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Benefits and limitations of high-throughput sequencing for the
diagnosis of constitutional thrombocytopenia

Kathleen Freson
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Learning objectives of the webinar s

1. Design of an NGS panel test to diagnose inherited thrombocytopenia
2. Diagnostic rate using NGS panel test for inherited thrombocytopenia
3. Pro and Cons of using NGS panel test for inherited thrombocytopenia: using

examples from the clinic

-«
e-xY, European

5 Network . C_—.‘R PP Webinars
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Inherited thrombocytopenia : 41 genes

Megakaryopoiesis . .
"gakaryop Pro-platelet formation Platelet function
o \\\ GP receptor signalling
( ./; T GP signalling ITGA2B GP1BB  VWF
NE y TGB3  GPY FERMT3
Trans?ription requlation gmgé ggégB /;Eture GPTBA  RASGRPZ GPO
GPY VWE megakaryocyte . ' '
GATA1 GFIB GPCR and mtracellularsgnallmg Platelet
RUNX1 HOXAT11 i
. Cytoskeleton regulation TBXA2R PLA2G4A PTGS1
FLIT ANKRD26 Pathway incomplete ? MYH9  TUBB1
ETV6  IKZF5 WAS DIAPH1 Procoagulant activity
MECOM ERG CYCS RBMS8A ACTN1 FYB ANO6
TPO/MPL signalling SLFN14 KDSR ARPC1B RNU4ATAC
THPO MPL ABCG5 GNE CDC42 ACTB Granule biogenesis & trafficking
ABCG8  PLAU FLNA  TPM4 HPST HPS6  BLOC1S6 VIPAS39
. . AP3B1 DTNBP1 AP3D1 STXBP2
Intracellular signalling HPS3 BLOC1S3 LYST NBEA
SRC MPIG6B HPS4 BLOC1S5 VPS33B NBEAL2
STIM1 HPS5
e
FORMATION FUNCTION

Variants in these genes cause inherited thrombocytopenia
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Gene curation to deliver diagnostic-grade genes (TIER1) -

o
o,

J Thromb Haemost. 2019;17:1253-1260. 'th
RECOMMENDATIONS AND GUIDELINES J

Curated disease-causing genes for bleeding, thrombotic, and
platelet disorders: Communication from the SSC of the ISTH

Karyn Megy®?® | Kate Downes®?® | llenia Simeoni®?® | Loredana Bury” |
Joannella Morales® | Rutendo Mapeta?® | Daniel B. Bellissimo® | Paul F. Bray’ |
Anne C. Goodeve® | Paolo Gresele* | Michele Lambert®'® | Pieter Reitsma'! |
Willem H. Ouwehand®?2 | Kathleen Freson'?® [ | on behalf of the Subcommittee on

Genomics in Thrombosis and Hemostasis

Scientific and
Standardization
Committee

>www.isth.org/page/GinTh _Genelists

>Yearly updates during the SSC session
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J Thromb Haemost. 2024:22:645-665  Jth

ORIGINAL ARTICLE

Evaluating the clinical validity of genes related to hemostasis
and thrombosis using the Clinical Genome Resource gene
curation framework

Justyne E. Ross® | Shruthi Mohan® | Jing Zhang? | Mia J. Sullivan® |

Loredana Bury* | Kristy Lee’ | Isabella Futchi® | Annabelle Frantz' |

Dara McDougal' | Juliana Perez Botero®® | Marco Cattaneo® | Nichola Cooper’ |
Kate Downes® | Paolo Gresele* | Catriona Keenan’ | Alfred |. Lee™® |

Karyn Megy® | Pierre-Emmanuel Morange*“*“ | Neil V. Morgan*® |

Harald Schulze' | Karen Zimowski'® | Kathleen Freson'® | Michele P. Lambert'”*®

Get Started~ About Us- Curation Activities- Working Groups- Expert Panels- Doc

C\méeh

CmGen

Ot Genone e Clinical Domain Working Groups

Hemostasis/Thrombosis Gene Curation Expert Panel

Affiliated to Hemostasis/Thrombosis COWG


http://www.isth.org/page/GinTh_GeneLists

(syndromic) Inherited (macro/micro)thrombocytopenia

Syndromic
thrombocytopenia

oS
®,5%y\ Curoupean
oot Reference
X )
090’ Network
for rare or low prevalence
complex diseases

& Network

Hematological
Diseases (ERN EuroBloodNet)

ABCGS (AR) MPIG6B (AR) | ANKRD26 (AD) STIM1 (AD) ARPC1B (AR)
ABCGS8 (AR) MYH9 (AD) | ETV6 (AD) ERG (AD) WAS (X-linked)
ACTB (AD) SRC (AD) | FLI1as part of large deletion (AD)
HOXA11 (AD)
CDCA42 (AD) S
DIAPH1 (AD) MECOM (AD)
FLNA (X-linked) RAP1B (AD)
GATA1 (X-linked) RBMS8A (AR)
GNE (AR) RUNX1 (AD)
ACTN1 (AD) SLFN14 (AD) | CYCs (AD) FYB1 (AR)
GFI1B (AD&AR) TPM4 (AD) | FLI1(AD&AR)
GP1BA (AD&AR)  TUBB1 (AD&AR) L'/‘;FLS( ‘(\':)3)
GP1BB (AD&AR) THPO (AD&AR)
GP9 (AD&AR)
ITGA2B (AD)
ITGB3 (AD)
NBEAL2 (AR)
Large Normal Small

Freson K. Diagnostic value of multigene sequencing for inherited thrombocytopenia. Br J Haematol. 2022




2016: From Single gene analysis to Multi-gene panels

Targeted, Whole Exome Sequencing (WES)

3
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Sanger sequencing, MLPA, CNV
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Implementation of multi-gene panel test : ThromboGenomics study

GENEAND DISORDERLIST PEOPLE EVENTS CONTACTUS

ABOUTUS  SUBMISSION PROCESS

ThromboGenomics
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The first comprehensive next generation sequencing
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ThromboGenomics Version 1

© blood

Regular Article Regular Article

THROMBOSIS AND HEMOSTASIS llenia Simeoni, Blood 2016 Kate Downes, Blood 2019
THROMBOSIS AND HEMOSTASIS

A comprehensive high-throughput sequencing test for the diagnosis of Diagnostic high-throughput sequencing of 2396 patients
inherited bleeding, thrombotic, and platelet disorders with bleeding, thrombotic, and platelet disorders

Molecular diagnostic yield is dependent on disease class in patients with bleeding, thrombotic and platelet disorders

Il Pathogenic
[ Likely Pathogenic
B VUs

" Novariant

@ Bleeding, Thrombotic and Platelet Disorder genes

index patients

@ Targetted approach with coverage: 99 - 98 % ° Pmpo‘:gon Of‘;:ﬂems

@ Detection indels (no inversions)

€ Mean of 5.34 variants/case after filtering

€ Multiplexing 24 (later 48) samples




Genes involved in patients with IT
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NGS panel for bleeding and thrombosis in the clinic

Age index
®<18 @>18 " "
Total index patients
200 v
974
Christine Van Laer
150
=
2
=4
2
% 100
Q.
>
4
o
£
50
mm -
2018 2019 2020 2021 2022 2023 2024
https://doi.org/10.1016/}.jtha.2022.12.007 J Thromb Haemost. 2023;21:887_895 jﬂ‘
BRIEF REPORT
Clinical application of multigene panel testing for bleeding,
European thrombotic, and platelet disorders: a 3-year Belgian experience
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i WGS / WES / TARGETED PANEL Y

_ s _,
brd - E 4

Workflow using
multi-gene panel

\ CLINICAL DATA DATA PROCESSING

COLLECTION l

MOLECULAR
DIAGNOSIS DATA QC

\/ |

VARIANT PRIORITIZATION
|
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MULTIDISCIPLINAIRY TEAM MEETING
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PV/LPV DIAGNOSTIC -GRADE VARIANT: TIER1
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f

VARIANT
RECLASSIFICATION
e

‘\ L Benign 1
VALIDATION STUDIES
...l-
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FAMILY RECALL IN VITRO TESTING

VUS

ACMG

Ver Donck F et al. RPTH 2021



Results genetic testing 12019 —2022!

Platelet genes
% of request subpanels

@1.(LPV ®2.VUS = 3.NEG

100% @ (Anti-)coagulation - Bleeding 100%
@ (Anti-)coagulation - Thrombosis
@ Platelet genes panel
@ Bleeding of unknown etiology
80% 80%
57%
19/
60% 60%
40%
40%
20%
20%
0%
<18 >18 0%
Age
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Genes involved in patients with IPD

@LPV @PV ®VUS
40

v' Digenic inheritance (VWF as modifier for bleeding)
v' Many VUS

30

20

detected variants / gene (n)
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Strengths and Limitations of NGS panel test

Cost and time efficient

Improved diagnostic rate

Improved gene curation for BPD

Improved variant curation using ACMG classification rules

Allows detection of the unexpected
(e.g. oligogenic inheritance, exceptional phenotype-genotype relations)

Low diagnostic rate for indistinct phenotypes

Many variants are novel (classified as VUS) and require further studies

Need for improved DNA variant databases

Ethical concerns related to leukemia genes and carrier detection

Lack of structural variant detection (including F8 intron 22 inversion)

Ver Donck et al, JTH 2020



Variant Capture Tool to improve classification 9%

814 Variants have been submitted from 30 diagnostic labs from 14 countries

Proportion of variants per pathogenicity
1.5%

Benign/likely benign/risk factor
m== Uncertain significance
wsm Likely pathogenic
=== Pathogenic

SERPINC1 s
NBEAL2 sl
ITGB3 M
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CTGATGGTATGGGGCCAAGAGATA

] AGGTACGGCT CACTTAGAC
AGGGCTGGGATAAAAGTCAGGGC/
I n a r CATGGTGCATCTGACTCCTGAGGA
CAGGTTGGTATCAAGGTTACAA
Clinically relevant variation GCACTGACTCTCTCTGCCT G
Variant reclassification by ClinGen

working groups for thrombosis &
hemostasis
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What do | tell the patient about NGS testing?

£
th journal of
L thrombosis and haemostasis ™
SS c Scientific and
Standardization
Committee

Clinical management, ethics and informed consent related to

multi-gene panel-based high throughput sequencing testing for
platelet disorders: Communication from the SSC of the ISTH

RECOMMENDATIONS AND GUIDELINES =~ & Open Access

Kate Downes, Pascal Borry, Katrin Ericson, Keith Gomez, Andreas Greinacher, Michele Lambert, Eva
Leinoe, Patrizia Noris, Chris Van Geet, Kathleen Freson B4, Subcommittee on Genomics in Thrombosis,
Hemostasis ... See fewer authors A

First published: 08 July 2020 | https://doi.org/10.1111/jth.14993
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Risk for unsolicited findings using a panel test for IT 334

Unsolicited findings: refer to variants in disease-causing genes that are unrelated to
the original rationale for testing and that are identified inadvertently

Examples:

RUNX1, ETV6 and ANKRD26 variants that are risk factors for leukaemia when testing
for platelet disorders

Carriership of variants in recessive genes

°:':'-~?-\ European
° '.:...;','\ Reference
00’ Network

For o O sow prevalence Downes K, et al. J Thromb Haemost 2020



Risk of unsolicitated findings: an example

Index case, 35y
Mucocutanous bleeding symptoms
Platelet count 145- 161 K, normal size

Platelet delta storage pool disease

BRIEF REPORT | DECEMBER 12, 2013

Enrichment of FLIT and RUNXT mutations in families
with excessive bleeding and platelet dense granule
secretion defects

&= Brief Report

RUNX1 p.Glu5ValfsTer5

Jacqueline Stockley, Neil V. Morgan, Danai Bem, Gillian C. Lowe, Marie Lordkipanidzé,
Ban Dawood, Michael A. Simpson, Kirsty Macfarlane, Kevin Horner, Vincenzo C. Leo,
Katherine Talks, Jayashree Motwani, Jonathan T. Wilde, Peter W. Collins, Michael Makris,
Steve P. Watson,

Martina E. Daly on behalf of the UK Genotyping and Phenotyping of Platelets Study Group

") Check for updates

o2}, European

@ p Blood (2013) 122 (25): 4090-4093.
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PLT 136 K
RUNX1 p.Glu5ValfsTer5

O

\ Index 35 y RUNX1 WT
RUNX1 p.Glu5ValfsTer5 PLT 259 K
PLT 161 K

= e

RUNX1 WT PLT 131 K
PLT379K  RUNX1 p.Glu5ValfsTerS

PLT 156 K
RUNX1 p.Glu5ValfsTer5
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Poll taken @EAHAD meeting 2019

Question 1

| have requested a genetic panel (or exome) test to diagnose patients with thrombocytopenia and did inform my
patient that this test contains genes that are known risk factors for leukaemia?

L YES Outcome : +/-50 /50 %
2. NO
Question 2

Patients should sign an informed consent before participating in a genetic panel (or exome) with the possibility of
an opt_in/opt-out choice to know about variants in leukemic risk genes?

sz: LEOS Outcome : +/- 60/ 40 %

European

W Reference

Network



Dectection of a missed diagnosis

* Index case, 22y

* Bleeding after trauma, menorrhagia (same for her mother)
* Macrothrombocytopenia (PLT 125K, MPV >13fL)

* Normal aggregations and ATP secretion

* FACS normal CD61, CD41 and 50% for CD42

* Prolonged PFA (171 s — COL/EPI and 136s — COL/ADP)

o GP1BB p.Leul6Pro
T e TUBB1 p.Gly109Glu

Hematological
Diseases (ERN EuroBloodNet)



GP1BB p.Leul6Pro

BRIEF REPORT | JANUARY 26, 2017

Rare variants in GP1BB are responsible for autosomal dominant
macrothrombocytopenia
& Brief Report

Suthesh Sivapalaratnam, Sarah K. Westbury, Jonathan C. Stephens, Daniel Greene, Kate Downes, Anne M. Kelly, Claire Lentaigne, William J. Astle, Eric G. Huizinga, Paquita Nurden,
Sofia Papadia, Kathelijne Peerlinck, Christopher J. Penkett, David J. Perry, Catherine Roughley, llenia Simeoni, Kathleen Stirrups, Daniel P. Hart, R. Campbell Tait, Andrew D. Mumford,
NIHR BioResource, Michael A. Laffan, Kathleen Freson, Willem H. Ouwehand, Shinji Kunishima, Ernest Turro

'.) Check for updates

Blood (2017) 129 (4): 520-524.

TUBB1 p.Gly109Glu

PLATELETS AND THROMBOPOIESIS | DECEMBER 16, 2021

Expanding the genetic spectrum of TUBB1-related thrombocytopenia

Verdnica Palma-Barqueros, Loredana Bury, Shinji Kunishima, Maria Luisa Lozano, Augustin Rodriguez-Alen, Nuria Revilla, Natalia Bohdan, José Padilla, Maria P. Fernandez-Pérez,
Maria Eugenia de la Morena-Barrio, Ana Marin-Quiles, Rocio Benito, Maria F. L6pez-Fernandez, Shally Marcellini, Ana Zamora-Canovas, Vicente Vicente, Constantino Martinez,
Paolo Gresele, José M. Bastida,

José Rivera on behalf of the Inherited Platelet Disorders Project, Grupo Espafiol de Alteraciones Plaquetarias Congénitas (GEAPC), Spanish Society
of Thrombosis and Haemostasis (SETH)

M) Check for updates

Blood Adv (2021) 5 (24): 5453-5467.
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~~~~~~ Inherited Thrombocytopenias (IT)
Clinical & mplgcular (€319A>C) (©1075C5T)
characteristics p.Thr107Pro p.Arg359Trp
— 3 | Microtubule assembly &
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« Increased MPV Six different hydrolysis other tubulins proteins
+ No relevant bleeding B1-tubulin variants N-terminal | Intermediate | G terminal
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* Incomplete penetrance K . 3
pCysi2leufs'12 | p.Gly269Asp p.GIna23*
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Detection of a missed diagnosis

v’ Healthy parents

v’ Child (boy) with platelet count of 8K, died after intracranial bleed
v 2nd child (girl) with platelet count of 12K, easy bruising

v' CAMT screening negative !

v’ next WES

Received: 13 August 2022 Accepted: 15 September 2022

DOI: 10.1111/bjh.18481

LETTER TO THE EDITOR

Maternal gonosomal mosaicism in rare autosomal dominant
SLFN14-related thrombocytopenia
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Precision diagnosis of IT can influence management N

HSC Early MK Late MK Pro-platelet Platelet
formation function
C R Clad " Y
4

Transcriptional =
regulation Cytoskeleton
ANKRD26 . ACTN1 Benign . ]
RUNX1 L-etkaemla TUBB1 TPO signaling
ETV6 e Genotype/phenotype MPL Pancytopenia

MYH9 hearing loss/ /transplant

GATA1 Dyserythropoiesis/ kidney failure

GFI|1B anaemia
DIAPH1 Hearing loss/ Pancytopenia
TPO mimetics THPO /TPO mimetics

2333 European WAS Infections/transplant
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i Network Lentaigne C, et al. Blood 2016;127:2814-23.



When do we use the multi-gene panel test

in the diagnostic algorithm?

* Blood smear

* LTA (screening)

* Granules release

*  Flow cytometry (FC) (screening)

All IPFDs with pr

known -‘ - GT, biallelic BSS, WAS, LADIII
candidate genes

* LTA (extension)

*  Flow cytometry {extension)
* Granules content

*  Mixing tests (LTA/Flow cytometry) ARC, CHS, HPS, 5-SPD, a-&-
« TEM SPD, PT-VWD, GPS, PSD,
* Clot retraction White platelet syndrome,
Serum TxB2 Medich platelet syndrome,
York platelet syndrome,
Stormorken syndrome, Scott
syndrome, adhesive proteins
receptor defects (a2B1, GPVI,
GPIV).

SECOND STEP TESTS

* Biochemical studies Monoallelic BSS, GT variant,
*  Molecular genetic diagnosis VCF, GATAL, QPD, FPD/AML,
(Sanger, NGS) PTS, Gs platelet defect,

THIRD STEP TESTS Filaminopathy, Soluble agonists
s receptor defects (P,Y,,, TP
:e:ec:"(ﬁgf:lz"?o';a;h;’av Gresele et al. Inherited Platelet Function Disorders:
s:nf;:sec deﬁ[i’enw) poaa Algorithms for Phenotypic and Genetic Investigation.
- Seminars in Thrombosis and Hemostasis. 2016
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Other genetic studies for IT
(outside diagnostic
environment)
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Clinical relevance of rare variants & polygenic scores for IT?
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Platelet count distribution

Clinical cut-off
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contrlbutlor}/ contribution

GP1BA
| p.GIn196Ter
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- Effect of Rare and Common variants
- Common variants are polygenic scores (PGS)

Stefanucci L et al, Blood 2023

The effects of pathogenic variants for inherited hemostasis disorders
in 140,214 UK Biobank participants



Diagnostic rate

+/- 55%
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Whole Genome Sequencing

Plus 10%

Blood transcriptomics
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Gene discovery using WGS

NIHR BloResource
Rare Diseases

000 Bleeding, thrombotic W Multiple Primary
O miriisevoriss_BPD plgarcunors WONT 57 NHS Hospital d 26 UK
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&3 Syndromes EDS % Disorders NPD . . .
: - (Bleeding & Platelet Disorders 1916 patients)
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Turro et al, Nature. 2020

WGS by Illumina UK
Coordinator: Willem Ouwehand (Cambridge)
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2011-2020: 18 new genes for bleeding & platelet disorders <459

EPHB2
RBMS8A

NBEAL2 DIAPH1

MPIG6B PIGO
TSPYLA1 - GNE
IKZF5

1 2 3 4 5 6

a UZLeuven (543 patients):
9 10 11 12 Only 10% diagnostic rate

ABCC4 CHST14 COL1A1 GP1BB
TRPM7 KDSR

T

13 14 15 16 17 18 19 20 21

GATA1/HDAC6
-

Albers et al, Nat Genetics 2011; Albers et al, Nat Genetics 2012; Cvejic et al, Nat Genetics 2013; Chen et al, Science 2014; Westbury et al,
Genome Medicine 2015; Green et al, AJHG 2016; Stritt et al, Nat Comm 2016; Turro et al, Science Transl Med 2016; Stritt et al, Blood 2016;
Simeoni et al, Blood 2016; Lentaigne et al, Blood 2016; Poggi et al, Haematologica 2016; Bariana et al, BJH 2017; Siva-palaratnam et al, Blood
2017; Pleines et al, JCI 2017; Greene et al, AJHG 2017; Westbury et al, Blood 2017; Sivapalaratnam et al, BJH 2017; Morren et al, Orphanet
European 2017, Freson et al, JTH 2017; Sowerby et al, JCI 2017; Mayer et al, Blood 2018; Revel-Vilk et al, Blood 2018; Berrou et al, Blood 2018; Hofman
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Gene discovery using Whole Genome Sequencing i

DIAPH1-related thrombocytopenia + deafness

IKZF5-related thrombocytopenia
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SRC-related syndromic thrombocytopenia

Large pedigrees

Turro et al, 2016, Science Translational Medicine

GATA1/HDAC6-related thrombocytopenia + Autism
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Blood cell RNAsequencing

60~

20 controls
9 Thrombocytopenia patients
18 platelet functional disorders
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Raresevoir (Variant filtering) & Chromoscope (Variant display

u 002707 kathleen.freson@kuleuven.be / IP: 193.60.92.187 (proxy for 134.58.253.56) KDM3B Close

sample: A002707, gnomad: absent, cadd_thresh: 10, filter: moderate, splice_al: null, biallelic: false 100

Main page DBinfo Logout

Show sample data 754

Help Download Highlight domain: None & Retain highlighted ~ SpliceAl threshold for intronic: 0

expression percentile
g
:

Include variants by consequence: [ no gene consequence coding_sequence_variant exonic_splice_region_variant five_prime_UTR_variant frameshift_variant inframe_deletion intron_variant - -
missense_variant [ splice_donor_variant - -
Gene CHR POS REF ALT Samples Consequence HGVS CADD gnomAD freq SpliceAl HGMD 251 - -
OR10J1 1 159410244 C G A002707  missense_variant lle232Met 22.30 absent 0.01
KCNJ10 1 160011584 G A A002707 missense_variant Pro247Ser 26.30 absent 0.04 - -
RXRG 1 165378877 G T A002707  missense_variant GIn322Lys 19.48 absent 0.16 0-
ZNF281 1 200377438 T C A002707  missense_variant Arg466Gly 16.53 absent 0.00 T T T T
ENSG00000268146 1 244228363 C T A002707, missense_variant Arg150Cys 10.72 absent 0.00 a 2 8 2
M006451 i g 3 hs
C20rf80 2 209045956 C T A002707  missense_variant Ala94Thr 25.90 absent 0.1 & 3 $ g
ABHD14B 3 52009186 T (o} A002707  missense_variant & Leu12Pro,Leu12Pro,Leu12Pro,Leu12Pro,Leu12Pro,Leu12Pro,Leu12Pro,Leu12Pro 22.40 absent 0.00 = = °
ABHD14A-ACY1 five_prime_UTR_variant &
ACY1 intron_variant
ABHD14A mean-stratified . |
APBB2 4 41016334 G A A010817, missense_variant Thr34lle 23.70 absent 0.00 variance percentile g 25 50 75 100
A002707,
A002720 Panels
KDM3B 5 137721856 T G A002707  missense_variant Val309Gly 19.26 absent 0.22
CDHR2 5 176004545 T C A002707  missense_variant Met447Thr 22.70 absent 0.01
NSD1 5 176636935 A G A002707  missense_variant 21.40 absent 0.00
DEK 6 18264081 CTC[22]TCG C A002707  inframe_deletion Asp37_Glu45del absent 0.19
NR2E1 6 108497902 A G A002707  missense_variant Glu189Gly 23.30 absent 0.00
PNPLA8 7 108137930 T C A002707  missense_variant Thr484Ala 26.10 absent 0.01
CPA6 8 68397000 G A A002707  missense_variant Pro221Ser 18.55 absent 0.12
ADAMTSL2 9 136435570 G A G003517, missense_variant Glu954Lys 22.70 absent 0.00
K002589,
5013694,
T011086,
A002707,
WO000325,
W000328,
B012575, DOMINANT
u007109, s
CO06877. RECESSIVE
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Key messages for use of an NGS panel test for diagnostics o

v’ A (virtual) panel test is fast (TAT 4-6 months) and cheap

v It detects unexpected phenotype-genotype associations (including unsolicitated findings)

v’ Panel test is typically ordered by specialist with knowledge of the complexity of such test and its inclusion/exclusion
criteria. Patients should be aware of what this test means (opt-out for RUNX1, ETV6, ANKRD26 and consenting).

v/ Sufficient phenotype information should be provide to allow variant classification

v’ Variants of Unknown clinical Significance (VUS- need further research (improved variant databases)
before they can be used in the clinic
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