
This is a repository copy of A comprehensive targeted next-generation sequencing panel 
for genetic diagnosis of patients with suspected inherited thrombocytopenia..

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/139928/

Version: Published Version

Article:

Johnson, B., Doak, R., Allsup, D. et al. (15 more authors) (2018) A comprehensive 
targeted next-generation sequencing panel for genetic diagnosis of patients with 
suspected inherited thrombocytopenia. Research and Practice in Thrombosis and 
Haemostasis, 2 (4). pp. 640-652. ISSN 2475-0379 

https://doi.org/10.1002/rth2.12151

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


640 Պ|Պ    Res Pract Thromb Haemost. 2018;2:640�652.wileyonlinelibrary.com/journal/rth2

 

ReceivedĹ ƐƏ ApriѴ ƑƏƐѶՊ |Պ AcceptedĹ ƑƏ August ƑƏƐѶ

DOI: 10.1002/rth2.12151

M E T H O D O L O G I C A L  A R T I C L E

A comprehensive targeted next- generation sequencing panel 

for genetic diagnosis of patients with suspected inherited 

thrombocytopenia

Ben Johnson BSc, PhD1Պ|ՊRacheѴ Doak BSc2Պ|ՊDavid AѴѴsup BScķ MBChBķ FRCPķ FRCPathķ PhD3Պ|Պ 

Emma Astwood MBChB4Պ|ՊGiѴѴian Evans MBChBķ FRCPķ FRCPath5Պ|ՊCharѴotte GrimѴey BScķ 
MBChBķ MRCP4Պ|ՊBeki James MBChBķ MAķ PhDķ FRCPathķ FRCP6Պ|ՊBethan Myers MBChBķ 
MAķ FRCPķ FRCPath7Պ|ՊSimone StokѴey MBChBķ MRCPCHķ FRCPath4Պ|ՊJecko ThachiѴ 
MBChBķ MDķ FRCPath8Պ|ՊJonathan WiѴde MBChBķ MRCPķ FRCPathķ MD9Պ|ՊMike WiѴѴiams 
MDķ FRCPķ FRCPathķ FRCPCH10Պ|ՊMike Makris MAķ MBBSķ MDķ FRCPķ FRCPath11 Պ|Պ 

GiѴѴian Cĺ Lowe MRCPķ FRCPathķ PhD9Պ|ՊYvonne WaѴѴis PhDķ FRCPath2Պ|ՊMartina Eĺ DaѴy 
BSc, PhD11Պ|ՊNeiѴ Vĺ Morgan BScķ PhD1 on behaѴf of the UK GAPP Study Group
1Institute of CardiovascuѴar Sciencesķ CoѴѴege of MedicaѴ and DentaѴ Sciencesķ University of Birminghamķ Birminghamķ UK
2West MidѴands RegionaѴ Genetics Laboratoryķ Birmingham WomenĽs HospitaѴķ Birminghamķ UK
3HuѴѴ York MedicaѴ SchooѴķ University of HuѴѴķ HuѴѴķ UK
4Nottingham HaemophiѴia Centreķ Nottingham University HospitaѴķ Nottinghamķ UK
5Kent HaemophiѴia Centreķ Kent ş Canterbury HospitaѴķ Canterburyķ UK
6RegionaѴ Centre for Paediatric HaematoѴogyķ Leeds ChiѴdrenĽs HospitaѴķ Leedsķ UK
7Department of HaematoѴogyķ LincoѴn County HospitaѴķ LincoѴnķ UK
8Department of HaematoѴogyķ Manchester RoyaѴ Infirmaryķ Manchesterķ UK
9Comprehensive Care HaemophiѴia Centreķ University HospitaѴs NHS Foundation Trustķ Birminghamķ UK
10Department of HaematoѴogyķ Birmingham ChiѴdrenĽs HospitaѴķ Birminghamķ UK
11Department of Infectionķ Immunity and CardiovascuѴar Scienceķ University of SheffieѴd MedicaѴ SchooѴķ University of SheffieѴdķ SheffieѴdķ UK

This is an open access articѴe under the terms of the Creative Commons Attribution Licenseķ which permits useķ distribution and reproduction in any mediumķ 
provided the originaѴ work is properѴy citedĺ
š ƑƏƐѶ The Authorsĺ Research and Practice in Thrombosis and Haemostasis pubѴished by WiѴey PeriodicaѴsķ Inc on behaѴf of InternationaѴ Society on Thrombosis 
and Haemostasisĺ

Correspondence
NeiѴ Vĺ Morganķ Institute of CardiovascuѴar 
Sciencesķ CoѴѴege of MedicaѴ and DentaѴ 
Sciencesķ University of Birminghamķ 
Birmingham BƐƔ ƑTTķ UKĺ
EmaiѴĹ nĺvĺmorganŠbhamĺacĺuk

Funding information
British Heart Foundationķ GrantņAward 
NumberĹ FSņƐƒņƕƏņƒƏƔƑƐķ FSņƐƔņƐѶņƒƐƒƐƕ 
and PGņƐƒņƒѵņƒƏƑƕƔĸ MRC DoctoraѴ 
Training Grant ŐDTGő in BiomedicaѴ and Life 
Sciences

Abstract

BackgroundĹ Inherited thrombocytopenias ŐITső are a heterogeneous group of disor-
ders characterized by Ѵow pѴateѴet counts and often disproportionate bѴeeding with 
over ƒƏ genes currentѴy impѴicatedĺ PreviousѴy the UKŊ GAPP study using whoѴe 
exome sequencing ŐWESő identified a pathogenic variant in ƐƖ of Ɠƕ ŐƓƏѷő patients of 
which ƕƐѷ had variants in genes known to cause ITĺ
AimsĹ To empѴoy a targeted nextŊgeneration sequencing pѴatform to improve effi-
ciency of diagnostic testing and reduce overaѴѴ costsĺ
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ƐՊ |ՊINTRODUCTION

Inherited thrombocytopenias ŐITső are a heterogeneous group of dis-

orders characterized by a sustained reduction in pѴateѴet count often 
manifesting as a bѴeeding diathesisĺ Since the discovery of disease 
inheritance patterns in disorders such as Bernard SouѴier Syndrome 
ŐBSSőķ genetic studies of thrombocytopenia have been a vitaѴ tooѴ in 
determining megakaryocyte and pѴateѴet physioѴogyĺ1 As a resuѴt of 
paraѴѴeѴ whoѴe exome and whoѴe genome sequencing over the past 
ƔŊ ƐƏ yearsķ we are discovering increasing numbers of noveѴ genes 
and variants with a criticaѴ roѴe in pѴateѴet productionķ physioѴogyķ 
and functionĺ2�5

To dateķ there are ƒƏ genes suspected to cause Ƒѵ separate 
forms of inherited thrombocytopenia making genetic diagnosis com-

plex.6 Howeverķ untiѴ recentѴyķ IT remained underdiagnosed with 
previous studies onѴy providing a genetic diagnosis in just over ƔƏѷ 
of individuaѴsĺ7�9 A genetic diagnosis provides cѴinicaѴ benefits for 

the patientsĺ Some patients with a reduced pѴateѴet count have had 
unnecessary treatments and procedures such as immunosuppres-

sion and spѴenectomies and therefore estabѴishing that they have an 
inherited component to their disease etioѴogy wouѴd prevent thisĺ In 
the case of suspected ITP this may be treated with steroids or immu-

nosuppressive drugs with many side effectsĺ Thereforeķ if such pa-

tients are proven to have an inherited thrombocytopeniaķ then these 
treatments are unnecessaryĺ Some of the gene mutations in patientsķ 
egķ RUNX1ķ resuѴt in patients having a predisposition to hematoѴogi-
caѴ maѴignancies and once a genetic defect is provenķ the information 
can be used to monitor the patientsĽ hematoѴogicaѴ parameters more 
cѴoseѴyĺ These aѴѴ highѴight the need for a definitive genetic diagnosis 
and deveѴopment of a targeted geneŊ specific sequencing pѴatform 
wiѴѴ provide a quick and cost effective screening for patients with ITĺ

As new sequencing ѴibraryŊ capture methods are deveѴopedķ the 
speed of sampѴe preparation time is vastѴy reducedĺ Thusķ the re-

centѴy reѴeased capture methodsķ IѴѴumina Nextera Rapid Custom 

MethodsĹ We have deveѴoped an ITŊ specific gene paneѴ as a preŊ screen for patients 
prior to WES using the AgiѴent SureSeѴectQXT transposonŊ based enrichment systemĺ
ResuѴtsĹ ThirtyŊ one patients were anaѴyzed using the paneѴŊ based sequencingķ of 
whichĸ ƐƏѷ ŐƒņƒƐő were identified with a cѴassified pathogenic variantķ Ɛѵѷ ŐƔņƒƐő 
were identified with a ѴikeѴy pathogenic variantķ ƔƐѷ ŐƐѵņƒƐő were identified with vari-
ants of unknown significanceķ and Ƒƒѷ ŐƕņƒƐő were identified with either no variant 
or a benign variantĺ
Discussion and ConcѴusionĹ AѴthough requiring further cѴarification of the impact of 
the genetic variationsķ the appѴication of an ITŊ specific next generation sequencing 
paneѴ is a viabѴe method of preŊ screening patients for variants in known ITŊ causing 
genes prior to WESĺ With an added benefit of distinguishing IT from idiopathic throm-

bocytopenic purpura ŐITPő and the potentiaѴ to identify variants in genes known to 
have a predisposition to hematoѴogicaѴ maѴignanciesķ it couѴd become a criticaѴ step in 
improving patient cѴinicaѴ managementĺ

K E Y W O R D S

bѴeedingķ gene mutationsķ targeted paneѴ sequencingķ thrombocytopenia

Essentials

Ŏ Inherited thrombocytopenias are a heterogeneous group of disorders with over ƒƏ causative genes identified to dateĺ
Ŏ We have deveѴoped an ITŊspecific gene paneѴ to screen patients using the rapid AgiѴent SureSeѴectQXT transposonŊbased enrichment 

systemĺ
Ŏ Candidate gene variants were observed in previousѴy impѴicated IT genes in ƕƕѷ of individuaѴsĸ ƐƏѷ of patients had a cѴassified 

pathogenic variantķ Ɛѵѷ had a ѴikeѴy pathogenic variantķ ƔƐѷ had a variant of unknown significance and Ƒƒѷ had no or a benign 
variant.

Ŏ Accurate genetic diagnosis couѴd improve the cѴinicaѴ outcome for this group of patients with disproportionate bѴeeding for their re-

duced platelet count.
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Capture Enrichment and AgiѴent SureSeѴectQXTķ both propose an 
improvement in sampѴe preparation without Ѵimitations in sequence 
depthķ coverageķ and accuracyĺ10 When appѴied to smaѴѴŊ scaѴe cus-

tom gene paneѴsķ the preparation time can be reduced to one dayĺ In 
additionķ DNA input is aѴso reduced aѴѴowing for ampѴification from 
ƺƔƏ ng of DNAĺ11

Due to the high percentage of variants within known IT genes as 
identified by whoѴe exome sequencing ŐWESő in a previous studyķ12 

and the increasing advances in custom paneѴ next generation se-

quencingķ an ITŊ specific nextŊ generation sequencing ŐNGSő paneѴ 
was designed and incѴuded within the UKŊ GAPP patient workfѴowĺ 
Incorporating a smaѴѴ custom paneѴ prior to WES has the potentiaѴ to 
fiѴter out variants with a genetic etioѴogy of disease within known ITŊ 
causing genesĺ CoupѴed with the AgiѴent SureSeѴectQXT transposonŊ 
based system of sampѴe preparationķ an increase in the efficiency 
of genetic diagnosisķ as weѴѴ as a reduction in the overaѴѴ costķ can 
potentially be achieved.

Thereforeķ in this study we aimed to impѴement a NGS paneѴ in 
the UKŊ GAPP patient workfѴowĺ The paneѴ was designed to incor-
porate aѴѴ genes known to be previousѴy associated with ITķ effec-

tiveѴy preŊ screening patients before WESĺ The targeted paneѴ aѴso 
takes advantage of a rapid sampѴe preparation technique aѴѴowing 
for quick genetic diagnosis foѴѴowing patient phenotyping and im-

proving overaѴѴ diagnosis of recruited patientsĺ

ƑՊ |ՊMETHODS

ƑĺƐՊ|ՊPatients

Patients were recruited from participating UK hematoѴogy centersĺ 
AѴѴ patients had a bѴeeding history taken at the point of examina-

tion and incѴusion into the studyĺ Most patients suffered from miѴd 
bѴeeding symptoms incѴuding cutaneous bruisingķ bѴeedingķ and 
epistaxis in addition to more severe bѴeeding symptoms in some 
casesĺ DetaiѴed patient cѴinicaѴ symptoms reѴated to bѴeeding that 
were avaiѴabѴe are dispѴayed in TabѴe Ɛĺ

The UKŊ GAPP study was approved by the NationaѴ Research Ethics 
Service Committee of West MidѴandsŌEdgbaston ŐƏѵņMREƏƕņƒѵő and 
participants gave written informed consent in accordance with the 
DecѴaration of HeѴsinkiĺ The GAPP study was registered at wwwĺisrctnĺ
org as ŲISRCTN ƕƕƖƔƐƐѵƕ and is incѴuded in the NationaѴ Institute 
of HeaѴth Research NonŊ MaѴignant HaematoѴogy study portfoѴioķ 
ŐIDŊ ƖѶƔѶőĺ

ƑĺƑՊ|ՊPѴateѴet counts and morphoѴogy

PѴateѴet counts and morphoѴogy were measured from patients in 
whoѴe bѴood using the Sysmex XNŊ ƐƏƏƏ Őn Ʒ ƒƐőĺ The PLTŊ F chan-

neѴ was used to determine pѴateѴet counts in whoѴe bѴood and the 
immature pѴateѴet fraction ŐIPFőĺ Mean pѴateѴet voѴume ŐMPVő was 
determined from the impedance PLTŊ I channeѴĺ AѴѴ sampѴes were 
processed in tandem with traveѴ controѴsĺ

ƑĺƒՊ|ՊPѴateѴet preparation and pѴateѴet 
function testing

This study focuses on a subset of patients with a reduction in pѴate-

Ѵet countĺ Previous studies by the UKŊ GAPP study group have dem-

onstrated the appѴicabiѴity of using Ѵight transmission aggregometry 
ŐLTAőķ incѴuding Ѵumiaggregometryķ for investigation of PRP sampѴes 
having pѴateѴet counts exceeding Ɛ Ƶ ƐƏ8ņmL13 and an inŊ house fѴowŊ 
cytometry assay to assess pѴateѴet function in patients having pѴate-

Ѵet counts in PRP of Ѵess than Ɛ Ƶ ƐƏ8ņmLĺ12

ƑĺƓՊ|ՊThrombocytopeniaŊ specific paneѴ sequencing

A thrombocytopenia paneѴ was designed for use as an initiaѴ NGS 
ŐNGSő sequencingņpreŊ screen before whoѴe exome sequencing in 
coѴѴaboration with the RegionaѴ Genetics Ѵaboratory at Birmingham 
WomenĽs HospitaѴĺ

The paneѴ was designed using the AgiѴent SureDesign vƒĺƔĺƓ 
ŐAgiѴent TechnoѴogiesķ UKő design softwareĺ The originaѴ design 
incѴuded the foѴѴowing ƒƏ genesĸ ABCG5ķ ABCG8ķ ADAMTS13ķ 
ANKRD18Aķ ANKRD26ķ CYCSķ FLI1ķ FLNAķ FYBķ GATA1ķ GFI1Bķ GP1BAķ 
GP1BBķ GP5ķ GP9ķ HOXA11ķ ITGA2Bķ ITGB3ķ MKL1ķ MPLķ MYH10ķ 
MYH9ķ NBEAL2ķ ORAI1ķ RBM8Aķ RUNX1ķ SLFN14ķ STIM1ķ TUBB1ķ and 
WASĺ The ƒƏ genes encompassed genes previousѴy associated with 
IT as weѴѴ as some of their reѴated genes and noveѴ genes identified as 
being associated with thrombocytopenia as part of the GAPP studyĺ 
This paneѴ was appѴied to patients ƓѶ to ѵƐ ŐincѴusiveő and patients 
ƕƑ and ƕƒķ which encompass the first Ɛѵ patients that were ana-

Ѵyzed by paneѴ sequencingĺ Sequencing probesņbaits were designed 
to cover the foѴѴowing regionsĹ aѴѴ coding exons ƼƐƏ bp fѴanking se-

quence from the intronŊ exon boundary and the ƔனUTR and ƒனUTRĺ 
Sequencing baits were designed with Ƒx density so that each desired 
region was covered by at Ѵeast two overѴapping probesĺ Baits were 
aѴso designed with the strictest masking stringency settings pos-

sibѴeĺ SureDesign masks repetitive sequences dependent on three 
masking tooѴsĹ RepeatMaskerķ WindowMaskerķ and Uniqueness ƒƔ 
trackĺ The design software uses combinations of aѴѴ three tooѴs to 
create three masking stringencies which vary in their incѴusiveness 
of repeat regionsĺ If baits couѴd not be found in the highest strin-

gency possibѴeķ stringency was decreased untiѴ they couѴd be foundĺ 
Eighteen genes were covered entireѴy using the highest stringency 
settingķ eight genes were covered by a combination of high and 
moderate stringency settingsķ and the remaining four genes were 
covered by baits using a combination of aѴѴ three stringency settingsĺ 
BaѴanced boosting of GCŊ rich probes was used which repѴicated the 
amount of probes within a GCŊ rich region by a defined factor to im-

prove capture of these difficuѴt genomic fragmentsĺ The finaѴ design 
incorporated ƒƒƏƖ probes with an overaѴѴ size of ƑƐƑĺƐѶƖ kbpĺ

For subsequent sequencing beyond the first group of Ɛѵ patients 
as detaiѴed aboveķ an improved design was utiѴized to incѴude new 
genes impѴicated in ITĺ The second version of the design incѴuded 
aѴѴ probes from the first design with the addition of baits designed 
to sequence the foѴѴowing genesĸ ACTN1ķ ETV6ķ PF4ķ and PRKACG. 

http://www.isrctn.org
http://www.isrctn.org
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TABLE  ƐՊPhenotypic symptoms of ƒƐ patients recruited to the UKŊ GAPP study with IT of unknown etioѴogy

Patient Age Gender

Platelet 

count 

(x109/l) MPV ŐfLő IPF Őѷő

FѴow 
cytometry 

defect LTA defect
ATP 
secretion Bleeding phenotype

48 5 M 125 9.1 NT PŊ SeѴectin NT NT Cutaneous bruisingķ petechiae

49 41 M 30 NA 9.4 NT ADP Normal Cutaneous bruising

50 41 M 30 NA 59.4+ CDƓƑb NT NT Cutaneous bѴeeding

51 UNK UNK 162 9.2 NT PŊ SeѴectinķ 
GPVI

NT NT Cutaneous bѴeedingķ oraѴ cavity 
bѴeeding

52 43 F 131 8.7 14.7+ Normal AA Reduced Cutaneous bѴeedingķ epistaxisķ 
menorrhagiaķ Gi bѴeedingķ oraѴ 
cavity bѴeeding

53 27 F 104 9.1 NT Fibrinogen NT NT Cutaneous bѴeeding

54 12 M 101 10 39.8+ PŊ SeѴectin NT NT Cutaneous bѴeeding

55 UNK F 30 8.6 2.3 PŊ SeѴectin NT NT Cutaneous bruisingķ oraѴ cavity 
bѴeedingķ menorrhagia

56 15 F 48 10.2 45.2+ Normal NT NT Cutaneous bѴeedingķ epistaxis

57 11 F 153 12.1 9.2 NT ADPķ AA Reduced Cutaneous bruisingņbѴeeding

58 9 F 82 8.6 6.4 PŊ SeѴectinķ 
Fibrinogen

NT NT Cutaneous bruisingņbѴeeding

59 4 M 94 12.3 7.1 Normal NT NT Cutaneous bruisingņbѴeeding

60 UNK F 146 13.4+ 15.8+ CDƓƐ Adr Normal Cutaneous bruisingķ oraѴ cavity 
bѴeedingķ menorrhagia

61 UNK F 76 9.7 3.4 PŊ SeѴectinķ 
Fibrinogen

NT NT No observabѴe phenotype

62 34 F 138 13.8+ 17.5+ Normal NT NT Cutaneous bѴeeding

63 13 F 37 14.6+ 16+ PŊ SeѴectin NT NT Cutaneous bruisingķ petechiaeķ 
epistaxis

64 UNK F 105 14.5+ 23.1+ NT Normal Normal Cutaneous bruisingķ epistaxis

65 35 F 52 14.9+ 19.4+ PŊ SeѴectinķ 
Fibrinogen

NT NT Cutaneous bruisingņbѴeeding

66 18 F 87 10 1.8 PŊ SeѴectinķ 
Fibrinogen

NT NT Cutaneous bruisingņbѴeeding

67 22 M 40 13.1+ 15.7+ NT Normal Normal Cutaneous bruisingņbѴeedingķ 
epistaxis

68 17 M 191 NT NT NT NT NT Cutaneous bѴeedingķ nose 
bѴeeds

69 26 M 69 NT NT NT NT NT Nose bѴeeds

70 34 F 96 NT NT NT NT NT Noneķ incidentaѴѴy identified 
thrombocytopenia

71 50 M 128 NT NT NT NT NT Noneķ investigated as son has 
thrombocytopenia

72 33 F 14 NT NT NT NT NT Cutaneous bѴeedingķ menorrha-

giaķ acute ѴymphobѴastic 
Ѵeukemiaķ father died of acute 
myeѴoid Ѵeukemia

73 29 F 53 11.7 9.1 NT NT NT Cutaneous bruisingķ hematuriaķ 
oraѴ cavity bѴeeding

74 72 M 50 8.4 NT PŊ SeѴectin NT NT Cutaneous bruisingķ epistaxis

75 48 F 92 NT NT NT NT NT Cutaneous bruisingķ hematomas

76 UNK F 92 10.2 NT Fibrinogen NT NT No observabѴe phenotype

ŐContinuedő
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AѴѴ genesķ with the exception of PRKACGķ were covered by probes 
with the most stringent masking settingsĺ Probes designed for am-

pѴification and sequencing of PRKACG incѴuded four probes with the 
ѴeastŊ stringent masking settings appѴiedĺ OveraѴѴ the new design in-

corporated ƒƓƓƕ probes covering ƑƑƐĺƒƏƔ kbpĺ Target enrichment 
was performed for aѴѴ designs using the AgiѴent SureSeѴectQXT NGS 
target enrichment kit for IѴѴumina muѴtipѴexed sequencing ŐAgiѴent 
TechnoѴogiesőĺ SampѴe preparation foѴѴowed the workfѴow outѴined 
in the manufacturerĽs instructions ŐFigure Ɛőĺ Due to the reѴative 
smaѴѴ size of the capture Ѵibrary aѴѴ sizeŊ reѴated steps foѴѴowed the 
methodoѴogy for capture Ѵibraries ƺƒ Mbĺ In the preparation for hy-

bridization ƕƔƏ ng of gDNAķ diѴuted in a voѴume of ƐƑ μL was usedĺ
A maximum of Ɛѵ sampѴes were prepared per runĺ DNA sampѴes 

were quantified using BR and High Sensitivity ŐHSő Qubit dsDNA 
fѴuorometric quantification kits and were anaѴyzed using a Qubit 
ƑĺƏ FѴuorimeter ŐThermoFisherķ UKķ ŲQƒƑѶƔƓ for HS kitő in initiaѴ 
sampѴe preparationĺ Purification steps utiѴized Agencourt AMPure 
XP magnetic capture beads ŐBeckmanCouѴterķ UKķ ŲAѵƒѶѶƏőĺ DNA 
quantity and quaѴity was assessed at two separate points through-

out the protocoѴ using an AgiѴent ƑƑƏƏ Tapestation system and 
associated DƐƏƏƏ and high sensitivity DƐƏƏƏ screen tape ŐŲƔƏѵƕŊ 
ƔƔѶƑ for DƐƏƏƏķ ŲƔƏѵƕŊ ƔƔѶƓ for HS DƐƏƏƏőķ and reagents ŐincѴud-

ing Ѵadder and sampѴe bufferső ŐŲƔƏѵƕŊ ƔƔѶƒ for DƐƏƏƏ reagentsķ 
ŲƔƏѵƕŊ ƔƔѶƔ for HS DƐƏƏƏ reagentső ŐAgiѴent TechnoѴogiesőĺ 
Dynabeads MyOne Streptavidin TƐ magnetic beads were used for 
hybrid capture ŐThermoFisherķ ŲѵƔѵƏƐőĺ Index tags were added 
using the SureSeѴectQXT Pƕ and PƔ duaѴ indexing primersĺ AѴѴ ther-
mocycѴing steps were performed using a BioŊ Rad DNA Engine 
Tetrad Ƒ ThermaѴ CycѴer ŐBioŊ Radķ UKőĺ Magnetic separation was 
achieved using a DynaMagŊ Ɩѵ Side magnet ŐThermoFisherőĺ

SampѴes were then pooѴed for muѴtipѴexed sequencing so that 
each indexŊ tagged sampѴe was in equimoѴar amounts in the pooѴĺ 
For each sampѴe the foѴѴowing formuѴa was used to determine the 
amount of index sampѴe to useĺ

where V Őfő Ʒ FinaѴ desired voѴume of pooѴĸ C Őfő Ʒ Desired finaѴ con-

centration of aѴѴ DNA in pooѴĸ Ų Ʒ is the number of the indexesĸ C 

Őiő Ʒ InitiaѴ concentration of each sampѴeĺ
A finaѴ desired voѴume of pooѴ of ƑƏ μL was used and a finaѴ con-

centration of Ɠ nmoѴņLĺ In aѴѴ cases Ɛѵ indexes were pooѴedĺ
To achieve an optimaѴ cѴuster densityķ a finaѴ concentration 

of ƐƏŊ pmoѴņL DNA was usedĺ DNA was firstѴy denatured by 
the addition of Ɣ μL of ƏĺƑ moѴņL NaOH to Ɣ μL of Ɠ nmoѴņL 
pooled library and allowed to incubate at room temperature 

ŐŜƑƏŦCő for Ɣ minutes before adding ƖƖƏ μL of preŊ chiѴѴed HTƐ 
hybridization buffer was added to achieve a ƑƏŊ pmoѴņL soѴu-

tion. A 300- μL aѴiquot of the ƑƏŊ pmoѴņL soѴution was diѴuted 
with 300 μL HTƐ to achieve a finaѴ concentration of ƐƏ pmoѴņL 
in 600 μLĺ

FinaѴѴy sequencing was performed using an IѴѴumina MiSeq 
ŐIѴѴuminaķ UKő and MiSeq vƑ ƒƏƏ CycѴe Reagent Kits ŐIѴѴuminaķ 
ŲƐƔƏƒƒѵƑѵőĺ SampѴe sheets were designed to aѴѴow for the use of 
custom primers and no adaptor trimmingĺ Sequencing foѴѴowed a 
Nextera XT sampѴe preparation kit and ampѴicon chemistryĺ

Sequence aѴignmentķ annotationķ categorisation and variant 
caѴѴing was performed using the SureCaѴѴ vƒĺƔ software ŐAgiѴent 
TechnoѴogieső and the GenAѴigners ƒĺƏ aѴignment tooѴ ŐAgiѴent 
TechnoѴogiesőĺ Post aѴignedķ annotatedķ and categorized sequence 
data was anaѴyzed using a personaѴized bioinformatics pipeѴine as dis-

cussed beѴowĺ

ƑĺƔՊ|ՊBioinformatics pipeѴine to determine 
candidate variants

Sequence data generated using the ITŊ specific NGS paneѴ was ana-

Ѵyzed using an adaptation of the pipeѴine deveѴoped for the anaѴysis 
of WES dataĺ12 Variants were initiaѴѴy fiѴtered on frequencyķ excѴud-

ing variants with a MAF ƽƏĺƏƐ in the ƐƏƏƏŊ G databaseĺ Synonymous 
variants not predicted to change the amino acid sequence in the 
protein coding transcripts were then excѴudedĺ As the paneѴ was 
designed to incѴude the Ɣன and ƒன UTRsķ variants were additionaѴѴy 

Volume of Index=
V(f)×C(f)

#×C(i)

Patient Age Gender

Platelet 

count 

(x109/l) MPV ŐfLő IPF Őѷő

FѴow 
cytometry 

defect LTA defect
ATP 
secretion Bleeding phenotype

77 15 F 76 9.4 13.5+ Normal NT NT OraѴ cavity bѴeedingķ 
menorrhagia

78 UNK M 101 13.9+ 14.4+ Normal Adr Normal Cutaneous bѴeeding

Average pѴateѴet count Ʒ ѶѶ Ƶ ƐƏ9ņL ŐnormaѴ range to Ƒ SD ƐƓƕŊ ƒƑƕ Ƶ ƐƏ9ņLķ n Ʒ ƓƏőĺ Average MPV Ʒ ƐƐĺƐ fL Őmean normaѴ range to Ƒ SD ƕĺѶŊ ƐƑĺѵƖ fLķ 
n Ʒ ƓƏőĺ IPF was avaiѴabѴe for ƑƏ patients and varied between ƐĺѶŊ ƔƖĺƓѷ ŐnormaѴ range ƐĺƒŊ ƐƏĺѶѷķ n Ʒ ƓƏőĺ Patients with an observed macro and micro 
thrombocytopenia are denoted by a Ƴ and Ŋ ķ respectiveѴyķ foѴѴowing their most recent anaѴyzed MPVĺ Secondary quaѴitative defects are abbreviated to 
the foѴѴowingĸ ŐCDƓƐő reduction in the resting ceѴѴ surface ѴeveѴs of CDƓƐķ ŐCDƓƑbő reduction in resting ceѴѴ surface ѴeveѴs of CDƓƑbķ ŐADPő reduction in 
response upon ADP stimuѴation indicating a possibѴe defect in the Gi pathwayķ ŐAAő reduction ŐcycѴooxygenase pathway defectőķ ŐAdrő reduction 
ŐThromboxane receptor pathway defectőķ ŐGPVIő reduction in surface GPVI quantityķ ŐPŊ seѴectinő reduction ŐpѴateѴet aѴphaŊ granuѴeņsecretion defectőķ 
Őfibrinogenő reduction in the binding of fibrinogen to activated pѴateѴetsķ ŐATP secretionő reduction in ATP secretion upon stimuѴation with PARŊ Ɛ pep-

tide 100 μmoѴņLĺ BѴeeding diathesis of each individuaѴ is summarized under bѴeeding phenotypeĺ
AAķ arachadonic acidĸ ADPķ Adenosine diphosphateĸ Adrķ adrenaѴineĸ ATPķ Adenosine triphosphateĸ GPVIķ GѴycoprotein VIĸ IPFķ immature pѴateѴet frac-

tionĸ LTAķ Ѵight transmission aggregometryĸ MPVķ mean pѴateѴet voѴumeĺ Ƴ denotes an eѴevated MPVņIPFĸ NA indicates parameter was tested but resuѴts 
were inconcѴusiveĸ NT indicates parameter was not tested due to degraded or Ѵimited sampѴeĸ UNK indicates the parameter was not knownĺ

TABLE  ƐՊ ŐContinuedő
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fiѴtered dependent on their genomic Ѵocation within the coding re-

gion ƼƐƏ bp of intronŊ exon boundariesĺ The UTRs were incѴuded 
in bait design to aѴѴow detection of variants within the Ɣன UTR of 
ANKRD26 so that aѴѴ variants occurring within the ƔனUTR of genes 
were anaѴyzed individuaѴѴyĺ Candidate variants identified were scru-

tinized using the same in siѴico pathogenicity prediction software 
and variant cѴassification system as candidates from WES anaѴysis 
as outѴined previousѴyĺ12 FinaѴѴyķ pathogenicity of variants was de-

termined and caѴѴed using the consensus guideѴines as set out by 
the American CoѴѴege of MedicaѴ Genetics and Genomics and the 
Association for MoѴecuѴar PathoѴogy Őhence forth referred to as the 
ACMG guideѴinesőĺ14

ƑĺѵՊ|ՊQuaѴity of sequence dataķ average number of 
variants, and sequence coverage

AѴѴ individuaѴ DNA sampѴes were processed and passed QC at 
two points during sampѴe preparationĺ Prior to sampѴe pooѴing 
an average caѴibrated DNA concentration of ƑĺƖƔƕ ngņμL and a 
moѴarity of Ɛƒĺƒ nmoѴņL was observed across aѴѴ sampѴesĺ AѴѴ se-

quencing runs passed internaѴ QC that is used within the West 
MidѴands RegionaѴ Genetics Service at the Birmingham WomenĽs 
HospitaѴ and internaѴ QC from the SureCaѴѴ anaѴysis softwareĺ 
AѴѴ candidate variants identified were cѴassified as high quaѴity 
mapped variants with a quaѴity score of ƑƔƔ using the SureCaѴѴ 
softwareĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊPhenotyping of IT patient cohort recruited to 
the study

AѴѴ ƒƐ unreѴated cases incѴuded in this study underwent cѴinicaѴ 
evaѴuation to excѴude idiopathic thrombocytopenic purpura ŐITPő 
ŐfoѴѴowing a reѴativeѴy stabѴe reduced pѴateѴet count over timeő and 
other nonpѴateѴet disorders incѴuding von WiѴѴebrand disease and 
inherited coaguѴation factor deficienciesĺ Subsequent anaѴysis after 
enroѴment isoѴated this group of patients with a suspected pѴateѴet 
count Ѵess than ƐƔƏ Ƶ ƐƏ9ņL and therefore suspected to have an in-

herited thrombocytopenia of unknown etioѴogy ŐTabѴe Ɛőĺ PѴateѴet 
counts varied between ƒƏ and ƐѵƑ Ƶ ƐƏ9ņL among the ƒƐ indi-
viduaѴs with a mean count of ѶѶ Ƶ ƐƏ9ņL ŐTabѴe Ɛő ŐnormaѴ range to 
two standard deviations ƐƓƕŊ ƒƑƕ Ƶ ƐƏ9ņLķ n Ʒ ƓƏőĺ Patients with a 
pѴateѴet count between ƐƔƏŊ ƑƏƏ Ƶ ƐƏ9ņL were retained for anaѴy-

sis within the study under the stipuѴation that there was a shared 
phenotype within the patient and reѴated affected famiѴy mem-

bers and that a prior pѴateѴet count has been beѴow ƐƔƏ Ƶ ƐƏ9ņLĺ 
Mean pѴateѴet voѴumes were between ѶĺѵŊ ƐƓĺѵ fL Őn Ʒ Ƒƒő Őmean for 
heaѴthy controѴs ƼƑ SD Ʒ ƕĺѶŊ ƐƑĺƓ fLőĺThe immature pѴateѴet fraction 
ŐIPFő mean in the patients was Ɛƕѷ of the totaѴ pѴateѴet count Őrange 
ƐĺѶŊ ƔƖĺƓѷőķ n Ʒ ƑƏ ŐnormaѴ range ƐĺƒŊ ƐƏĺѶѷķ n Ʒ ƓƏķ mean ƓĺƓѷőķthe 
higher vaѴues refѴecting abnormaѴ bone marrow pѴateѴet production 
or thrombopoiesisĺ

F I G U R E  ƐՊSampѴe preparation 
workfѴow for the ITŊ specific nextŊ 
generation sequencing paneѴ using AgiѴent 
SureSeѴectQXT capture methodoѴogy

gDNA samples 1,2...n

Fragment DNA and

adaptor tag DNA ends in

single enzymatic step

Adaptor-tagged DNA library

PCR amplify

Prepared DNA library amplicons

Genomic locations of interest

Design target sequences in

SureDesign

SureSelect Capture Library

Hybridize using SureSelect Capture Library

Capture Library/prepared DNA library hybrids

Capture hybrids on streptavidin-coated

magnetic beads

Captured,target-enriched DNA library

PCR amplify using Dual

Indexing primers

Dual-indexed, target-enriched DNA library

Pool libraries for multiplex sequencing

SureSelect-enriched dual-indexed NGS samples
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LTA was used to assess pѴateѴet function for seven patients and 
fѴow cytometry aѴone was performed for sampѴes from Ɛƕ patientsĺ 
PѴateѴets from individuaѴs with a borderѴine pѴateѴet count in PRP 
of between ƏĺƐ and ƏĺƐƔ Ƶ ƐƏ9ņL were assessed using both assays 
Őn Ʒ ƒőĺ PѴateѴet function studies reveaѴed the suggestion of the pres-

ence of a secondary quaѴitative defect in addition to the reduction in 
pѴateѴet count in ƐƖ of ƑƓ ŐƕƖѷő ŐTabѴe Ɛő of the overaѴѴ cohort of pa-

tients testedĺ

ƒĺƑՊ|ՊITŊ specific NGS paneѴ

On averageķ ƒƑѵ variants were noted in sampѴes from each individuaѴ 
anaѴyzed by the ITŊ specific NGS paneѴĺ This ranged from ƑѵƔ to ƓƏƏ 
variants across aѴѴ sampѴes anaѴyzedĺ FoѴѴowing excѴusion of synon-

ymous variantsķ an average of ƕƒ variantsķ having a MAF ƽƏĺƏƐ in 
the ƐƏƏƏŊ G database were noted per individuaѴĺ When the ExAC 
database was interrogated for each of the variants identified in non 
UTR regions onѴy those variants dispѴayed in TabѴe ƒ were of a rare 
frequency ŐMAF ƺƏĺƏƐőĺ

Average coverage across the targeted regions was in excess of 
ƖƔѷ for aѴѴ sampѴes anaѴyzedĺ An average read depth of ƒѶƏ was 
noted at the site of each variationĺ This read depth was not observed 
beѴow ƐƑƐ at each point of aѴѴ candidate variants and reached a fiѴ-
tered read depth of ѶƑƒĺ

ƒĺƒՊ|ՊVaѴidation of ITŊ specific NGS paneѴ

VaѴidation of the ITŊ specific NGS paneѴ was performed by ana-

Ѵyzing the paneѴĽs sensitivity in detecting eight variants iden-

tified previousѴy by WES anaѴysis and confirmed by Sanger 
sequencingĺ Variantsķ at the time of vaѴidationķ were ѴikeѴy 
candidate variants and incѴude variants in genes not known 
previousѴy to cause IT Ősee TabѴe Ƒőĺ AѴѴ variantsķ excѴuding a 
previousѴy identified frameshift causing insertion in TUBB1; 

cĺƐƏѶƏōƐƏѶƐinsGķ pĺLeuƒѵƐAѴafsŖƐƖ previousѴy identified using 
WES in patient ƒƐķ12 were successfuѴѴy identifiedķ presum-

abѴy due to the sequence context around this genomic regionĺ 
AѴѴ known candidate variants tested were the onѴy candidate 

variants foѴѴowing bioinformatics anaѴysis of paneѴ sequencing 
resuѴts in each patientĺ

ƒĺƓՊ|ՊCandidate variants observed and variant 
prevalence in 31 new patients

In totaѴķ DNA sampѴes from ƒƐ new patients were anaѴyzed by an 
ITŊ specific NGS paneѴĺ AѴѴ patientsķ with the exception of ѵƓķ were 
singѴe affected casesĺ Patient ѵƓ forms part of a pedigree of four 
affected famiѴy members which wiѴѴ be discussed in more detaiѴ in 
the discussion sectionĺ FoѴѴowing postŊ sequencing bioinformatics 
anaѴysis candidate variants previousѴy impѴicated in IT genes were 
observed in ƕƕѷ of individuaѴs ŐTabѴe ƒőĺ In totaѴķ ƒƕ variants were 
noted in the ƑƓ patients observed with a genetic variant in a gene 
previousѴy known to cause ITĺ Seven patients were observed with 
two variants in two different genes and three patients were noted 
to have three variantsĺ No patients were noted with two variants 
occurring within the same gene and aѴѴ variants were observed in 
a heterozygous stateĺ One variantĸ GP5ĸ cĺѶѵƕGƻCķ pĺMetƑѶƖIѴeķ 
was noted in two unreѴated patientsķ Ɣƕ and ƔѶĺ

The majority of variants identified were missense variants affecting 
a singѴe amino acidĺ This equated to ѶƖѷ of the variants observedĺ In ad-

ditionĸ one ƔனUTR start gain was noted in patient ƓѶ ŐTUBB1ĸ cĺŊ ѶѶGƻCőķ 
one frameshift causing deѴetion was noted in patient ƔƏ ŐGP1BB; 

cĺdeѴƐƑƏŊ ƐƓƑķ pĺArgƓƑCys fsŖƐƓőķ one stop Ѵoss variant was noted in pa-

tient ƔƓ ŐGATA1ĸ cĺƐƑƓƏTƻCķ pĺŖƓƐƓArgƳƓƐőķ and one nonsense causing 
SNV was observed in patient ѵƏ ŐITGA2Bĸ cĺƑƐƕѵAƻTķ pĺLysƕƑѵŖőĺ

Of the ƒƕ variantsķ ƐƐ ŐƒƏѷő were noveѴ and not previousѴy iden-

tified in any of the databases scrutinizedĺ TwentyŊ six variants have 
been observed previousѴy and the prevaѴence of these variants in 
the ExAC databaseķ unѴess otherwise statedķ is dispѴayed in TabѴe ƒĺ 
When comparing aѴѴ previousѴy observed variants an average MAF 
of ƏĺƏƏƑƔѵ is notedĺ AѴѴ variants were observed at a frequency of 
Ѵess than ƏĺƏƐ and aѴѴ previousѴy identified variantsķ with the excep-

tion of rsƐƐƐƔƑƕƕƒѶ which was present within the Ѵatest buiѴd of 
dbSNPĺ Four pathogenic or ѴikeѴy pathogenic variants were identi-
fied that are previousѴy known to cause ITĺ These were found in pa-

tientsĸ ƔƓ ŐGATA1ĸ cĺƐƑƓƏTƻCķ pĺŖƓƐƓArgƳƓƐőķ ƔƖ ŐRUNX1ĸ cĺƒѶѵCƻAķ 

Patient Gene Variation Type

2 ANKRD26 cĺŊ ƐƑѵTƻG ƔனŊ UTR

17 RUNX1 cĺGƑƒѵAķ pTrpƕƖŖ Nonsense

20 RUNX1 cĺGƒƒƑAķ pĺGѴyƐƏѶSer PartiaѴ heterozy-

gous missense

21 RUNX1 cĺƓƑƕ Ƴ ƐGƻT SpѴice site variant

26 SLFN14 cĺAѵƔƑGķ pĺLysƑƐѶGѴu Missense

31 TUBB1 cĺƐƏѶƏōƐƏѶƐinsGķ 
pĺLeuƒѵƐAѴafsŖƐƖ

Frameshift causing 
insertion

36 WAS cĺGƐƓƔѵAķ pĺGѴuƓѶѵLys XŊ Ѵinked Missense

41 ANKRD18A cĺƑƒƖƔōƑƒƖƕdeѴķ pĺGѴuƕƖƖdeѴ NonŊ frameshift 
causing deѴetion

TABLE  ƑՊEight patients and the eight 
known candidate variants12 representing a 
range of mutation types utiѴized for the 
vaѴidation of the ITŊ specific nextŊ 
generation sequencing paneѴ
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pĺAѴaƐƑƖGѴuőķ ƕƏ ŐGFI1Bĸ cĺƔƏƒGƻTķ pĺCysƐѵѶPheőķ and ѵƓ ŐMYH9; 

cĺƑƐƔƑCƻTķ pĺArgƕƐѶTrpőĺƒķƐƔŋƐƕ

Patient ƔƓķ a ƐƑŊ yearŊ oѴd maѴe with a history of cutaneous bѴeed-

ing and a miѴd reduction in pѴateѴet count ŐƐƏƐ Ƶ ƐƏ9ņLő was noted 
with a stop Ѵoss variant in GATA1ĸ cĺƐƑƓƏTƻCķ pĺŖƓƐƓArgƳƓƐĺ The 
predicted effect of variation is a Ѵoss of the wiѴd type stop codon and 
extension of the protein by ƓƐ amino acidsĺ Most reported variants 
within GATA1 occur within the NŊ terminaѴ zinc finger domainķ Ѵead-

ing to a disruption of the binding of GATAƐ to FOGƐĺ The stopŊ Ѵoss 
variant noted in patient ƔƓķ was first identified in a ѵƕŊ yearŊ oѴd maѴe 
proband who suffers from easy bruisingĺ16 The patientĽs pѴateѴet 
counts varied between Ѷѵ to ƖƓ Ƶ ƐƏ9ņL at different times of testing 
and no other differences in hematoѴogicaѴ ceѴѴ numbers were notedĺ 
The patient was initiaѴѴy sequenced due to the presence of a rare XŊ 
Ѵinked bѴood group LuŐaŊ bŊ ő phenotype which resuѴts in the marked 
decrease in expression of Lutheran gѴycoprotein on the erythrocyte 
ceѴѴ surfaceĺ To dateķ seroѴogicaѴ anaѴysis using fѴow cytometry to 
anaѴyze the presence of Lutheran on the erythrocyte ceѴѴ surface 
has not been undertaken in patient ƔƓĺ AѴso the presence of giant 
occasionaѴ macrothrombocytesķ a marker of the pubѴished pheno-

typeķ have not been observed in patient ƔƓ in routine histoѴogicaѴ 
examination.

A previousѴy identified causative variant was noted in RUNX1 

in patient ƔƖĺ The missense variantķ cĺƒѶѵCƻAķ pĺAѴaƐƑƖGѴuķ was 
found in addition to a missense variant in ITGA2Bĺ The variant has 
previousѴy been reported to be causative of FPDņAML in three pa-

tients from a singѴe pedigreeĺ15 AѴѴ three patients were identified 
with the pĺAѴaƐƑƖGѴu germѴine mutation causative of FPDņAMLĺ 
AѴѴ patients deveѴoped AML as a resuѴt of a secondary somatic 
event occurring within RUNX1 progressing to patient death in aѴѴ 
casesĺ Patient ƔƖ is a maѴe with a miѴd reduction in pѴateѴet count 
to ƖƓ Ƶ ƐƏ9ņLĺ FoѴѴowing pѴateѴet function testing no reduction in 
pѴateѴet secretion Őa haѴѴmark of variants within RUNX1ő was notedĺ 
Howeverķ it is highѴy ѴikeѴy that the variant observed in RUNX1 is 
causative of the hemostatic phenotype observedĺ Whether the 
variant within ITGA2B is additive to the phenotype is unѴikeѴy as 
the pѴateѴet count is considered miѴd in severity but may warrant 
further investigationĺ

Patient ѵƓķ is the onѴy patient anaѴyzed by the ITŊ specific paneѴ 
for whom affected famiѴy members were aѴso recruited to the studyĺ 
The patient forms part of a pedigree of four affected famiѴy members 
with a shared phenotype and cѴinicaѴ symptomsĺ FoѴѴowing anaѴysis 
of the ITŊ specific paneѴ sequencingķ a missense variant was identi-
fied in MYH9ĸ cĺƑƐƔƑCƻTķ pĺArgƕƐѶTrpĺ This variant has been noted 
once previousѴy in a patient initiaѴѴy diagnosed with MYHƖŊ RDĺ3 The 
variant occurs within the motor domain of MYHƖ and is associated 
with an increased risk of deafness and nephritisķ howeverķ no sec-

ondary symptoms have previousѴy been reported in patient ѵƓ or 
any of the affected famiѴy members aѴso recruited to the UKŊ GAPP 
studyĺ However patients such as this shouѴd be monitored reguѴarѴy 
for signs of kidney diseaseĺ Two variants previousѴy identified by 
WES anaѴysis of ѵƖ patients were aѴso identified in patients anaѴyzed 
by the ITŊ specific paneѴ sequencingĺ These variantsĸ CYCSĸ cĺƐƔƔCƻTķ 

pĺAѴaƔƑVaѴķ and ITGA2Bĸ cĺƑƐƕѵAƻTķ pĺLysƕƑѵŖ were identified in pa-

tients ƔƏ and ѵƏķ respectiveѴyĺ

ƒĺƔՊ|ՊConservationķ pathogenicity predictionķ and 
variant classification

Conservation at the site of variation was determined by PhyѴoP 
and PhastCons in siѴico softwareĺ Conservation scores for aѴѴ vari-
ants occurring within known ITŊ causing genes in the ƒƐ patients 
are shown in TabѴe ƒĺ Average scores of ƒĺƒƑѶѶƕ and ƏĺѶƑƖƔƕƐ 
were observed across aѴѴ variants in PhyѴoP and PhastCon anaѴy-

sisķ respectiveѴyĺ The majority of variants occurred at sites of high 
conservation and the two methodoѴogies used were in agreement 
in aѴѴ instancesĺ

Pathogenicity was predicted using in siѴico prediction software 
as dispѴayed in TabѴe ƒĺ CѴassification often varied amongst the soft-
ware used for each variant indicating the benign potentiaѴ of the 
variants observedĺ

In totaѴķ of the ƒƕ totaѴ variants noted across aѴѴ patients investi-
gatedķ three variants were cѴassified as ľpathogenicĿ and five ľѴikeѴy 
pathogenicĿ when considering the ACMG consensus guideѴinesĺ The 
remaining ƑƖ variants without a positive prediction of pathogenic-

ity were cѴassified as of ľunknown significanceĺĿ OnѴy two variants 
dispѴayed supporting evidence for a benign cѴassificationĺ Of the ƑƓ 
patients where a genetic variant was identified this cѴassification 
predicted equated to ƐƑѷ Őƒ of ƑƓő of patients with a pathogenic 
variantķ ƑƐѷ ŐƔ of ƑƓő with a ѴikeѴy pathogenic variantķ and ѵƕѷ ŐƐѵ of 
ƑƓő variants of unknown significanceĺ

ƓՊ |ՊDISCUSSION

An IT geneŋspecific NGS paneѴ was deveѴoped in order to preŊ screen 
patients prior to WESĺ The aim was to fiѴter out patients with vari-
ants in known ITŊ causing genes aѴѴowing subsequent focus on WES 
for patients who may harbor variants in noveѴ genesĺ In additionķ the 
cost impѴications were an important consideration given that the 
WES was more than four times as expensive compared with targeted 
paneѴ sequencingĺ

AѴѴ sequencing passed QC at aѴѴ points throughout sampѴe 
preparation and QCķ cѴuster density and overaѴѴ sequencing data 
was sufficient when compared with routine sequencing using aѴ-
ternate capture methods performedĺ AѴthough considered a rapid 
capture methodķ AgiѴent SureSeѴectQXT sampѴe preparation does 
not quite reach optimum depth of coverageķ evenness and target 
enrichment when compared with aѴternate methods of capture 
incѴuding AgiѴent SureSeѴectXT.ƐƏķƐѶ When appѴied to our custom 
designed paneѴķ average coverage easiѴy exceeded a universaѴѴy 
accepted minimum ƑƏx coverage for efficientѴy caѴѴing variants 
and an average read depth of ƒѶƏ was identified at the points of 
variation.19

With a GC content of ƕƒѷķ GP1BB often suffers from a reduction 
in coverageķ which is why in WES anaѴysis the gene was manuaѴѴy 
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TABLE  ƒՊVariants identified by anaѴysis of the ITŊ specific nextŊ generation sequencing pane

Patient GeneŐső Genomic variation Protein effect Variation type Prevalence PhyloP

48 ABCG5 cĺƑƖƒCƻG pĺAѴaƖѶGѴy Missense ƏĺƏƏƔ ŐrsƐƓƔƐƔƓƖƒƕő 5.277

ABCG8 cĺƐѵѵƕTƻC pĺPheƔƔѵSer Missense ƏĺƏƏƏƖ ŐrsƔƓѶƏƖѶƕƓƑő 2.914

TUBB1 cĺŊ ѶѶGƻC ƔனUTR start gain ƏĺƏƏƓ ŐƐƏƏƏGő ŐrsƐƔƏƏƕƑƓƒƓő

49 ABCG5 cĺƐѶѵƓAƻG pĺMetѵƑƑVaѴ Missense ƏĺƏƏƔƓƐ ŐrsƐƓƏƒƕƓƑƏѵő ƴƏĺƕƓѶ

NBEAL2 cĺѵѵƒƐGƻA pĺAspƑƑƐƐAsn Missense Novel 5.515

50 CYCS cĺƐƔƔCƻT p.Ala52Val Missense Novel 5.962

GP1BB c.del120- 142 pĺArgƓƑCys fsŖƐƓ Frameshift deѴetion Novel

51 FLI1 cĺѶƐƑGƻA pĺArgƑƕƐGѴn Missense Novel 5.983

MYH9 cĺƑѶƕƑGƻA pĺAѴaƖƔѶThr Missense ƏĺƏƏƏƖ ŐrsƐƔƐƏƒѵƔƕƏő 6.088

52 FLNA cĺƔƖƓѶCƻT pĺSerƐƖѶƒLeu Missense ƏĺƏƏƑѵ ŐrsƐѶƕƏƑƖƒƏƖő 5.952

53 FLNA cĺƕƔѶƒAƻT pĺAspƑƔƑѶVaѴ Missense Novel 4.858

MYH9 cĺƕCƻG pĺGѴnƒGѴu Missense ƏĺƏƏƐƔ ŐrsƔѵƑƏƏѶƖƓő 4.643

TUBB1 cĺƐƐƖƖGƻA pĺSerƓƏƏAsn Missense Novel 5.88

54 GATA1 cĺƐƑƓƏTƻC pĺŖƓƐƓArgƳƓƐ Stop Ѵoss Known 2.408

55 GP1BA cĺƑƏѵCƻT pĺProѵƖLeu Missense ƏĺƏƏƐѶƕƑ ŐrsƐƒѶѶƑƔѵƓƏő ƴƐĺƓƏƕ

56 GP1BB cĺƑƓƑTƻG pĺLeuѶƐArg Missense Novel ƴƏĺƐѵƑ

57 GP5 cĺѶѵƕGƻC pĺMetƑѶƖIѴe Missense ƏĺƏƏƒƐƏƐ ŐrsƐƓƑƓƓƏƏƑѶő 2.516

58 GP5 cĺѶѵƕGƻC pĺMetƑѶƖIѴe Missense ƏĺƏƏƒƐƏƐ ŐrsƐƓƑƓƓƏƏƑѶő 2.516

STIM1 cĺƐѶƑAƻG pĺGѴuѵƐGѴy Missense ƏĺƏƏƏƏƓƖƓƐ ŐrsƑƏƑƐѵƏƕƔƔő 2.851

59 ITGA2B cĺѶѶѵGƻA pĺGѴyƑƖѵArg Missense Novel 3.205

RUNX1 cĺƒѶѵCƻA pĺAѴaƐƑƖGѴu Missense Known ŐrsƑѵƕѵƏƕƏƑѵő 6.077

60 ITGA2B cĺƑƐƕѵAƻT pĺLysƕƑѵŖ Nonsense Novel 1.419

61 ITGA2B cĺƑƓƐƕGƻA pĺSerѶƏѵAsn Missense Novel 0.148

WAS cĺƖƖƔTƻC p.Val332Ala Missense ƏĺƏƏƔƐ ŐrsƑƕƒƕƕƖƖő 0.096

62 MKL1 cĺƔѵƖCƻT pĺProƐƖƏLeu Missense ƏĺƏƏƏƐѵ ŐrsƑƏƏƒƏƖƖƔƔő 3.693

63 MKL1 cĺƐƓƖƑGƻC pĺVaѴƓƖѶLeu Missense ƏĺƏƏƏƏƏѶѵƒѶ ŐrsƐƖƖƕƔƏƑƑƔő 2.138

64 MYH9 cĺƑƐƔƑCƻT pĺArgƕƐѶTrp Missense Known 2.044

65 MYH9 cĺƔƏƕƓGƻA pĺAѴaƐѵƖƑThr Missense Novel 4.087

66 MYH10 cĺƑƖѶƕCƻT p.Ala965Val Missense 0.0079 4.822

NBEAL2 cĺƓƒѵƐCƻT pĺThrƐƓƔƓMet Missense 0.0001 3.227

67 TUBB1 cĺƓƑƐGƻA pĺGѴyƐƓƐArg Missense ƏĺƏƏƏƏƒƑƖƔ ŐrsƕƕѶƖƕƔѶƑƕő 5.803

68 ABCG8 cĺƐѵƑƖGƻT pĺArgƔƓƒSer Missense ƏĺƏƏƏƑ ŐrsƑƏƐѵƖƏѵƔƓő 5.057

69 ACTN1 cĺƐƒѵCƻT pĺArgƓѵTrp Missense 0.00000827 5.532

70 GFI1B cĺƔƏƒGƻT pĺCysƐѵѶPhe Missense ƏĺƏƏƏѵƏƐƐ ŐrsƔƑƕƑƖƕѶƖѵő 4.334

71 RUNX1 cĺѶѵTƻC pĺLeuƑƖSer Missense ƏĺƏƐѵƑƖ ŐrsƐƐƐƔƑƕƕƒѶő 0.683

NBEAL2 cĺƓƏѶƔGƻA pĺArgƐƒѵƑGѴn Missense 0.00000829 1.666

GFI1B cĺƔƔƐGƻC pĺArgƐѶƓPro Missense 0.00000746 1.433

72�78 Unknown

ŐContinuedő
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Patient Phastcons Mutation taster PolyPhen- 2 SIFT Provean ACMG criteria CѴassification

48 1 D D D D PPƒ Uncertain significance

1 D D D D PPƒ Uncertain significance

Uncertain significance

49 0 P B T N BPƓ Uncertain significance

0.997 D D D D PMƑķ PPƒ Uncertain significance

50 1 D B D D PMƑ Uncertain significance

D PMƑķ PPƒķ PMƓķ PPƓ LikeѴy pathogenic

51 1 D D D D PMƑķ PPƒ Uncertain significance

1 D B T N Uncertain significance

52 1 P D D D Uncertain significance

53 1 D D D D PMƑķ PPƒķ Uncertain significance

0.998 D B D N Uncertain significance

0.972 D B D N PMƑ Uncertain significance

54 0.572 P PMƓķ PSƐķ PPƔ LikeѴy pathogenic

55 0 P B D D Uncertain significance

56 0.175 P D D D PMƑķ PPƓ Uncertain significance

57 0.55 P B D D Uncertain significance

58 0.55 P B D D Uncertain significance

1 D B D D Uncertain significance

59 0.999 D B D D PMƑ Uncertain significance

1 D D D D PPƒķ PSƐķ PSƒ Pathogenic

60 0.957 D PMƑķ PMƓķ PVSƐķ PPƓ Pathogenic

61 0.286 P B T N PMƑ Uncertain significance

0 P B T N BPƓ Uncertain significance

62 0.987 D B T D Uncertain significance

63 0.998 D B T N Uncertain significance

64 1 D D D D PPƒķ PSƐķ PSƒķ PM 
Ősegregationőķ PPƓ

Pathogenic

65 1 D B T N PMƑ Uncertain significance

66 1 D B D D Uncertain significance

0.999 D B T N Uncertain significance

67 1 D D D D PPƒ Uncertain significance

68 1 D D D N PMƑ Uncertain significance

69 1 D D D D PSƐķ PMƑķ PPƒ LikeѴy pathogenic

70 1 D D D D PSƐķ PMƑķ PPƒ LikeѴy pathogenic

71 1 P D T N Uncertain significance

1 P D T N Uncertain significance

0.995 D D D D PSƐķ PMƑķ PPƒ LikeѴy pathogenic

72�78 N/A

PrevaѴence is shown in the ExAC consortium if not specified otherwiseĺ PhyѴoP and Phastcons scores are shownĺ Variants are noted as Dķ disease 
causing and Pķ poѴymorphism in MutationTasterĸ Dķ damaging and Tķ toѴerated in SIFTĸ Dķ deѴeterious and Nķ neutraѴ in Proveanĸ Dķ damaging and 
Bķ benign in PoѴyPhenŊ Ƒ in siѴico pathogenicity prediction softwareĺ PhyѴoP scores vary between ƴƐƓ and Ƴѵ and measure conservation at each 
individuaѴ baseķ sites predicted to be conserved are assigned a positive scoreķ fastŊ evoѴving sites are assigned a negative scoreĺ Mutationtaster 
uses a Beyes cѴassifier to predict the effect of a mutation from a feed a cѴassifiersĺ SIFT damaging prediction score Ʒ ƺƏĺƏƔĺ Provean deѴeterious 
score Ʒ ƺ ƴƑĺƔĺ PoѴyPhenŊ Ƒ predictions are appraised quaѴitativeѴy as benign or damagingĺ The ACMG consensus guideѴinesķ incѴuding supporting 
evidenceķ are aѴso shownĺ

TABLE  ƒՊ ŐContinuedő
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anaѴyzedĺ UtiѴizing the NGS paneѴ there was no drop in coverage 
within GP1BB for aѴѴ patients anaѴyzed and two variantsķ in patients 
ƔƏ and Ɣѵķ were identifiedķ which may be causative of diseaseĺ This 
represents variants which couѴd be potentiaѴѴy missed by other se-

quencing methodoѴogies and potentiaѴ advantage of paneѴŊ based 
sequencingĺ

In totaѴķ candidate variantsķ that couѴd be considered for fur-
ther anaѴysisķ were identified in ƕƕѷ of individuaѴs when anaѴyzed 
by the ITŊ specific paneѴĺ This detection rate is in keeping with 
other recent previous ѴargeŊ scaѴe targeted paneѴ sequencing stud-

ies and the appѴication of WES to patients with IT of unknown eti-
oѴogyĺƓķƐƑķƑƏķƑƐ One possibѴe expѴanation for the infѴated detection 
rate for paneѴ based pѴatforms is the reѴative increase in average 
read coverage when compared to WES anaѴysisķ especiaѴѴy at the 
point of variationĺ

When comparing prevaѴenceķ howeverķ nextŊ generation paneѴ se-

quencing identifies a Ѵarge number of variants that have been previ-
ousѴy identified with a Ѵow MAFĺ This may be an indication that the 
variants are toѴerated within the popuѴation and are not causative 
of diseaseĺ One way to determine this wouѴd be to anaѴyze the coŊ 
segregation of variants within affectedņunaffected reѴatives of the 
index casesĺ This has the potentiaѴ to ruѴe out or further strengthen 
any identified variants but unfortunateѴy in this study this information 
was unavaiѴabѴeĺ The most comprehensive database of genetic vari-
ation is noted to be the ExAC databaseķ22 which incѴudes data from 
the aggregation and anaѴysis of highŊ quaѴity exome sequence data 
for ѵƏ ƕƏѵ individuaѴs of diverse ancestries generated as part of the 
Exome Aggregation Consortium ŐExACőĺ It is pѴausibѴeķ thereforeķ that 
aѴthough the variants have previousѴy been notedķ they are causative 
of a miѴd reduction in pѴateѴet count that hasķ or has notķ been previ-
ousѴy diagnosed in aѴѴ other patients with the shared variantĺ To de-

termine the reaѴity of this wouѴd require further conformationaѴ workĺ
Comparing pathogenicity prediction and variant cѴassification to 

the variants determined by WES anaѴysisķ a Ѵarger percentage of vari-
ants were deemed to be of unknown significanceĺ This may refѴect a 
reduced rate of sensitivity and a higher proportion of faѴse negative 
variants identifiedĺ Howeverķ it is worth considering that the ma-

jority of variantsķ ѵƑѷ ŐƑƒ of ƒƕőķ dispѴayed supporting evidence of 
pathogenicity but Ѵacked sufficient evidence to be cѴassified as suchĺ 
This couѴd potentiaѴѴy be an indication of the Ѵack of strengthening 
evidence that is normaѴѴy provided in the form of reѴated affected 
famiѴy members that wouѴd be recruited to the studyķ negativeѴy af-
fecting cѴassification because of a Ѵack of segregation anaѴysisĺ

The presence of a variant in MYH9 in patient ѵƓ highѴights 
the difficuѴty of picking up such defects despite the routine 
preŊ screening for disorders such as BSSŊ  and MYHƖŊ reѴated 
disease Őusing fѴow cytometry or the presence of granuѴocyte 
incѴusionsķ respectiveѴyő in hemophiѴia care centers before re-

cruitment to the UKŊ GAPP studyĺ This was aѴso the case in our 
previous study where we empѴoyed WES and detected MYHƖ 
and BSS defects despite preŊ screening by the referring Ѵabora-

toriesĺ12 AnaѴyzing patients using the ITŊ specific paneѴ has eѴuci-
dated variants in genes known to cause BSSŊ  and MYHƖŊ reѴated 

disease in seven patientsĺ With the exception of patients ƔƏ 
and ѵƔķ who present with the characteristic increase in MPV 
to the magnitude of observabѴe giant pѴateѴetsķ the remaining 
patients show an unaѴtered MPVĺ No Dक़hѴeŊ Ѵike body Ѵeukocyte 
incѴusions were noted on peripheraѴ bѴood smears of patients 
ѵƓ and ѵƔ and no patients presented with secondary symptoms 
reѴating to specific IT disordersĺ However it shouѴd be noted 
that not aѴѴ MYHƖ defects are associated with the presence 
of DohѴeŊ Ѵike bodies in a peripheraѴ bѴood smearĺ The defects 
identified may therefore be causative of nonŊ typicaѴ forms of 
BSSŊ  and MYHƖŊ reѴated IT but in order to excѴude a MYHƖ de-

fect concѴusiveѴyķ immunofѴuorescence shouѴd be performed 
for the nonŊ muscѴe myosin heavy chain proteinĺ

A phenotypeŊ genotype correѴation is often utiѴized in aiding 
in the diagnosis of a patients diseaseĺ Patient ѵƐ presented with 
a marked reduction in the ceѴѴ surface ѴeveѴs of CDƓƐķ the inte-

grin aѴpha IIbķ to around ƔƏѷ of the ѴeveѴs observed compared 
to the traveѴ controѴ tested simuѴtaneousѴyĺ When anaѴyzed by 
the ITŊ specific NGS paneѴ a missense variant was identified in 
ITGA2Bĺ This variantķ cĺƑƓƐƕGƻAķ pĺSerѶƏѵAsnķ is noveѴ within 
aѴѴ databases but predicted benign and not weѴѴ conserved at 
the site of variationĺ The variant occurs within the extraceѴѴu-

Ѵar domain and the integrin aѴpha IIb heavy chainĺ AѴthough not 
predicted toķ the reduction in ceѴѴ surface CDƓƐ is indicative of 
the possibiѴity that the variant in ITGA2B affects either protein 
ѴeveѴs or ceѴѴuѴar ѴocaѴization potentiaѴѴy Ѵeading to the observed 
pѴateѴetŊ based bѴeeding phenotypeĺ This is the onѴy occurrence 
of a genotypeŊ phenotype correѴation in aѴѴ patients anaѴyzed by 
the ITŊ specific NGS paneѴĺ AѴthough three variants were identi-
fied in ITGA2B and one variant was identified in GP1BA ķ none of 
the patientsķ with the exception of ѵƐķ were observed to have 
a reduction in the corresponding ceѴѴ surface receptor ѴeveѴsĺ

InterestingѴy a reduction in ceѴѴ surface expression of CDƓƑbķ 
encoded by GP1BAķ was noted in patient ƔƏķ who harbors a poten-

tiaѴѴy deѴeterious Ѵarge deѴetion of GP1BB that spans two previousѴy 
reported diseaseŊ causing variantsĺƑƒķƑƓ AѴthough not occurring in 
the encoded geneķ the variantķ due to the detrimentaѴ effect of a 
frameshift causing deѴetionķ may have propensity to disrupt the sta-

biѴity of the receptor compѴex Ѵeading to a reduction in ceѴѴ surface 
expressionĺ

As with variants determined by WES anaѴysisķ the variants ob-

served foѴѴowing the appѴication of the ITŊ specific NGS paneѴ require 
further conformationaѴ work to be determined disease causingĺ 
Further work wouѴd focus around this point mainѴyķ utiѴizing many of 
the biomarkers of disease attributed to variants in certain genes and 
recruiting reѴated affected famiѴy members of previousѴy anaѴyzed 
patientsĺ This wiѴѴ strengthen any initiaѴ genetic variants that may be 
indicative of disease through segregation anaѴysis but it aѴso has the 
propensity to spread disease awareness of an under recognized and 
underŊ diagnosed genetic disorderĺ

A possibѴe Ѵack of genotypeŋphenotype correѴation shown in 
patients harboring variants in ITGA2Bķ GP1BAķ and MYH9 in par-

ticuѴar is an interesting observationķ howeverķ further work wouѴd 
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be needed to vaѴidate thisĺ The possibiѴity that these variants are 
disease causing rests on the functionaѴ confirmation of the effect 
of variationĺ Howeverķ if causativeķ the patients represent a unique 
subset of each individuaѴ disease that does not share the typicaѴ 
phenotypic presentation of previous casesĺ The ѴikeѴihood that pa-

tients exist without the secondary symptoms and quaѴitative de-

fects in pѴateѴet function attributed to these disorders is therefore 
reѴativeѴy highĺ

Seven patients in totaѴ were observed without any variants in 
genes of the ITŊ specific paneѴĺ The sequencing paneѴ empѴoyed did 
not Ѵook at Copy Number Variations ŐCNVső which couѴd be present in 
the remaining patients studiedĺ Due to the absence of variants within 
the paneѴ of ƒƏ genesķ there is a high chance that the genetic etioѴogy 
of disease is due to variants in noveѴ genes not previousѴy impѴicated 
in ITĺ AnaѴysis of these patients in particuѴar may progress our cur-
rent knowѴedge of IT through the determination of noveѴ causative 
genesĺ25
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