanopore adapters to random breakage points.
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Table 8. Enrichment and sequencing statistics of Cas@nriched samples.Reported are the
statistic BONT sequencing runs fro(A) HEK293 cell line(B) DM2 patients in singleplex ait@)
DM2 patients in multiplex.

A Healthy control
Run ID

Source HEK293 ccll line
# samples 1
input 10ug
Total aligned PASS reads, 65,154
On-target reads| 1,595
On-target % 2.45%
Whole genome avg. cov. 0.21x
T T | M. om
DMPK 6.5 kbp 425% 425 0.65%
CNBP 42 kbp 1170x 1,170 1.8%
B DM2 (CNBP) patients - Singleplex runs
Run ID
Source Whole blood Whole blood Whole blood Whole blood
# samples 1 1 1 1
input 5ug 2ug Tug 5ug
Total aligned PASS reads, 154,046 35,025 21,550 60,315
On-target reads: 705 359 414 146
On-target % 0.46% 1.02% 192% 0.24%
‘Whole genome avg. cov. 0.14x 0.077x 0.07x 0.07x
T T | covomme e % | commge  Cmmie % | commge rse % | coege Cree %
DMPK 6.5 kbp 121.2x 122 0.1% T9x 79 0.2% 102x 102 0.5% 18.5x 19 0.03%
CNBP 4.2 kbp 584.2x 624 0.4% 279.8x 283 0.8% 311.9x 330 1.5% 127.6x 142 0.24%
c DM2 (CNBP) patients - Multiplex runs
Run ID Tixpl Txp2 Exp3 Expd
Source| Whole blood Whole blood Whole blood Whole blood
# samples 5 4 4 3
input 2ug / sample 1-4ug / sample 35 ug / sample 45-10 ug / sample
Total aligned PASS reads 1,284,125 819,341 98,083 552,544
On-target reads| 579 391 88 566
On-target %| 0.05% 0.05% 0.09% 0.10%
Whole genome avg. cov. 0.94x 0.6x 0.18x 0.66x
T Tumleeh | ke Ovmes | Me Ovem | ke Ovem | Aw o Omemm
DMPK 6.5 kbp Tix n 0.01% 33x 33 0.004% 10x 10 0.010% 71.23x 72 0.013%
CNBP 4.2 kbp 507.89x 547 0.04% 357.57x 397 0.048% 78.3x 84 0.086% 494.4x 501 0.091%

Based on these results, we moved on to apply the method on gDNA extracted from 9 patients with
confirmed DM2 diagnosis, which have been characterized using traditional approadiieslibglthe
Genetics Section of Policlinico Tor Verd@tble 9). Casdnediated capture and ONT sequencing

were performed through a total of 4 sipdge and 4 multiplex ruriBable 8). The gRNA pair-2 for
DMPKwere always included as internal control. Enrichment performanceSNBBmaicrosatellite

were lower than in thglot experiment (HEK293 cell line), as previously reported for DNA extracted
from clinical samples compared to cell®inbst still consistently high (average coverage: 343x) and
associated to 2,67@d enrichment on average for all experiméatd€ 8). Multiplexing runs showed

higher background and lower enrichment as compared to the singleplex exgagoreri8A, B.

56



Table 9. Repeat expansion analysis of DM2 patients using traditiondiagnostic approaches.

Clinical features are presented along with the anticipated repeat features based on standard diagnostic
procedures (Sanger sequencing & Soubhwtimg). Blood samples, Sanger consensus sequences and
Southern bletlerived expansion lengths were provigetid University of Tovergata

Normal Allele (Sanger) Expanded allele (Southern blot)
Sample ID Sex Age Age atonset | Repeat lenght (bp) Repeat structure Approxima;i;e.p;:;)length (®p) Repeat structure
B (TG)24 (TCTG)7 (CCTG)5 j
DM2.A1 F 75 70 136 GCTG CCTG TCTG (CCTG)7 32,500 - 40,000
(TG)17 (TCTG)9 (CCTG)5
DM2.A2 M 27 25 130 GCTG CCTG TCTG (CCTG)7 14,183 - 20,000
' ' . (TG)20 (TCTG)8 (CCTG)5
DM2.A3 M 21 132 GCTG CCTG TCTG (CCTG)T 14,183 - 20,323
DM2.A4 M 65 61 122 (TG)19 (TCTG)9 (CCTG)12 29,027 - 32,745
' o (TG)21 (TCTG)7 (CCTG)6
DM2.B F 49 44 134 GCTG CCTG TCTG (CCTG)T 31,000 - 40,000
. (TG)24 (TCTG)6 (CCTG)T .
DM2.C M 20 - 140 GCTG CCTG TCTG (CCTG)T 22,000 - 29,027
(TG)19 (TCTG)9 (CCTG)5
DM2.D M 44 39 134 GCTG CCTG TCTG (CCTG)T 18,000 - 20,000
' (TG)19 (TCTG)9 (CCTG)5 - .
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Figure 18. Cas9nediated enrichment coupled to Nanopore sequencing of theCNBP
microsatellite from DM2 patients. (A)Average coverage giJ Fold-enrichment data on tikNBP
microsatellites from singleplex (N = 4) and multiplex (N = 4) nanopore runs. Values on top indicate
the % of ortarget reads.

Considering average values across all samples, a total 105,737 PASS reads were
generated, of which 308 (0.3%) wertaayet [able 10. Among these, 186 reads

were fully spanning either the normal (N=145, 78%) or the expanded (N=41, 22%)
allele Figure 19AandTable 10. Reads derived from the normal allele desrevo
assembled to obtain an accurate consensus sequence. The complex
(TGMTCTGWCCTGYNCTG)(CCTG) array was correctly identified in all patients

57



and ranged from 122 to 141 bp, corresponding 8al52CCTG tetraplet§igure

19BandTable 10.

Table 10 Nanopore sequencing statistics and@C/VBP repeat analysisFor each sample, Nanopore

sequencing statistics covering @iNBPrepeat are shown, along with normal and expanded allele

features derived from data analysis. The last columns shows the %fofiretite expanded allele

carrying the TCTG "atypical" motif.

A On-target average coverage

Spanning whole repeat
Total

Sample ID PA’SrSozilads P(;I;-Starregafits All Ref Ale
DM2.A1 149,569 216 197.7x | 144x 113x 31x
DM2.A2 154,046 624 584.2x | 354x 247x 107x
DM2.A3 197,651 105 98.9x T1x 60x 11x
DM2.A4 100,747 204 182.1x | 113x 82x 31x
DM2.B 142,659 322 304.5x | 137x 111x 26x
DM2.C 92,411 311 2759x | 189x 120x 69x
DM2.D 37,975 176 171.8x 120x 93x 27x
DM2.E 35,025 283 279.8x | 185x 153x 32x
DM2.F 41,552 528 507.7x | 365x 330x 35x

Both the size and the repeat pattern identified in each patient were in large agreement

wi t h

resul

t s

from Sanger

sequenci-ng

(99.

value<0.0001), with 6 patients showing a perfect match, 2 displaying-a single
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