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Genome & Methylome Diagnostics with Nanopore

New analysis options:

[ Nanopore Reads ]

Oxford Nanopore @ @ @

[ Long-read ] [Genom de novo] [ CpG Methylation
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Nanopore Analysis Pipelines UNIVERSITAT

Medical Genome Sequence Analysis Pipeline:
https://github.com/imgag/megSAP

ONT wf-human-variation Pipeline:
https://github.com/epi2me-labs/wf-human-variation

' Nvidia Parabricks Pipeline:

https://docs.nvidia.com/clara/parabricks/latest/index.html

.

nf-core nanoseq Pipeline
https://github.com/nf-core/nanose

r l Run on GPUTETTRET ON PTOMENTON OT GPU SEerver)

D Run on CPU (on normal CPU server) megSAP Pipeline B —
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Nanopore Analysis Pipelines UNIVERSITAT

eepVariant

.
B =

Dorado:
AC or SU

D Run on GPU (either on PromethION or GPU server)

u Run on CPU (on normal CPU server) megSAP Pipeline —=
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Clinical Decision Support for Nanopore Diagnostics TUBINGEN
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Benchmarking the Quality of Reads and
Variant Calls




Yield per Flowcell and reaching “Diagnostic Coverage” Nuctidr

Diagnostic Genome:
35-40x Coverage

30x Coverage

Total output in Gb

160 -

140 1

120 1

80 -
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 PORE SCAN

A Pore scan is performed at configurable time intervals to determine the current status of pores within channels on a Flow Cell. For this run a Pore scan is
performed every 1.5 hrs.

“Yield'

Legend
. Single Pore Reserved Pore . Saturated . Zero . Unavailable . Inactive
Pore in channel Pore in reserve, will Possible contamination No current is passing Pore inhibited from Pore no longer suitable
avallable for return to available in the sample through this pore, sequencing for further sequencing
sequencing when required possibly due to bubbles
on the membrane
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One Human Genome per Flowcell: Coverage Yield TUBINGEN
Coverage with one flowcell per human genome
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Base Quality

QC-Analysis on 233 diagnostic
Nanopore-GS:

Good quality: 80% of bases > Q20

Note: we remove reads with Read-
Q < 9 before base quality analysis!

90 +

88 4

86

percentage

oo
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80 +

78 4

Q20 bhase percentage
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Summary: Essential QC Parameter UNIYERSITAT

1. Coverage: >= 30x

2. Saturation: >= 20x coverage in > 95% of the genome
3. N5O0read length: >10kb (optimal: 20-25kb)

4. Base quality: 80% of all bases have Q > 20

5. Remove reads with Read-Quality <9

=
e —
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Reference samples:

Genome in a Bottle GIAB has currently characterized a pilot genome
Summary (NA12878/HG001) from the HapMap project, and two

Consortium hosted by NIST dedicated to authoritative characterization of benchmark human genomes. Sign
up for General GIAB= and Analysis Teame email lists. Public workshops held annually - next workshop will be f th m t h t 1 f A h k H J H h d H
rescheduled after COVID-19. Interested in job opportunities with us? Contact Justin Zook at the email in SO n/ a e r O e r r I OS 0 S e n a ZI e W I S a n a n
the right panel.

Click here for the GIAB FAQ

Chinese ancestry from the Personal Genome Project @

DESCRIPTION

(selected because, unlike the pilot genome, they are

Consortium goals:

The Genome in a Bottle Consortium is a public-private-
academic consortium hosted by NIST to develop the t d f H l d H t M b t. ) T h

technical infrastructure (reference standards, reference co n Se n e 0 r CO m m e rc I a re I S rl u I 0 n - ese
methods, and reference data) to enable translation of

whole human genome sequencing to clinical practice and . *
rrorsionstechaiegs The ity o GH samples are available from NIST and Coriell =, and
authoritative characterization of human genomes for use

in benchmarking, including analytical validation and

echcloydevlopmen, gt their IDs from NIST, Coriell @, and PGP o are in this

demonstration.

Reference samples:

GIAB has currently characterized a pilot genome
(NA12878/HG001) from the HapMap project, and two
son/father/mother trios of Ashkenazi Jewish and Han
Chinese ancestry from the Personal Genome Project=
(selected because, unlike the pilot genome, they are
consented for commercial redistribution). These samples
and their IDs from NIST, Coriell= , and PGPz are in this
tablew .

table = (see FAQ for differences between NIST and Corie
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GiaB Benchmark for Coding Regions UNIVERSITAT
March 2025 — Nanopore long-read GS

Exome SNVs 97.25 99.91 99.91
Exome INDELs 91.7 98.18 99.54
Nanopore SNVs 1.000 0.999 1.000
Nanopore INDELs k 0.966 / 0.983 0.998

https://github.com/imgag/megSAP/blob/master/doc/performance.md

=
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Structural Variant Calling srGS vs IrGS UNIYERSHIAT

All structural variant benchmarks are done on the GIAB reference sample NA24385/HG002 using the draft SV benchmark v1.1.
The analyses were performed with the short-read and long-read single sample pipelines.

Sensitivity and positive predictive value (PPV) were measured using Hap-Eval.

Test coverage /sensitivity\ PPVV
short-read WGS - Manta 1.6.0 39.5x 36.30% 96.53%
short-read WGS - DRAGEN 4.2.4 39.5x 50.26% 97.64%
long-read WGS (high accuracy) - Sniffles 2.4 40.5x 90.59% 98.03%
long-read WGS (super accuracy) - Sniffles 2.4  40.5x 91.02% 98.05%

N J
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The Advantage of Long Reads for
Complex Clinical Use Cases




EBERHARD KARLS
[

UNIVERSITAT
TUBINGEN

Form a European network of experts developing
Nanopore standards for clinical testing

* Explore the potential of Nanopore sequencing in Rare
Diseases and Familial Cancer

THE ELRIN CONSORTIUM

QOSLO srocxuowo
Gather deep control data Structural Variants and
Methylation analyses

unuuso

OXFORD Q LOBECK Q

ROYY!RDAM& QBOCHUM e
musswmo QMCHENQnﬂouamG Q
e Standardize reporting of repeat expansions, duplicate e A EECE
genes, mobile elements, SVs and methylation disorders wQ 9 - Qucoans
* Provide long-read next-generation sequencing data to
the European +1Million-Genomes initiative.

Coordinators: Olaf Rief3, Beate
Kristmann, Tiibingen

*ELRIN Study is supported by ONT

fl
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lonGER Consortium Pilot Study UNIVERSITAT

* Benchmarking 2 Genome in a Bottle cell lines sequenced at each site

* 1000 RD patient samples (1 FC per genome)

.. © Oldenburg
e Clinical use cases

Berlin©O

O Hannover

* Compound heterozygotes O Rotterdam

LeipzigQ
DresdenQ

 Complex structural variants and mobile elements
* Repeat expansions

* Duplicated genes (genes with pseudogene copy)

O Tiibingen
Vienna O

e Pathogenic haplotypes (e.g. OPN1-Cluster)

o lonGER Core Sequencing Center

* Methylation (imprinting disorders) O Assossed Saquencig Canter

*lonGER — Clinical Long-read Genome Initiative is supported by ONT =
e



Haplotype-Phased Genomes — Compound Hets

Mother Father

Child (sick)

Compound Heterozygotes can be resolved
sequencing only the index case

Mother
Y N o3 (S B

Daughter

Father
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Much Higher Sensitivity for SV Detection UNIYERSITAT

* Much higher sensitivity

* Accurate breakpoints

* True positive SVs per case:
 Shortreads: 10,000
* Longreads: 23,000

I I T | ] I
pi33 pi32 pi3d piz  pil qiid qiiz qi2l  q123 qi32  gi33  qldl qid2 q14.3 qis q21.1 q2i2 q213 q221 q223  q23d q732 q233 CEE] q312  g313 32 g331 9332 q333 q34

37 kb

12.810 kb 12.820 kb 12.830 kb
| | | |

BioNano*

Nanopore
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Duplicate Genes and Pathogenic Haplotypes




Duplicate Genes: SMIN1 and SMIN2 in Spinal Muscular Atrophy

B2
0141 Ra005_01 bam Coverage
i —_—
TP -7 | - -I-|HI |
% -4 II B - 1 - P T ¢ IITI - © | I 1T IIN

Deletion in SMIN1

f
full-length SMN

SMN Proteins

W e T eSS TP Ci—

\.
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Human Opsin Gene Cluster (Color Blindness) TUBINGEN

e Genes OPN1LW and OPN1IMW Chr. Xq28
Red Opsin Gene (OPN1LW) Green Opsin Gene (OPN1MW)

e Copy no. variability (n=2-8) MECP2 Ex1 2 345 6 Ex1 2 345 6 TEX28

* Expression gradient (only first

two copies are relevant) / //
|
* High sequence conservation AN@-—«W |

* 5 pathogenic variants

. SD 1 . SD 2 ) SD 3 . Ex1 2 345 6
e Very difficult for diagnostics DU — .
98% Sequence ldentity

Collaborators: Caspar Gross, Elena Buena-Atienza, Bernd Wissinger =
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Human Opsin Gene Cluster (Color Blindness) TUBINGEN

* Characterization of LW/MW gene variants not possible with srWGS

* Nanopore: evaluate copy number, order of copies, hetero-/hemizygous
variants, haplotypes

* Diseases: e.g.
*  Blue Cone Monochromacy,

*  X-linked cone dysfunction disorders N\, R4
- TODO >, i
N\ 7
i y
* Paraphase tool for long reads: _
https://github.com/PacificBiosciences/paraphase -y T

@P»—— Gene conversion

Copy number change




Haplotype Phasing: Determine Variants in 3 Gene Copies

e e D RN r

| Un-phased haplotypes
!

G| T GILWS LA SWERWM'YWCKPFFEGHNYREFDARKLAI| MG ACE SN | A
OPM1MWNZ

AL

et Phased haplotypes

opm1me_tagt OPN1LW hap1:LVAVACc-4656
OPNIMW _hap1:LVAVAc-465C

OPNIMW _hap2:MVAVAC-465C

Collaborators: Caspar Gross, Elena Buena-Atienza, Bernd Wissinger =
s ——



N50 read Coverage Coverage Copy
Gender Ie(zﬁ;h WGS OPN1 Number Haplotype 1 Haplotype 2 Haplotype 3 Phenotype Mutation type
male 19.7 43 30 3 OPN1LW _hapl OPNIMW_hapl OPNIMW _hap2 Blue Cone Exon 3 splicing-
’ LVAVA LVAVA MVAVA Monochromacy (BCM) deficient Haplotypes
= | | | | | | | | | | | | | | Why is important?
- .. | R 0o " OPNILW « LVAVA and MVAVA
R | - - "~ _hapl LVAVA have different
ot ] — I athogenicity (5% vs
L = :  opNImMW s e
1 I —— hapl LVAVA .
| [ transcripts)
L = | oonimw - Buene Mz etl,
| . | ; Neitz et al.
] . IR | _hap2 MVAVA ’
il -
4 - 5 » = =
Exon 3 ]

Collaborators: Caspar Gross, Elena Buena-Atienza, Bernd Wissinger
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Repeat Expansion Diseases




Repeat Expansions: Known and Novel Pathogenic Expansions

ZFHX3 gene with a normal number of GGC repeats (~21 units)

L.CCCACCGGUGGUGGUGGUGGTIGGCAGTIGGCGGCGGCAGGUGGUGGUGGUGGUGGCIGGCIGGCIGGCIGGCGGCGGL|TCGTACCACL ..

o Genome-wide: .
ranslation | - 82 known pathogenic
- repeat expansions

ZFHX3/ATBF1 transcription factor

SCA4
ZFHX3 gene with a GGC repeat expansion (>40 units)

..CCCACCIEGCGGCGGCEGCGGTIGGCGGCGGCIGGCGGCGGCIGGCGGCGGCIEGCGGCIGGCIGGCIGGCIGGCIGGCIGGCIGGCIGGCIGGC

GGAGGCGGOGGTIGGAGGCIGGOGGUGGCGGCGGHGGAGGCGGOGGUGGAGGCGGUGGCUGGCGGCIGGCGGCGGCTCGTACCAC...

Translationl

0@ nature genetics

Letter | Published: 29 April 2024

A GGC-repeat expansion in ZFHX3 encoding

ZFHX3/ATBF1 protein with an extended polyglycine stetch : s :
Impaired transcriptional functions and/or toxic gain of function poly.glycn.le causes spmocerebellar ataxiatype 4
Intranuclear inclusions and neuronal cell death and impairs autophagy

DAlld P, T INMSiVdy xA9pdl MYy, LiTlld DUSId A ISliled, 2ididil T AVl
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Example: Huntington Disease (Tiibingen Case 15) T

23014LRa012 HTT CAG

«chréd:3,074,822-3,074,946 - 1 I
ple2 p1533 pi1531 pi52 pI5.1 pid pi3 pi2 qit i i ( 2) E
074 840 I 074.860 i i
e ——— 8 1 : : |
T i i _- g
| i w
; : : O @
< 6 i i
s} I I
& | |
'-E l ! ° .
c | i : Huntington disease
2 4 | I
£ : :
LRa01 = ] |
= i | netic movement disorder
: E Allele 1 | urbance
5 . | m Allele 2 i o
i ---- 152 | e motor coordination
i - 55 a
E —— wt size: 63 !
Sequence - IlIlllllIllIlIIlIIlIIlIIIllIlIlllIllIIIlIlllllIll ] 4[:. ED BD 10{} 12{} 1‘4{} 16{}
. e Size(bp)

Extended allele: 53 CAG Repeats in HTT

E_
s ——
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. se g UNIVERSITAT
Example: Ataxia (SCA3, Tiibingen Case 16) TUBINGEN
Indication: SCA 3 O
* ataxia * cognitive impairment ‘
e dysarthria * ophthalmoparesis |
° dysphag|a ° parkinsonism ~ - - - ONT Long Read AnaIYSiS

« ATNX3: (CAG),; / (CAG),

23014LRa013 ATXN3 CTG

-
pila

I |
- 4.0 | :
mmmmm . . | i
: :
= | 3.5 i !
I
T 1o !
J ) |
= 1
B 2.5 - !
=
s a
5 2.0 1 .
0
E !
0141 Re01 = 15+ I
m Allele 1 |
1.0 1 . Allele 2 i
---- 230 |
0.5 1 —-- 68 :
i
—— wt size: 42 !
0.0 T T T T T T T T l
SSSSSS = AT R 50 75 100 125 150 175 200 225
= = a4 = ] [ o ] .
o o Size(bp)

Extended allele: 77 CAG Repeats in ATXN3

E_
s ——



SCA4: Novel Pathogenic Repeat Expansion in ZFHX3 Discovered

Validation (PCR amplification)

YR

UTA3-9
24/52
Control 1
24/52
Control 2

| 24/52
UTA2-3
24/52
UTA2-2

l | 24/52

Number of cases

Pathogenic repeat length

11500 4 M

10000 - B
90004

500 - ]
- Ataxia/PNP

1A Other
SCA4

\\

phenotype

200 1

\\
\ Y

251

20
15- - a

101

: ﬂﬂ#m }Hﬂﬂ 0ol o

20 40 60

Number of GGC repeats

————
Collaboration with K. Figueroa, S. Pulst, U. Utha; M. Spielmann, U. Kiel =
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Methylation: Imprinting Diseases
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Haplotype-Phased DNA Methylation Calling TUBINGEN

Plot: MethylArtist

Methylated

chr124904192 24913282 24922372 24931462 24940552 24949642 24958732 24967822 24976912 24986002 24995092 25004182
I I 1 I I I I I I I S D64 I I

nucleotide e
RP11- 4.9>> s
SNRPN>>  “<RRCOS06022 ENQQ&"‘)% ; s by SNBRLISNORBRIE-701H24.7>> ———
r g’ —eame @R W
Fite  ¢c precpy
protein
Lipid
membrane
Nanopore
Native DNA - 1.00
molecule - F0.75
m
g L 0.50
g - 0.25
Devatioqs in 1.00 - 0.00
current signal
4 B 0.75 -
< 0.50 1
o '. ’
IS ’ 0.25 -
2
8 3 :; 0.00 - T T T T T T
— Amplified DNA : 0 200 400 600 800 1000
— Native DNA
Time - 1 H
o Imprinting Locus
Methylated
nucleotides —
= o



Imprinting Defects: Detecting Anomalies in Haplotype-
Phased Methylation
* Beckwith-Wiedemann syndrome (BWS) caused by Uniparental Disomy 11 (UPD11)

* Genomic imprinting at genes H19 and KCNQ10T1 — only one parental allele should be expressed

H19 — Gain of methylation KCNQ1O0T1 - Loss of methylation
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Collaboration with F. Kraft, I. Kurth, T. Eggermann, UK Aachen




Compound Het: Methylation + Frameshift Indel

Schaaf-Yang Syndrome: MAGEL2 Exon 1 Hypomethylated allele
c.2847_2883del; p.Ser950AlafsTer6 MAGEL2-TSS-DMR
i = A

70 850 208 v 7D Sl 98 e I3 445 990 v 3400 000 ve I3 44T 000 by I3 888 900 by 71 €N 908 vy
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CGG expansion & Hypermethylation in FMR1 (X chromosome, male patient),

) Cmp-rl ‘I H | HI H l ‘I ‘ J HI H”Jll u‘l I ‘ ‘!‘I ‘IIII (W 11 (TN 227 [ QN [T III-II“Hi l MHI ‘ ‘ ‘I ‘ | N ‘ ‘ l l ‘
S = —=- i f
A i DNA Methylat10n Mechamsms of FMR] Inactlvatlon and
] 1,1+ Therapeutic Perspectives for Fragile X Syndrome
; — Veronica Nobile,! Cecilia Pucci,! Pietro Chiurazzi,** Giovanni Neri,® and
W...'.t...,.........‘.‘...l.[..m‘m Elisabetta Tabolacci'"
Control & i~ =il I
AT = — g Among the 1nher1ted causes of 1nte11ectua1 dlsab1l1ty and aut1sm Fraglle X
ol it ~ syndrome (FXS) is the most frequent form, for which there is currently no cure.
= . | : I’IE 't In most FXS patients, the FMRI gene is epigenetically inactivated following the
expansion over 200 triplets of a CGG repeat (FM: full mutation). FMRI encodes
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’//‘F Nanopore-only T2T with:
f\ * Ultra-Long Reads of 100kb: 3 FC
* PoreC:1FC
F \—//u * Total: 4 Flowcells

\,//\i}a/ot/\— ~ Complete dataset:

~ https://www.elrin-network.eu/ ==
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Al-assisted Diagnostics




The Problem: Finding the Causal Variant in Genetic Disease
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Annotation Features for Al Diagnostics

Population AF Phenotype (e. g HPO, Images, EHR) Evolutionary Conservation
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Automated Diagnostics by Al: aiDIVA ensemble-Al “TUBINGEN

Trained on > 100,000 clinical cases
Variants Evaluated on > 3,000 clinical cases

/Random-forest model A /Large Language\

Y Models
> EISAES Pathogenicity
= : Classification

A 4

. Patient N / |
Annotation Information / \ R
‘i’ i; Evidence-based model
4 dominant y
‘‘‘‘‘‘‘ Clinical
Report
recessive
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Gene preselection - Top-10 of:\ /° List of variants with impact\ 4 GPT-40 A 4 )
 Random Forest * Phenotype Mistral Top-3 candidate
e Evidence Model - * Age at diagnosis > > genes with

* Dominant * Sexof the patient Llama explanation

* Recessive R

\ / - / . ) \ /

Example Prompt:

"A female rare disease patient of age 0 has the following symptoms:
Facial hemangioma,Status epilepticus. A causal variant in which of the

following candidate genes would best explain these symptoms?

Candidate genes:
PIEZO1,SEC23B,EFTUD2,CDH11,AASS KIAA0753,SCN 1A ABCCEVPS51,
MDUFA9S". Please provide sources.
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4 Websites durchsucht

For a newborn female with symptoms of facial hemangioma and status epilepticus, a mutation in the

SCN1A gene would be the most likely causal vanant.

SCN1A is well known for its association with severe epilepsy syndromes, particularly Dravet
syndrome, which often begins in infancy and includes prolonged seizures (status epilepticus). In
addition to seizures, Dravet syndrome and other SCN1A-related epilepsies can be associated with
various neurological and systemic manifestations, potentially including vascular anomalies such as
facial hemangiomas (National Organization for Rare Disorders) (Epilepsy Foundation) (Oxford

Academic).

The SCN1A gene encodes a subunit of the sodium channel NaV1.1, which is crucial for maintaining
the proper electrical activity in neurons. Mutations in this gene can lead to disrupted neuronal

function, resulting in severe epileptic conditions and other associated symptoms.

For more detailed information, you can refer to sources like the Epilepsy Foundation and academic
journals on the genetic underpinnings of SCN1A-related disorders. These provide comprehensive
insights into the gene's role in epilepsy and related conditions (National Organization for Rare

Disorders) (Epilepsy Foundation) (Oxford Academic).
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Clinical Reports
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aiDIVA Finds Close to 100% Correct Diagnhoses in Top-3 Ranks
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