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|. Maladies a expansions

Répétitions en tandem - 10 a 15% du génome humain
Polymorphiques, leur instabilité augmente avec leur longueur
Anticipation - augmentation de la taille d’'une génération a l'autre

Plus d'une cinquantaine de maladies a expansions decrites
Plusieurs mécanismes pathogenes rapportés
Majoritairement des maladies neurodegenératives
Dont 16 qui correspondent a des ataxies héréditaires dominantes ou recessives
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Maladies a expansions
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Figure 1. Timeline of repeat expansion discovery in human disorders

Depienne C, Mandel JL. 30 years of repeat expansion disorders: What have we learned and what are the
remaining challenges?. Am J Hum Genet. 2021;108(5):764-785. doi:10.1016/j.ajhg.2021.03.011
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|. Maladies a expansions — problematique

& Nombreuses techniques de routine (PCR, RP-PCR, seq, LR-PCR...)

q(\\ Recouvrement des tableaux phénotypiques — analyse sequentielle
(' Surtout pour les genes d’ataxie (16 maladies par expansion)

<& . . L, : ,
SAURA Diagnostic compligué sur des techniques de seqguencage short read
Expansion hunter - estimation approximative, interruptions, motifs différents..

- Approche long reads
Répond aux limitations du short read tout en multiplexant les loci étudiés

Expansion hunter -- hitps://github.com/Illumina/ExpansionHunter



https://github.com/Illumina/ExpansionHunter

1. Approche Iong-reads — Crispr/Cas9 enrichment

Parallel in-depth analysis of repeat
expansions in ataxia patients by long-read
sequencing
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1. Approche Iong-reads — Crispr/Cas9 enrichment
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B) Clin-CATS approach for repeat analysis by long-read ONT sequencing and bioinformatics analysis.

Brain. 2023 May 2;146(5):1831-1843. doi: 10.1093/brain/fawac377.



1. Approche Iong-reads — Crispr/Cas9 enrichment
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Figure 2 Coverage of the regions of interest. Box plot of the on-target coverage of
each locus of interest and overall targets of the 14 samples of the validation cohort.

Brain. 2023 May 2;146(5):1831-1843. doi: 10.1093/brain/fawac377.



1. Approche Iong-reads — Crispr/Cas9 enrichment

Objecitifs :

Ajouter des genes au panel
(FGF14, ATXN10, PPP2R2B, NOP56, DABL, ..., SCA4)

Multiplexer les échantillons de patients pour les passer sur une méme flowcell

Test du programme NanoRepeat pour la lecture des expansions


https://github.com/WGLab/NanoRepeat
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: Approche Iong-reads — Crispr/Cas9 enrichment

CRISPR Cas9
Locus Guide | Brinl Sensl Sequence 5’3’ | On target Score | Off target Score | Taille site
e ATXNI DL~ fw  GGTGGAAACTTTTATCGGTT 49 77 7394bp
ATXN1_U2 rev_c ATGTAATCGATCTAAGAACC 60 72
X ATXN2 D1 | fw  GTCGGCTCTGTCTCTACCGA 34 86 2921bp
D T d T d | t | C H O P _ C H O P C R I S P O R t I D T ATXN2_U2 rev_c CCGGTCACCCGCCGTCAAGC 30 94
eSIg n e g uiaes avec ies outlls y e . ATXN3 D1 fw  AGCGCATTCCCAAATAGACG 53 90 12389bp
ATXN3_U1 rev  GATTACTGCTGAACGCACAT 66 84
cachaza  |CACNALAD2  fw  GGTCCAGTICTGCGTGGAAT 37 77 8407bp
CACNALA_U2 rev_c TTGGCACTCGGGCATAGACT 51 83
ATXN7_D1 rev_c ATCTAGGTTAAACTTCCCGC 44 87 1743bp
Excisi h with redund ATNT ATXN7 U2 fw  CGGTACTICGTCCTGACACC 67 87
. xcision approach with redundancy ATXNS_D1 rev_c CATTACAGGTCACGCAAAGA 71 75 8834bp
Single cut and read-out (1X probe) Excision approach (2X probes) (4X probes) recommended ATXNBOS/ATXNS |\ ryNg U1 ¥ fw | ATACTTGGCCATCGTAATTG 44 83
7 * Y o o @ @ 0 o / p T8P_D1 , rev.c GAGGTTACTACTGCATGTTG 68 58 11192bp
€ C}P (4 ( {} .. % " ( TBP_UL fw  TGAGACGAGTTCCAGCGCAA 60 87
/ Yy ) V4 oy FNDL rev.c CACCAGTTTCGAGAATCCTG 52 72 9695bp
Pl shoing depth of coverage sross (HTT) arget region it g depth o coverage scross (11T targetregin Fiot ahowing Sepi  aovarage sasses §HIT)targt sgion FXN_U2 fw  CTGCTGTAAACCCATACCGG 58 82
1) 2 2) . ‘ ] —1° . FMRLD2 rev.c ATCACGATCCCAATCTTCTC 72 78 6493bp
| Reverse san . FMR1_U2 fw  TTTAGGCTTGAGCAACGAAC 67 74
RFC1_D1 fw  TTCGTGGAACTATCTTGGTA 63 60 8436bp
) ) o rect RFC1D2  fw  TGATTACAACCATCAAGGAT 100 41
%o ] ] : RFC1_U1 rev_c TAACTTCCAACAACCTCAAC 46 63
£ : £ RFC1_U2 rev_c GCTCAGTCGTTTTAACCAGG 49 69
. =] FGF14_D1 fw  CCGGTAGACCATATTACACA 70 83 14491bp
& ] 1 3 reria FGF14D2 fw  GGTCCTATGGCATTGTGACT 69 67
1 FGF14_U1 rev_c ACTCTCCTAGGCTCCAATAT 82 71
FGF14_U2 rev_c CACTCATTGGTTATCTGGAC 76 70
] ] ] XL ATXN10DL  revc TCACTCTATAGAGGTCAACT ¥ 80 62 6563bp
I 1 1 1 I I ATXN10_U1 fw  TAGTTGTTGTAATAGAGCCC { 65 61
’ ey ) ‘ Pontion on Cisi4 ‘ ’ s ’ : PPP2R2B_D1 fw  GAGATCTCATGAAGTACCGCY 65 89 5877bp
" PPP2R2B -
PPP2R2B_U1 rev_c AGAGGTTCGCCCGTCTGCAAY 57 90
NOPS6 NOPS6D1  _ rev.c CGATGAGACGTGCACCTACCY 74 90 4093bp
NOPS6_U2 fw  CCAAGCGGAGGAGCAACACE! 89 75
oAb DABLDL  fw CAACAACGTGACTTCGTAGCY 57 93 4246bp
DABI_1 rev_.c CGTGTACTATCCACTCTACC Y 61 74
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1. Approche Iong-reads — Crispr/Cas9 enrichment

Test 1 > CRISPR/Cas9

CRISPR Cas9 20231013
20 23 1 O 13 Locus Rep exp IGV Rep exp NanoRepeat
ATXN1 29 29 29
1 patient choisit pour son génotype AT 2 22 ’
1 flowcell
ATXN3 26_68 26_68
1 librairie
CACNA1A 11_12 11
72h de run
ATXN7 10_10 10
ATXNSOS/ATXNS 20_800 20_672/789
SCA1l - 29/29
SCA2 > 22/22 5P 9040 3
SCA3 9 26/ 68 FXN 9 _=1000 9 146(1)_1034(1)
SCA6 - 11/12
FDRA - 9/E (1200) FMRL 24_24 24
CANVAS - N3/N3 (10) . 0 10 o
FGF14 9 17? 9_16
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Il. Approche long-reads — crispricas9 enrichment

Test 1 > CRISPR/Cas9

@ Sequencing @ Fore avalable @ Unavailable O inactive @ Unciassified
20231013 socuoning” ssonong ﬁm‘"‘-"“‘w“’ fo furtoer sooencmg oo
580

Pom activity status %

01:00 0500 0200 1300 17:00 21:.00 2500 20:00 33:00 3ron 41:00 4500 48:00 5300 5700 6100 a5:00 82:00
Tima (Hrs:Mins)
— Estimated — Passad — Failed
Predicted total number Bases equal to or Bases below the quality
of bases, prior to above the quality score score threshold.
basecalling threshold.
3
2.5
2
§ 1.5
a
1
0.5
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Il. Approche long-reads — crispricas9 enrichment

Test 1 > CRISPR/Cas9
20231013

IGV hg3s chr1492,070988-92071,074  Q 86bp (Cursor Guide ) (Center tine ) (RN
@ | X |

Q m———t- O

32,070,990 bp . 92,071,000 bp . 92,071,010 bp . 92,071,020 bp . 92,071,030 bp . 92,071,040 bp - 92,071,050 bp - 92,071,060 bp " 92,071,070 bp

IAACTCTGTCCTGATAGGTCCCCctgetgotgoetgoetgoectgetgotgttgetgoettttgoetgetg TCTGAAACATTCAAAAGTGAAC .c

”] a
0

Insertion TGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTGCTG...
Location 92071010

ﬁ

|

3
&
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1. Approche Iong-reads — Crispr/Cas9 enrichment

Test 1 > CRISPR/Cas9

20231013

number of reads

ATXN3

Repeat size distribution (chr14-92071010-92071052-CTG)
14 - : :

12 -

10 -

i I

T T T T T T

10 20 30 40 50 60 70 80
repeat size

chré
chrl2
chrl4
chrl9
chr3
chr3
chrl3
chrl3
chré
chr9
chrX
chr4
chrl3
chr22
chr5
chr20
chrl

16327635
111598950
92071010
13207858
63912685
63912714
70139353
70139383
170561907
69037285
147912050
39348424
102161576
45795354
146878728
2652733
57367043

NanoRepeat - https://github.com/\WGLab/NanoRepeat

16327722
111599019
92071052
13207897
63912715
63912727
70139384
70139428
170562021
69037304
147912110
39348479
102161726
45795424
146878758
2652757
57367118

CTG
CTG
CTG
CTG
CAG
CCG
CTA
CTG
CAG
GAA
CGG
AAAAG
GAA
ATTCT
CAG
GGCCTG
ATTTT

NanoRepeat: fast and accurate analysis of Short Tandem Repeats (STRs) from Oxford Nanopore sequencing data
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https://github.com/WGLab/NanoRepeat

1. Approche Iong-reads - Adaptive sampling

Test2 > AS 1
20231113

Arrét de la commercialisation du kit Cas9 Nanopore
Approche plus flexible / région plus large; SNP, indel..
Premier test sur le méme patient

3 librairies = washé&reload
1 librairie - recovery&reload

AS 120231113
Locus =X Rep exp IGV Rep exp NanoRepeat
ATXN1 - 29 29 29
ATXN2 22 22 22
ATXN3 26_68 26_69
CACNAIA 11_12 11
ATXN7 10_10 10
ATXN8OS/ATXNS 20_800 20_726
TBP ‘.3 40 40 39
FXN 20 9 =1000 9 760(1)_1145(1)
FMR1 ‘I 9 24 24 24
RFC1 ‘-5 10_10 10
FGF14 ‘- 9 17? 9 17

15




1. Approche Iong-reads - Adaptive sampling

Test2 > AS 1 Bnes

Legend

20231113 = Esfimaiod — Passed — Faied
Predicted total number Bases equal to or Bases below the quality
of bases, prior to above the quality score  score threshold.
basecalling threshold,

25

05 /
02:00 06:00 10:00 14:00 18:00 22:00 26:00 30:00 34.00 33.00 42:00 46:00 50:00 54:00 58:00 62:00 66:00 70:00 72m
Time (Hrs;Mins)
sequencing sequencing unavailable for for further sequencing
sequencing

Pore activity status %

0100 05:00 09:00 13:00 17:00 21:00 2600 29:00 33:00 37:00 41:00 45:00 4500 5300 57:00 &1:00
Time (Hrs:Mirs)

65:00 69:00 72:00 1 6



1. Approche Iong-reads - Adaptive sampling

Test2 > AS 1
20231113

IGV he3s chr14:92,070,984-52,071,070 @ 86bp (Corsor Gue) (Center Une ) ((RNEED) @ ———g ()
e | X |
92,070,000 bp ) 92,071,000 bp . 82,071,010 bp . 92,071,020 bp . 92,071,030 bp ) 92,071,040 bp . 92,071,050 bp ) 92,071,060 bp . 9207,

 TATEAAAGCTCTATCGCTAATAGATGCCGCCe tgotgetgotgetgotgetgetgttgetgettttgotgetgTCTEAAAGATTCAAAAGT '¢

"’3:| Ad438.bam o

Insertion CTGCTGCTGCTGCTGCTGCTGCTGCTGCTGLTGLTG
Location 92071010



1. Approche Iong-reads - Adaptive sampling

Test2 > AS 1
20231113
ATXN3
Repeat size (:.iistribution (chr14-92071010-92071052-CTG)
g -
I

10 20 30 40 50 60 70 80 90
repeat size
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. Approche long-reads - adaptive sampling

Test 2 > AS 1 20231113 / AS 2 20231121 / AS 3 20231130

AS 120231113 AS 2 20231121 AS 3 20231130 ‘1 CRISPR Cas9 20231013
Locus = Rep exp IGV | Rep exp NanoRepeat Rep exp IGV Rep exp NanoRepeat = Rep exp IGV | Rep exp NanoRepeat Locus =X Rep exp IGV Rep exp NanoRepeat
ATXN1 .4 2929 29 2929 29 . 17 29_29 29 ATXN1 - 29 29 29
ATXN2 - 2222 22 2222 22 I 10 2222 22 ATXN2 - 2222 22
ATXN3 .3 26_68 26_69 26_68 26_68(2)_70(3) I 9 26_68 26(1)_68(8) ATXN3 - 26_68 26_68
CACNA1A ’i 12 11_12 11 11_12 12 l 13 11_12 11 CACNAIA . 11_12 11
ATXN7 .20 10_10 10 10_10 10 I 9 10_10 10 ATXN7 |- 10_10 10
TXN8OS/A ‘D(A{. 20_800 20_726 20_800 20_148(3)_743(3) l 13 20_800 20(4)_774(5) ATXN8OS/ATXNS |- 20_800 20_672/789
TBP .3 40_40 39 39_40 39 . 16 ? 39 TBP |. 40_40 39
FXN .zo 9_x1000 9_760(1)_1145(1) 9_1100 10(5)_672(1)_1125(5) I 9 8_1000 (4)_88(1)_742(1)_1004(2 FXN |.3 9_=1000 9_146(1)_1034(1)
FMR1 ’i 9 24 24 24 24 24 24 I 11 24 24 24 FMR1 - 24 24 24
RFC1 |.5 10_10 10 10_10 . 16 10_10 10 RFC1 - 10_10 10
FGF14 |- 9.17? 917 917 I 6 9.17? 9(3)_15(2) FGF14 9 17? 916
ATXN10 I 10 15_15 15 SCA]. 9 29/29
SCA2 > 22/22
PPP2R2B 10 10_10 10
I SCA3 > 26/68
NOPS6 I 10 33 3 SCA6 > 11/12
FDRA - 9/E (1200)
DAB1 l 14 13_14? 0 CANVAS - N3/N3 (10)

19



I1l. Multiplexage

Multiplexage avec un kit de barcoding (native-barcode)
x Echec pour I'approche AS

— Décision de repasser sur Cas9, en multiplexant 3 patients
v Fusion de deux protocoles

20



I1l. Multiplexage

Multiplexage avec NativeBarcoding sur Cas9 enrichment
x Tres faible enrichissement

Nouvelle strategie :

Chargement sequentiel, runs differents sur une flowcell (lavages)
En modulant les temps de run selon le taux de décroissance des pores

21



I1l. Multiplexage

Test 3 > CRISPR/Cas9 20240328

1142->690 pores

DATA OUTPUT RUN DURATION
Estimated bases Reads generated Run time
[ woww ] B ] C— )
Pa tl e nt 1 Estimated N50 Total data produced (pass / fail) 9 e 7 mmine /12 Ire 0 ics fesg
[ b ] [ 12968 ] Elapsed time . Run limit D
Run status

STOPPED - By user

DATA OUTPUT RUN DURATION
|Estimated bases I lﬁeads generated l Run time
g bl Je.54k O )
Lavage (1h) Pa tient 2 * 5 h Estimated N50 Total data produced (pass / fail 3 [a 48 rana /112 hrk O Crin fedty
250810 l [ 13108 Elapsed time [}  Runimit ()
. Run status
STOPPED - By user
451> 154 pores
DATA OUTPUT RUN DURATION
Estimated bases Reads generated Run time
' 2052 ] | s34k l —_— )
Lavage (1h Patient 3 e 24h |
ge (1h) Estimated N50 Total data produced (pass / fail 12hre 20 mina /24 s 0 mine lea)
[ —— ] [ " ] Elapsed time [l  Runimit ()
Run status

STOPPED - By user
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I1l. Multiplexage

Test 3 2 CRISPR/Cas9 20240328
Patient 1

Patient 2 Patient 3

CRISPR Cas9 20240328 CRISPR Cas9 20240328 CRISPR Cas9 20240328 1
Locus =X Rep exp IGV | Rep exp NanoRepeat =X Rep exp IGV Rep exp NanoRepeat =X Rep exp IGV Rep exp NanoRepeat
ATXN2 - 18 2222 22 . 11 22 22 22 _ 2323 23
ATXN3 . 12 26_68 26_69 - 18 2324 23 -s 2330 2330
CACNA1A ’i 2 112 11 I 4 711 711 13_13 13
ATXN8OS/ATXN8 ’i 3 20_800 20 I 5 912 8_13 10_20 13_20
TBP ‘l 1 39_? I 3 37 36 37 37
FXN ’i 3 91000 10_959 I 5 89 9 _ 99 10
RFC1 |- 10_10 10 . 12 AAGGG (~920 rep) / AAAGG 833 _ AAAAG (156 rep) / AAGGG (1000 rep) 105
FGF14 Ii 7 917 9(1)_15(4) . 9 9180 9193 - 8_40 8 42
SCA1l > 29/29 FDRA - 9/9 SCA1 - 30/30
SCA2 > 22/22 CANVAS - E/N2 (10) SCA2 > 23/23
SCA3 > 26/68 SCA3 > 23/30
SCA6 - 11/12 SCA6 - 13/13
FDRA-> 9/E (1200) FDRA - 9/9
CANVAS - N3/N3 (10) CANVAS - E/N3 23




I1l. Multiplexage

Test 4 > CRISPR/Cas9 20240409

RUN DURATION

1586->1202 pores
DATA OUTPUT
IEstimaied bases ] lHeada generated I
. 529.73 Mb 65.2k
Patl e nt 1 i 6 h Estimated N50 Total data produced (pass / fail)
I 144.5 kb J [ 6.13 GB I

1078->448 pores

Lavage (1h) Patient 2 e 12h

48> ... pores

Patient 3

Lavage (1h)

Run time

6 hrs 0 mins / & hrs 0 mins (est)

Elapsed time [ Aunimit ()

Run status

FINISHED - Target runtime has been reached

DATA OUTPUT RUN DURATION
Estimated bases Reads generated Run time
[ el ] l ek l .
Estimated N50 Total data produced (pass / fail 120 36 e /114 brs 0 frine foe)
Elapsed time Run limit
[ 161.22 kb ] [ 6.89GB l eossione ) Bt 8
Run status
STOPPED - By user
DATA OUTPUT RUN DURATION
Estimated bases Reads generated ;
Run time
® 24h [ .54 Mo ] | an ] — ]
Estimated N50 Total data produced (pass / fail) e 17ina /24 hre 0. mine fos)
Elapsed time Run fimit
[ 15.64 kb ] [ 17.69 MB ] o ) Pk @
Run status

STOPPED - By user
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I1l. Multiplexage CHU

CENTRE ROSPITALIER

Test 4 > CRISPR/Cas9 20240409
Patient 1 Patient 2 Patient 3

CRISPR Cas9 20240409 CRISPR Cas9 20240409 CRISPR Cas9 20240409 1
Locus Rep exp IGV | Rep exp NanoRepeat = X Rep exp IGV Rep exp NanoRepeat =X Rep exp IGV Rep exp NanoRepeat
ATXNI 29 29 29 _ 29 30 29 Yy Yy L
ATXN2 2222 22 _ 2222 22 s Yy Yy
ATXN3 26_68 26_68 - 23 24 23 s (& =
CACNA1A 1112 12 711 711 = Y i
ATXN7 10_10 10 1013 10_13(histo) “ Y =
ATXNSOS/ATXNS 20_800 20_773 912 12_723 “ Y Y
8P 40_40 39 37 36 Y Y Y
FXN 9_1100 9 991 _ 99 10 I Y Y
FMR1 2424 24 _ 30 30 30 Y Y Y
RFC1 10_10 10 _ AAGGG (~920 rep) / AAAGG ? p Y b
FGF14 9.17 917 _ 9180 9198 A Y Y
SCA1 = 29/29 FXN - 9/9 SCA1 - 30/30
SCA2 > 22/22 RFC1 - E/N2 (10) SCA2 - 23/23
SCA3 - 26/68 SCA3 = 23/30
SCA6 = 11/12 SCA6 - 13/13
FXN - 9/E (1200) FXN - 9/9
RFC1 - N3/N3 (10) RFC1 = E/N3 25




V. Conclusion - Perspectives

Optimiser les temps de runs / la performance du lavage
3 patients sur une flowcell de MinlON semble jouable
L'outil nanorepeat semble performant si la profondeur est suffisante

Ce serait idéal sur une flowcell plus performante (P2solo ?)
Qualité des flowcells assez aléatoire — difficile d’anticiper

Le protocole Cas9 a été mis a jour dans nanopore community et des
réactifs de remplacement de NEB sont proposes

26
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