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1 | INTRODUCTION childhood, and clinically manifest with variable bleeding tendencies

(Blanchette et al., 1991). Although the majority of IBDs are known to

Inherited bleeding disorders (IBDs) are a heterogeneous group of be primarily associated with coagulation factor abnormalities such as

diseases that reflect abnormalities in blood vessels, coagulation hemophilia A and B, rarer disorders of platelet count and function

proteins, and platelets. They often present after birth or during are still poorly understood (Sivapalaratnam et al., 2017). Therefore,
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to investigate the molecular mechanisms of this group of disorders, it
is often best to address the gene(s) already implicated in these
bleeding disorders in the first instance, and then specifically to in-
vestigate how the genetic variants can disrupt the gene function
(Nurden et al., 2012; Peyvandi et al., 2006). An increasing number of
new genes and their variants have been discovered, which are im-
plicated in megakaryocyte differentiation and/or platelet production
and function (Johnson, Fletcher, et al., 2016).

The UK Genotyping and Phenotyping of Platelets study
(UK-GAPP; https://www.birmingham.ac.uk/research/cardiovascular-
sciences/research/platelet-group/platelet-gapp/index.aspx) has re-
cruited over 1000 patients based on a history of suspected bleeding
disorders of unknown cause from over 25 collaborating hemophilia
care centers across the United Kingdom. Recruited patients under-
went a combination of platelet phenotyping and genotyping to de-
termine the likely causative genes attributable to their specific
defects (Jones et al., 2012; Watson et al.,, 2013). Gross hematological
analysis and light transmission aggregometry and/or flow cytometry
were used to identify thrombocytopenia (low platelet counts), pla-
telet function, and cell signaling defects. Following this, targeted
genetic analysis was employed and revealed variants, both novel and
known, to be causative of bleeding in patients.

High-throughput sequencing technologies including whole-
exome sequencing (WES) and whole-genome sequencing are valu-
able tools used to uncover novel variants in platelet-specific genes.
Over the past 10 years, such techniques have revealed many cau-
sative variants, therefore assisting in providing a clear diagnosis for
some patients with severe bleeding disorders (Bastida et al., 2018;
Daly et al., 2014; Downes et al., 2019; Leinge et al., 2017). In addi-
tion, targeted next-generation sequencing (NGS) panels can be used
to highlight platelet-specific genes that have been previously im-
plicated in bleeding disorders. NGS panels can be employed in a
clinical diagnostic setting or used for prescreening, filtering out pa-
tients with variants in known genes, and subsequently employing
WES for those who may harbor variants in novel genes (Johnson
et al.,, 2018; Simeoni et al., 2016). This approach was applied in the
UK-GAPP study where patients with known mutations in hemophilia
A and B or coagulation mediated genes, known to cause bleeding
were eliminated. However, many of these panels do not search for
copy number variations (CNVs), and indeed we, and others have not
found definitively causative variants in approximately 40%-50%
patients despite a strongly indicative inherited component for their
bleeding (Bastida et al., 2018; Johnson et al., 2018; Johnson, Lowe,
et al, 2016; Leinge et al., 2017; Lentaigne et al., 2016). In this study,
we address this by applying a newly established, comprehensive
genetic analysis software that detects both single-nucleotide varia-
tions (SNVs) and CNVs. Congenica (https://www.congenica.com) is
an automated clinical decision support platform that was used to
analyze and rapidly interpret the WES data of 126 patients recruited
to the UK-GAPP study. Users are able to prioritize and review ge-
netic variants, as well as assign pathogenicity, after which the soft-
ware calculates overall pathogenicity based on the American College
of Medical Genetics and Genomics (ACMG) guidelines (Richards
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et al.,, 2015). It collates all essential information to make an informed
and robust decision for the identification of causal genetic variants.

The Congenica platform is primarily applied for genetic diagnostics
and is routinely used in clinical laboratories for variant validation and
reporting. For the first time, we show its utility in interrogating a large
cohort of patients recruited to the UK-GAPP research study. Using this
approach, we perform a robust and comprehensive analysis to find both
known and novel genetic variants with plausible association with dis-
ease, including rare CNVs not previously detected. Combined with
extensive patient phenotypic studies, this provides a potent tool for the
dissection of the genetic causes of bleeding in a cohort which, thus far,
remains genetically unresolved despite an extensive clinical presenta-

tion of familial bleeding.

2 | METHODS

2.1 | Hematological evaluation and platelet
phenotyping of patients

To initially classify patients as having a platelet defect and determine
their platelet defect subtypes, they underwent an initial hematolo-
gical workup and extensive platelet function testing workflow. These
methods can be seen in detail in the Supporting Information Meth-

ods section.

22 | WES

WES was performed on the genomic DNA of 117 patients in this
study as previously described (Johnson, Lowe, et al., 2016). Briefly
following enrichment of coding regions and intron/exon boundaries
with the SureSelect human AllExon 50 Mb Kit (Agilent Technologies),
captured libraries were sequenced on the lllumina HiSeq 2500
(Ilumina) with 100-bp paired-end reads.

2.3 | Processing WES data using Congenica
software

First, an Interpretation Request (IR) was completed which included
information about the proband and any other family members and
related clinical data including HPO terms (abnormal bleeding
HP:0001892 and/or thrombocytopenia HP:0001873) for affected
individuals. Relevant gene panels (Inherited Bleeding Disorder; High
Evidence_Green, Medium Evidence Amber and Low Evidence Red,
gene lists) containing 119 genes (Table S1) from Panel app (https://
panelapp.genomicsengland.co.uk/) were applied in the project and
deemed suitable for research purposes. However, of this gene panel
only 88 genes from the Genomics England website (R90) are con-
sidered as suitable for clinical use at this present time. The WES data
(either BAM or FASTQ files) of patients were then transferred to the
Congenica SFTP server for processing. The Congenica pipeline could
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then be used for sequence alignment and variant calling of SNVs,
small insertion/deletion (indels), CNVs (Figure 1), and coverage
(Table S3).

The analytical pipeline for the detection of CNVs in genes in-
volved in the IBDs panel was employed using the ExomeDepth
coverage approach. The exome read depth of the target patient's
sample was compared against the read depth of a reference panel
(up to 10 WES samples of each gender) to detect regions with dif-
ferent coverage which could represent a CNV event.

Using the Congenica software, the lower limit that the Exome-
Depth calling software uses for CNV calling is 220 sequence reads.
This ensures that ExomeDepth does not consider low quality reads

when comparing the reference samples to the target patient.

3 | RESULTS

3.1 | Platelet phenotyping

Recruited patients were subjected to an initial hematological analysis
and extended deep platelet phenotyping using the previously pub-
lished workflow (Johnson, Lowe, et al., 2016). Phenotyping outcomes

can be seen in detail in the Supporting Information Results section
(Figures S1 and S2; Table S2).

3.2 |
variants

Validation of WES analysis with known

Validation of the WES analysis in the GAPP study was performed
using Congenica software. Five different known genetic variants
were identified previously by WES in nine patients with a suspected
IBD (Fletcher et al., 2015; Johnson, Lowe, et al., 2016; Table 1). We
used two trios (one parent and two affected children) and three
unrelated individuals, all with known or likely pathogenic variants in
platelet- or megakaryocyte-related genes. This analysis was con-
ducted in a blind manner to assess the reliability and robustness of
the software in correctly highlighting all known genetic variants in
these patients. Using panels of genes implicated in IBDs, the first trio
(Family A) including exomes of patients 1-3 were found to share the
same splicing sequence variant in RUNX1; c.98-1G>A. The second
trio (Family B) including exomes of patients 4-6 all shared a variant
¢.503G>T p.(Cys168Phe) in GFI1B. Patient 7 displayed a homozygous
missense mutation c.1246G>A p.(Gly416Arg) in the GNE gene. In

/ CNV Analysis ;
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b - - - - - -
defines
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b
I
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FIGURE 1 Congenica pipeline overview for 1
processing of whole-exome sequencing (WES) :
data. Adapted from https://www.congenica.com/. VCF 1
The informatic strategy shown is used to validation :
incorporate both single-nucleotide variation  / !
1
(SNV) and copy number variation (CNV) analysis. ]
The raw WES data are inputted as either FASTQ, VEP Splicing :
or BAM files followed by alignment to the 1
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panel and fed into ExomeDepth for CNV calling in Inheritance and DeNovoGear v i

the WES samples
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Patient Gene Variation

(Family A) 1 RUNX1 (Zhang et al., 2018) c.98-1G>A
(Family A) 2 RUNX1 c.98-1G>A
(Family A) 3 RUNX1 c.98-1G>A

(Family B) 4 GFI1B (Rabbolini et al., 2017)
(Family B) 5 GFI1B
(Family B) 6 GFI1B

¢.503G>T p.(Cys168Phe)
c.503G>T p.(Cys168Phe)
¢.503G>T p.(Cys168Phe)

TABLE 1 Nine patients and the five
known candidate variants used for
validation of the Congenica software

Type

Splice acceptor
Splice acceptor
Splice acceptor
Missense
Missense

Missense

Missense

7 GNE c.1246G>A p.(Gly416Arg) Missense
8 SLFN14 (Johnson, Lowe, et al., 2016)  c.659T>A p.(Val220Asp)
9 THBD (Rabbolini et al., 2017) c.1611C>A p.(Cys537Ter) Stop gain

Note: NCBI reference sequences: RUNX1 (NM_001001890.3); GFI1B (NM_001371908.1); GNE

(NM_000157.4); SLFN14 (NM_001129820.1); THBD (NM_000361.2).

patient 8, a missense variant c.659T>A p.(Val220Asp) in SLFN14 and
finally in patient 9, a stop gain mutation c.1611C>A p.(Cys537Ter)
located within THBD was identified. All known variants found in the
patients were successfully verified by Congenica software against

our previously analyzed WES data (Table 1).

3.3 | WES analysis to identify new SNVs and CNVs
using the Congenica platform

WES data of all 117 patients were analyzed by the Congenica platform
based on the ExomeDepth coverage following the phenotyping and
platelet function studies workflow. The Congenica pipeline was used for
exome sequence alignment and variant calling of SNVs, indels, and
CNVs to determine plausible candidate variants from the WES data. An
average read depth sequencing coverage of 205 was observed at the
site of each variation across all DNA samples analyzed by WES for
SNVs (Table S3). The ExomeDepth integrated tool was used to de-
termine CNV based on read coverage (Table 3). First, WES data of the
117 patients were analyzed by filtering using an IBDs gene panel
(Table S1). Variants were then filtered within the software based on the
exclusion criteria initially stated in the GAPP study. A rare variant cut-
off or minor allele frequency (MAF) of <0.01 in each data set was used
and synonymous and intron variants +5 base pairs away from the
exon-intron boundaries were excluded. Non-shared variants between
the same affected family members were also eliminated.

Following exclusion of variants based on these criteria, a range
of between two and six variants (SNVs, small indels, and splice site)
were noted per patient (Table 2). In silico pathogenicity prediction
tools that have been integrated into the Congenica software were
employed for further analysis (Table 2). A total of 135 variants in
genes implicated in bleeding disorders were identified across all the
117 patients and all variants were observed in a heterozygous state
(Table 2). In total, 22 variants were classified as pathogenic and 26
were likely pathogenic when considering the ACMG consensus
guidelines. The remaining 87 variants were classified as of uncertain

significance. The graphical illustration of this summary is shown in
(Figure 2a). There was a marked difference in the number of re-
ported variants between the four classes of variants in patient
groups: platelet count (35); platelet function (43); combined platelet
count and function (59); and normal count (17) (Figure 2b).

34 |
cohort

Candidate variants identified in patient's

A total of 48/135 (35.5%) variants with MAF of O, unless otherwise
stated, were identified across the 117 patients (Table 2). In total,
14/48 (29.1%) variants have been published previously. The number
of variants found to be shared in the same affected family members
were 21. Plausible candidate variants were present within the fol-
lowing genes (RUNX1, SLFN14, FLI1, ETVé, HPS3, F10, P2RY12,
SMAD4, TUBB1, GP1BA, GBA, CYCS, VWF, THBD, LYST, ADAMTS13,
GFI1B, ITGA2B, NBEAL2, MECOM, and MYH9; Table 2). Two rare
variants were noted between five related affected family members
including RUNX1: c.611G>A p.(Arg204GlIn) in patients 38.1 and 38.2;
WAS: c.1456G>A p.(Glu486Lys) in patients 38.3, 38.4, and 38.5; and
a stop gain variant within ADAMTS13: ¢.1315G>T p.(Glu439Ter) was
shared between two related affected individuals 53.1 and 53.2. Two
related affected individuals with macrothrombocytopenia shared a
variant within the newly discovered gene (involved in platelet dis-
orders) MECOM: c.951G>T p.(Lys317Asn). A novel stop gained var-
iant within ETVé: ¢.1288C>T p.(Arg430Ter) was noted in patient 7,

which was subsequently classified as pathogenic.

3.5 | CNVs found in the patient cohort

Overall, the CNV analysis using the integrated ExomeDepth tool
revealed an average of four CNVs per exome (h = 15; Table 3). There
were three rare structural variants covering large regions on chro-

mosomes 11 and 17 and encompassing numerous genes, including



2
-
z 9duedIUSIS UleadUN snouRIseg 3uidewepA|qissod (UD68CTaIY)d V<999892 99000 9SUSSSIIN C1TV3IEAN
M oluasoyjed A1 snolJals|ag 3uiSewepA|qeqo.d (dsvzyvAD)d V<DGZETD 0 9SUasSIIN o014
= 2ouedIusIS uleldadun snolulaRg ugiuag (495601 usy)d O<VY9ZeT D £9€00°0 9SUSSSIIA vgo
douedlIuSis ulelsadun snowa333Qg 3uiSewepA|qissod (UD68TTaIY)d V<D99892 99000 9SUISSIN ZIv3AN 44"
dluagoyred Ay snouRIseg Suigewep-A|qeqo.d (dsvziyAlD)d V<OGCETD 0 9SUSSSIIN (0)%] 124
20ued1IuSIS uleldadun snolualapg ugiuag (leA9gzelv)d 1<D/682 T000°0> 9SUSSSIIA /4 cT
31s ulepaduNn snouRIzseg usiuag (A1995¢eTdsy)d O<VLI0VD 92000 ISUSSSIIN cvs100 cl
SIS uleadun snolis3a1eg 3uidewep-A|qissod (sA191¥Nn19)d V<99¥ZT> 9110000 SSUSSSIIA rgedv
SIS uleyadun snolis331eg 3uidewep-Ajqeqo.d (84v£86¢204d)d 9<20968" S000°0 SSUSSSIIN 1SAT T
9ouedIusIs uleldadun pajess|o] udiusg (usyQ9T495)d V<9D6/¥2 0 9SUISSI|A E£SdH Z0T
9ouedIusIsS uleldadun pajesajo udiuag (usyQ9T49s)d V<9D6/P2 0 9SUSSSIIA £SdH 10T
9dUedIUSIS UleaduN snolR3seg Suidewep-A|qeqo.d (BavT67AID)d V<OT.LPTD T000°0> 9SUSSSIIN cvsrols 6
SIS uleyadun snolR3vRg SuiBewep A|qissod (sA1z00TNID)d V<Or00€D  #ZE€000 asuasS|IA 9ZAWINY
oluagoyied VN VN (P4915IN1D6€8AID)d 19pP916¢C T000°0> Hlysawe.i4 AMA 8
oluasoyied VN VN (4210e81v)d 1<288¢T™2 0 paules dois ZVE| L
9ouedIusIs uleldadun snolualv_g uiBewep~Ajqeqo.d (49sGHTNaT)d J<1vEYD T000°0> 9SUSSSIIA gEESdA
duedyudis uledadun snoualeleqg 3uiBewep~Ajqeqo.d (sADppda))d D<OZETD 0 9SUSSSIIA g991dIN 9
dAN 19
snoLL1a_g SuiBewep A|qissod (elv9stayl)d D<V99€T 156000 3sUSSIN Vo4 S
(9107 “|B 39
‘amo7 ‘uosuyor) 774
dlusasdoyied VN VN (491spyLTEEUsy)d [9PS66 ¢66™ 0 Hlysswe.4 (910Z “Ie 33 (474
oluasoyjed VN VN (491spyLTEEUsY)d [9PS66 ¢66™ 0 Hiysswe.4 ‘amo7 ‘uosuyor) 774 1574
(910T “IB 3
‘amoT ‘uosuyor) FTNH1S
dluagdoyied snolRlzeQ 3uiBewepA|qissod (dsvozzien)d V<1669 0 ISUSSSIIN (910C "I 319 4
oluadoyled snoualeleQ 3ui8ewep A|qissod (dsvogzzien)d V<1669 0 9SUISSIIA ‘@moT ‘uosuyor) FTN4TS 1€
(€T0T “IB 33
A3]201S) TXNNY
dlusdoyied VN VN &d 1<9T+805 0 Jouop 201|ds (€T0Z “|e 39 (a4
v_.. dluagoyied VN VN &d 1<9T+805" 0 Jouop 921|ds A92031S) TXNNY T¢C
l anN v
— aAN €1
—
W dAN A"
dAN 1
Aypiussoyred 14IS uaydAjod 1934J9 uisjo.id uofjelieA Jlwous 4V XVIN d3iA (s)pus  juaned

|oued auagd 3uipaa)q pajliayul ay3 Suisn siapJosip Sulpaa)q pajliayul pajdadsns yim sjualjed /1T JO Suiduanbas sawoxa-a|oym Jo sisAjeue Aq paljijuspl sjuettepA z 3719V L

1852



1853

-WILEY

ALMAZNI ET AL

(senunuo))

2oUBdIIUSIS UleISdUN

oluadoyied
oluadoyjed A1

2ouedIusis uleldadun
oluagoyjed A1

2oUBdIIUSIS UleLISdUN
9oUedlIUSIS UleIddUN

9ouedIusIs ulelsadun
olusadoyied

oluadoyjed A1
oluadoyjed Ay

20ue 1S uleladUN
9ouedIusIs ulelsasun

9oUedlIUSIS UleLISdUN
9oUedlIUSIS UleISdUN

2oUBdIIUSIS UleRISdUN

oluagoyjed A1

ouediyIusis ujeldadun
20uedIuSIS uleldadun
oluadoyied
o1uadoyied

oluadoyjed A1
J1usdoyied
oluasoyjed A1

9ouedlIusIs ulelssdun
o1uasoyjed A1

Apiussoyied

snola3edQ
VN
VN

snole3e|2g
pajessjo
snolR392Q

pajeJsjol
snola3ed
snola3e|d

pajess|o
snolR382g
snole39|2Q
snole3e|2g
snole3el2g
snolvIsRg
snole3912g
snole3e2g

snola3e|3Q

snola3eR

snole38|2g
snolR39|2g
VN
VN

snole3e|eg

VN
BilJBEETEYg|

VN
snola3e3q

VN
snole3e|Rg

snoa3eRQ

1dis

ugiuag
VN

VN
3uidewepA|qIssod

ugiuag
3uiBewep~Ajqeqo.d

3ui3ewep~A|qeqo.d

SuiSewep~Ajgeqo.d
3uiBewep~Ajqeqo.d

ugiuag
3uiBewep~Ajqeqo.d
3ui3ewep~A|qeqo.d
3ui3ewep~A|geqo.d

ugiuag
3uiBewepAjqeqo.d
SuiBewepA|qIssod
BuiBewep A|qIssod
3ui3ewep~A|geqo.d

ugiuag

SuiSewep~Ajgeqo.d
3uiBewep~Ajgeqo.d
VN
VN

3uidewepA|qissod

VN
ugiuag

VN
SuiBewepA|qIssod

VN
3uidewepA|qIssod

ugiuag

usydAjod

(SIHT£934v)d
&d
ed

(leAgéTdsy)d

(04d£99284y)d
(19sSETAID)d

(84v900€sAT)d
(84y99naT)d
(usyGzy495)d

(lensETEIV)d
(1Y185zo4d)d

(SIHZZT34Y)d
(S'HZZT34Y)d

(siHEOT34y)d
(U1D06184y)d

(na710504d)d
(sAogg34y)d

(ne759z0.d)d
(dsygogusy)d

(195€8€31y)d
(49591 1ElY)d
(a15eTNO)d

¢d

(du1/TT34v)d
(42190t1d41)d
(u1981Z34vy)d

¢d
(uD¥588ay)d

&d
(UDyS88ay)d

(1835601usy)d

199443 uidj0.Id

V<9¢T10C?
O<VE+Y067

VVOVOL1191229s
-UIZ+706 T+06
1<VE6SD

0<9886/7
V<9E0P2

O<V/L1067
O<1/6172
V<O¥/ZTD

1<291¥2
V<2¢CLLD

V<DG9€m
V<DG9€m

V<980€72
V<969112

1<2¢0s1™
1<2¢/L17

1<2¥6/
O<VCT62

1<96¥1172
1<99¥¢172
1<9E0P™
1<OT+TGED

1<26V€2
V<O/LTED
V<DEG92

1<JT9T-2
V<9195¢2
1<219T-2
V<9T195¢2

D<V9CCT™

uoijelieA Jiwousn

o O oo

942000
0

92000
825000
£9200°0

£2000°0
10000

GT0000
SGT0000

T000'0>
£L0¥00°0

8¢S00°0
602000

/9000

T000°0>

¢610000
942000
£LZT000
0

T1000°0>
0
1000°0>

0
855000
0
855000

€9€000
4V XVIN

9SUSSSIIA
Jouop 9211dg
Jouop 221|dg

9SUSSSIIA

9SUISSIIA
9SUISSIN

EHIERSIN]
EHIERSIN]
EHIENSIN]

9SUISSIN
ISUISSIIN

ISUISSIN
9SUISSIN

9SUISSIA
9SUISSIIN

9SUISSIIN
9SUISSIIN

3SUaSSIA

EHIERSIN]

9SUSSSIIA

9SUSSSIIA
pauie3 dois
Jouop 9211ds

ESVESNIN]
pauied dois
9SUSSSIIA

¥1Nn-s
3SUaSSIA

d1n-s
9SUISSIA

EHIERSIN]

d3aA

X299
PAVINS
PAVINS
IXNNY

AMA
IXNNY

1SAT
€891
gEE€SdA

Za4on
(STOZ “Ie 3@ 097) ZTAYZd

(STOZ “|e 32 097) ZTAYZd
(STOZ “le 3@ 097) ZTAYZd

g10dyv
91d

dgH1L
9d9

54
TTNd1d

IVeTd
TONIdY3S
3%
(€T0Z “Ie 313
AS203S) TXNNY

(9107 “le 32
‘amoT ‘uosuyor) £g91|
(€102 B 3
A3203S) TXNNY
TT4ADV

V3IaN
AMA
V3IaN
AMA

vao

(s)auan

(panunuo?)

9¢

S¢

e

(54

cee

| X414

114

(014
61
81

LT

91

(4]
121"

juaned

¢ 3lavli



ALMAZNI ET AL

WILEY-

1854

oluadoyied
oluadoyjed A1
o1uasoyjed A1

uleyLdun
uleysdun
uleysdun
uleyLun

ulelsadun
ule3sadun
uje3sadun

ujelsadun
ulelsadun

oluasoyjed A1
9ouedlIusIs ulelsasun

2ouedIusIS uleldadun
oluagoyjed A1

oluadoyjed A1

2oUBdlIUSIS UleISdUN
35uedlIUSIS ulesduUN

oluadoyied
duedyIudis uledadun
oluadoyied Ay

S0UBdIIUSIS UleRISdUN
SoUedlIUSIS Ule3IddUN

2ouedIusIs uleldadun

2ouedIusIs ulelsadun
2dUed1IuSIS uledadun

Apiussoyied

snolaIe|dQ
snola3eRq
RilJIEEIEYg|

snole392Q
snola3edQ
RilJBEETEYg|

pajeJsjo]

snoua3s|eq
VN
sno3elRq

snoa3eRQ
RylJBEETEYg|

VN
BilJIEEIEYq|

pajess|ol
pajessjol
pajess|o
pajessjo

VN
VN

VN
VN
VN

snola3e3Q
snola3eId

snolR3aRQ

snole3e|eg
pajess|o

1dis

3uiBewep~Ajgeqo.d
3uiBewepA|qeqo.d
SuiSewep~Ajqeqo.d

umouxun
3ui3ewep~A|qIssod
SuiSewep~Ajgeqo.d
ugiuag

SuiSewep~Ajgeqo.d
BuiBewepA|qIssod
3uiBewep~Ajgeqo.d

ugiuag
ugiuag

VN
SuiSewep~Ajgeqo.d

SuiSewep~Ajgeqo.d
ugiuag
3ui3ewep~Ajqeqo.d
ugiuag

VN
VN

VN
VN
VN

SuiSewep~Ajqeqo.d
SuiBewep~Ajgeqo.d

3uiBewepA|qIssod

ugiuag
3uiBewep~Ajqeqo.d

uaydAjod

(sADG9TT84Y)d
(leAgETAID)d
(leAgETAID)d

(stHZ8su9)d
(3®NZZTTaYL)d
(dydzyTena)yd

(na1p604d)d

(dargernan)d
(leAgosn|D)d
(4AL6SIH)d

(uDz6/34v)d
(dydgszna)d

(6T4215€|YT9ENST)d
(SIHZ£G04d)d

(SIH9OY34v)d
(lenzselv)d
(SIH90¥3Jv)d
(lenzselv)d

(dnpgge|y 9gda1)d
d
¢

(4218TZd41)d
(pE4215434v9210.d)d
(¢L421s4BIYSTHPNID)d

(di1THZ8av)d
(d11TH234v)d

(sAD0TE84Y)d

(leAZpTelY)d
(a1151eA)d

109449 UI9)04d

1<2€6¥€
1<OETP™
1<OETPD

J<VI9/L172
1<269€€™
1<D¥Zy9

1<218¢2

9<1/0¥2
1<VETZSTD
1<2SPT2

V<DG/ECD
1<2¢LLd

dnpogoT™
V<DSTLT?

V<D/LTCTD
1<266T2
V<DLICTD
1<26GT2

dnpy9z 9522
1<91¢9°

V<DEG92
I9PETET £L2T7
I9PSLTT ¥LTT7

1<2T12/3
1<2T2/3

1<28267

1<201¥2
V<OET™

uoljelIeA JIWoud)

o

L1¥00°0
¢1¢000
¥¢00'0
80000

T00'0
¢91000
£Z000°0

£L0¥00°0
¢ET000

o

#1000

1000

0
¢c000'0

0
GE€C000
0

80000
80000

€91000

0
€500°0

4V XVIN

ESIESSIN]
3SUaSSIA
3SUaSSIA

ISUISSIN
9SUISSIN
ISUISSIN
ISUISSIA

3SUaSSIA
3SUaSSIA
EHIERSIN]

EHIERSIN]
EHIERSIN]

Biysawe.J
9SUISSIIN

3SU3SSIA
3SUSSSIA
3SUBSSIA
3SUSSSIA

uoj3Jasul
sweuu|
uoi8aJ 221|dg

pauies dojs
Hlysawe.4
Hlysswei4

3SUaSSIA
3SUaSSIA

EHIESSIN]

3SUISSIN
ISUISSIN

d3aA

(910Z “Ie 33
‘9mo7 ‘uosuyor) YgTdo

(9T0CT “le 32
‘amo] ‘uosuyor) vgrdo

(9107 “le 32
‘amoT ‘uosuyor) Ygrdo
AMA
AMA
Z2dy9osvy

agH1L
ISvxal
TVS100

C¢1v3IanN
1AM

(9107 “le 1
‘amo7 ‘uosuyor) Tggn.t
IVS10D

X299

(9107 “|€ 32
nw\Son_ hr_Omr_r_OC SJOAD
X299

(9107 “|E 3
.w>>o|_ hCOmr_r_OC SOAD

9SdH
g99I1dN

vao
va1do
va1do

(9107 “le 32
‘amoT ‘uosuyor) Tgant

(9T0Z “le 312
‘9M07 ‘uosuyor) Tgdan.L

1vid

PINdL
raant

(s)auan

(ponuuo))

€LE
cLE
T'LE

9¢

1

e

€e

cee
T'ce

13

(01

céc
T'é6C
8¢

LT

jusned

¢ 3lavli



1855

-WILEY

ALMAZNI ET AL

(senunuo))

S0UBdIIUSIS Ule}ISdUN

olusadoyled
2ouedIusIS uleladun
2ouedIusIS uleldadun
9ouedIusIS uleldadun
oluadoyjed A1

ugiuag A1

usjuaq AP

oluadoyied
oluadoyied

oluagoyjed ARy
oluadoyjed A1
oluadoyied
Jluadoyied

duedyIudis uledadun

9oUedlIUSIS UleIddUN

9ouedlIusis ulelsadun
2ouedlIusIs uleladun
9ouedly1usis uleldadun
oluasoyjed A1
oluagoyjed APy

Apiussoyied

snola3e3q

VN
pajeJsjol
BilJBEETEYg|
BilJBEETEYg|
snole392Q

pajeJsjo]

snoa3eRQ

pajeJajol

snole39l2g
VN
snole3e|2g
VN

pajeJajol

pajeJsjol
BilJIEEIEYql

snola3v|d
snole3s2g
BylJBEETEYg|
snoua3ed
BilJBEETEYg|

1dis

SuiBewep~Ajgeqo.d

VN
3ui3ewep~A|geqo.d
ugiuag
SuiSewep~Ajqeqo.d
3uiBewepA|qIssod

SuiBewep~Ajgeqo.d

3ui3ewep A|geqo.d

ugiuag

VN
VN

3uiBewepA|qIssod
VN
SuiSewep~Ajqeqo.d
VN

ugiuag

SuiBewep~A|geqo.d
SuiSewep~A|qeqo.d

SuiBewep~Ajqeqo.d
3uiBewep~A|qeqo.d
SuiSewep~Ajgeqo.d
SuiBewepA|qIssod
3uiBewep A|qIssod

usydAjod

(yLreezal)d

(oT4aLsna1gnO)d
(N19£8zsA7)d
(Bavpuln)d
(04d968495)d
(elv96T4yL)d

(SIH9OY34v)d

(no7g861495)d

(U1D0984y)d

¢d
ed

(N19S6AID)d
(84914A196N[D)d
(sAD¥9pz3ay)d
¢d

(Ylzry9elv)d

(elvy67A19)d
(81v888A|D)d

(sA198¥Nn|D)d
(sA198pNn|D)d
(sA198pNn|D)d
(uDt0z34y)d
(uDt0z84y)d

199443 uidj0.Id

0<1¢69°

V1V1DOVO
-D19V1Dsuly €2
D<V6582
O<VIB8YI™D
0<1989¢7
D<V9892

V<O/L1CT7?

1<281657
V<D6/LETD

1<DT+1GED
1<DT+1GED

V<9¥8¢2
[9PLZ 9T
1<206€L°
V<91-867

V<OPC61?

J<OT8VT2
0<9¢99¢2

V<O9s¥12
V<O9sh12
V<O9sv12
V<OT1972
V<OT1972

uoijelieA Jiwousn

€400°0

¢91000

o o

¢/£5S000°0
T1000°0>
1000

0

£LST000

6€T00°0
0

o O O oo

4V XVIN

3SUaSSI

Hiysawe.4
3SUBSSIA
9SUISSIA
9SUISSIA
9SUISSIN

9SUISSIIN

EHIERSIN]

9SUISSIN

Jouop 221|dg
Jouop 221|dg

ENVESS]
Hlysswe.4
9SUSSSIIA
Joydadoe 9211dg

9SUISSIN

3SUaSSIA
9SUaSSIA

ISUISSIN
ISUISSIN
9SUISSIN
9SUISSIN
ISUISSIN

d3aA

§908v

YINSIS
YINSIS
YINSIS
YINATS

(61T0Z “le 32
epjowe) TXNNY

X299

(8107 “l€ 32
uosuyor) yYNT4

94H

(eT0Z “le 3
A3}2035) TXNNY

(eT0Z “le 3
ASP1203S5) TXNNY

(oTozZ “le 3
se[@D-duay|y) TSO¥d
vao
(£00Z “Ie 32 491537) AMA
IXNNY

8908V

1V1d
INLOV

aAN
anN

(8107 “le 19
uosuyor) Sym
(81T0Z “le 32
uosuyor) Sym
(810C “Ie 12
uosuyor) Sym
IXNNY
IXNNY

(9702 “le 3@
‘9M07 ‘Uosuyor) GHAW

(s)auan

(panunuo?)

(14

514
Ly

9
1%

(444
1244

a4
[44

1414
oy
6¢

G'8¢
'8¢
€8¢
'8¢
'8¢

juaned

¢ 3lavli



ALMAZNI ET AL

WILEY-

1856

oluadoyjed A1
o1uasoyied A1

2oUedIIUSIS UleRISdUN

ouedlyIusis ujeldadun
duedyIudis uledadun
ouedIusIS uledadun

o1uasoyjed A1
duedyusdis uledadun

oluadoyied
oluadoyied

2ouedIusIS ulelsadun
20Ued1IuSIS uledadun

olusadoyied
2ouedIusIs ulelsaun

oluadoyied

20UedIIUSIS Ule}ISdUN
9oUedlIUSIS UleIddUN

olusdoyied
o1uadoyied

olusadoyled
oluadoyjed APy
oluadoyied
oluasoyjed A1

2ouedIusIS ulelsadun
9ouedIusIs uleldadun
2ouedIuSIS uleldadun

20UBdIIUSIS UlELISdUN

Apiussoyied

snola3eRQ
snouals|Rq

snola3e3q

RylJBEETEYg|
pajeJajo]
pajeJsjol

snola3edQ
VN

VN
VN

RilJIEETEYg
VN

VN
snole3e|Rg

VN

snola3e3Q
snola3eId

VN
VN

VN
VN
VN
VN

VN
VN
VN

snola3edq

1dis

3ui3ewep~A|qeqo.d
SuiSewep~Ajgeqo.d

SuiBewepA|qIssod

SuiSewep~Ajqeqo.d
3uiBewepA|qIssod
ugiuag

ugiuag
VN

VN
VN

ugiuag
VN

VN
3ui3ewep~A|geqo.d

VN

SuiBewepA|qIssod
ugiuag

VN
VN

VN
VN
VN
VN

VN
VN
VN

3ui3ewep A|geqo.d

uaydAjod

(eydg9TsAo)d
(dydg9TsAo)d

(sA191£NID)d

(el19tz4yL)d
(3an9seTIeA)d
(NgsesAT)d

(leApT8Tdsy)d
(dsvi6T4AL)d
¢d

¢d

(sADoggaAl)d
(€CTI21SIAID
-y0zn|o)d
(49192 /SA7)d
(leAzspelv)d

¢d

(shogezAD)d
(usvygopdsy)d

(4316€tN(9)d
(4aL6£¥NO)d

(431££55AD)d
(4210epT8ay)d
(431£€5sAD)d
(4210€t184y)d

(01dé6zs8ay)d

109449 UI9)04d

1<9E0S5™
1<9E0S52

V<O9¥1¢2

1<2L197
V<999852
D<VEYOT™

1<VIPPS§a
9<108972

J<OT+708972
J<OT+108972

9<V8HTd

dnpQ192
1<V9/122
1<OStTd

V<OT+/187

1<9¢T/LP
V<9¢eel»

1<9OGTETD
1<OGTETD

V<ITI9T?
1<288¢Y™
V<OT1I917?
1<288¢¥™

D<1/+89G€
D<1/+89G€
9<1/+89G€

2<998GT2

uoljelIeA JIWoud)

8E¥00°0
8€¥700°0

#¢1000°0

9¥€00°0
810000
¢/¥00'0

0
S/1000°0

0
0

T000°0>
10000
0
¢EY00'0

0

£62000°0
£000°0

o O oo

T000'0>
T000°0>
T000'0>

8577000
4V XVIN

3SUaSSIA
3SUaSSIA

3SUaSSIN

ISUISSIN
ISUISSIN
9SUISSIN

9SUISSIIA
9SUISSIN

Jouop 9211dg
Jouop 9211dg

9SUSSSIIA
Hlysswe.4
pauied dois

9SUSSSIIA

Jouop 2211dg

3SUaSSI
9SUaSSIN

pauied dois
pauied doig

pauies3 dois
pauied dois
pauies dojg
pauies dois

uoi8a. 921|dg
uoi8a. 921|dg
uoi3aJ 921|dg

EHIERSIN]

d3aA

(£T0T “IB 33
luljoqqey) gri49

anN
TVS100

Z0dd
C1TV3IEAN
TdN

84
WODIN

CZ1v3IanN
Z1v3IanN

TTVXOH
OdHL1

(8107 “le 32
uosuyor) ggvoLl
TTINDV

(9107 “le 3@
‘amo1 ‘uosuyor) gT149

TdN
(%]

anN
aAN

EISINVaY
EISINVAaY

(STOZ “le 3
pnedieq) ggH1
1SAT
(STOZ “le 3
pnes.ieq) ggH.
1SAT

EISINVaV
EISINVaV
EISINVavY

anN
¢dax1s

(s)auan

(ponuuo))

ce9
€9

c9
19

09

6S

¢'8S
185

LS

9

SS
1449
Tvs
¢ ES
T'€s

7S
125
£TS
zTS
TTS
z0S
105
jusned

¢ 3lavli



1857

-WILEY

ALMAZNI ET AL

(senunuo))

2ouedIusIs ulelsadun
oluagoyjed ARy

duedyusdis uledadun

oluagoyjed A1

aouediusis
uleadun
duedyusdis uledadun

duedyIusdis uledadun
9ouedl1usis uleladun
oluasoyjed A1

oluadoyjed A1
oluadoyjed Ay

oluadoyjed A1
2ouedIusIs ulelsadun

duedyudis uledadun

oluadoyied
oluadoyied

ouedIusIs uleldsdun
ouediyIusis ujeldadun
ouedlyIusis ujeldadun
duedyIudis uledadun

oluagoyjed A1

Apiussoyied

pajessjo
snole39|2g

pajeJajol

snole3e|Rg

snole3e|2g
snole3912Q

snole3912Q
snole3e|2g
pajess|ol

snola3eRQ
snola3e|3q

VN
pajeJsjol

snolee|eg

VN
VN

pajeJsjol
VN
pajeJsjo]
VN

snolale|d

1dis

SuiSewep~A|geqo.d
3uiBewep~A|qeqo.d

ugiuag

3uiBewep~Ajqeqo.d

ugiuag
udiuag

3uiBewep~Ajqeqo.d
3uidewepA|qIssod
ugiuag

3ui3ewep~A|qIssod
ugiuag

VN
ugiuag

3uiBewep~Ajqeqo.d

VN
VN

ugiuag

VN
ugiuag

VN

3uiSewep~Ajgeqo.d

usydAjod

(lenszéely)d
(dsvy15zAID)d

(leAsETElV)d

(dyd891sAD)d

(usy$08T4y1)d
(elvzzynio)d

(da1TtZ84v)d
(d11£9184v)d
(A1IogoTely)d

(04dpzirdes)d
(AID6TVIeA)d

(49150134y)d
(sA169184v)d
(sAD£8g84v)d

(121€€6134y)d
(121€€6134y)d
(SIH90gdsy)d
(usy/TESAT)d
(SIH90gdsy)d
(usy/TEsAT)d

(3Ydg9TsAD)d

199443 uidj0.Id

1<298/¢°
V<9¢SL?

1<29T12

1<9€0S5™

V<ITIT¥S™
J<VG§9¢C12

1<212L2
1<266¥2
9<2€TED

0<10/2172
9<196¢T?

1<D€T€2
V<O90vT2
1<D6GTT™

1026487
1<D/6L657
2<99162
1<DTG62
2<99762
1<9TG62

1<9€0S5™

uoijelieA Jiwousn

10000

8E¥00°0

1¢10000
0

80000
6€5000°0
¢6/000

0
0

0
/¥5000°0
¢0T0000

10000
10000

Y1000
10000
#1000
10000

8E¥700°0
4V XVIN

9SUISSIIN
JSUISSIN

9SUISSIN

9SUISSIN

9SUISSIA
3SUISSIN

EHIESSIN]
EHIERSIN]
EHIERSIN]

3SUaSSIA
3SUaSSIA

pauiesd dois
9SUSSSIIA

9SUISSIN

pauied dois
pauies dojs

9SUISSIIA
9SUISSIN
9SUISSIIN
JSUISSIIN

9SUaSSIA

d3aA

¢vS100
agHi

dgH1

(/107 “|€ 32
luljoqqey) gri49

TvS100
IXNNY

aAN

(9107 “|€ 32
‘amoT ‘uosuyor) Tgant
2dax1s
994

IXNNY TXNNY

dAN
9N13

()%}
[4<2- %]
aAN

(STOZ ‘1P23d
3 el0ABS) GHAW
(ST0Z ‘1P23d
3 BIOABS) SHAW

VINA1S
WOD3IN
PINA1S
WODIIN

aAN

(/107 “|€ 32
luljoqqey) g1/49
(£T0Z “le 3
lloqqey) 91149

(s)auan

(panunuo?)

LL
9L

SL

IZA
€L

cL

174

(A4
0L

69
89
L9

99
199

c'S9
159

9

€e9
juaned

¢ 3lavli



ALMAZNI ET AL

WILEY-

1858

*J0301paJd 10943 JUBLIEA ‘dIA ‘SDUEB.IS|0} WOJH SDUEIS|OJUI SUILIOS ‘] 4| ‘PaID3}3P JUBLIEA OU ‘QAN ‘D]ge|IBAB J0U ‘YN SUOIIEIARIqY
"(2°£££000 N) SYM (€°25S000 IIN) IMA “(€'8998T0 IN) GEESA (€' €LLOEO NN)
184N1 «(2°062€00 WN) PINdL (2097000 INN) OdHL (2 T9E000 INN) AgHL (7' T90T00 IWN) ISVXEL (€'6¥6900 INN) ZdaXLs (S'6SES00 WN) #AVINS “(1°02862TT00 WN) #INH1S (081910 WN)
ZVSrITS H(€8817000 NN) TONIMYIS {(#'#SL100 WN) TXNNY (T'6T8EST INN) ZddDSVY (€+£8200 WN) TINdLd (2 T68E00 WN) ZO¥d (€' €TE000 N) TSO¥d (€ T0E000 INN) O7d “(€'0£6000 N)
1V1d (2°9£89LT NN) ZTA¥Zd “(€'GLTSTO WN) ZTvIEN (r'8£95T0 WN) VAN “('€L¥200 INN) 6HAW (Z°€LESO0 WN) TdIN *(Z'2LZ8ET INN) g99IdIN (€ T66%700 INN) WODIW *(S'6LZ6ET WN) Zd40W

(€' 780000 WN) LSAT «(T°£LSS00 WN) Vd1 <(€'768000 WN) T8XTX {(Z°ZT2000 INN) £G9.L1 *(€°6T7000 INN) 82VO.LI (Z°TT7000 INN) D¥H (S°L¥L¥T0 N) 9SdH *(T°'£0ST8T WN) SSdH *(€'€8€ZE0 WN) ESdH
(S'€25S00 WN) TTVXOH “(1°668€80T00 INN) 9dD (S'€L1000 WN) VETdD (S TZ8000 N) X099 ‘(#'88T+00 N) §T149 (€'£5T000 WN) V8D (€'95T00 WN) YNTH (#'210200 WN) T/74 “(2'0£8120 WN)

994 (' T¥TS00 INN) 894 (€'80S000 INN) VD4 (€°2ET000 WIN) 84 (' TET000 NN) Z4 (#'0E€T000 WIN) S4 (€'62T000 WN) TVETH {(€'82T000 WN) TTH {(€+05000 WN) OTH ‘(7'286T00 N)
913 (S'L¥68T0 WN) SOAD (€'€6£000 WN) ZVS10D “('€60000 INN) TVST0D H(€°022S00 INN) T2d¥dV (9'8€6€00 WN) TAEAY (¥'¥99€00 INN) TEdV (T'€S0952T00 IN) 9ZAUNNY “(°'SC06ET INN)

duedyudis uledadun
duedyudis uledadun
2ouedIusIs uleldadun
ouedIusis ujeldadun

2oUBDIIUSIS UleIISdUN

2oUedlIUSIS Ule}ISdUN
9oUedIUSIS UleISdUN

SoUedlIUSIS UleRISdUN

2ouedIusis uleldadun
oluadoyjed A1

2ouedIusIs ulelsadun
20UedIuSIS uleldadun

oluadoyjed Ay
9ouedly1usis uleldadun

Apiussoyied

pajess|o
snole392Q
pajess|ol
pajessjol

VN

pajeJsjo]
snola3ddQ

snola3eR

snoa3s|RQ
snoa3eRQ

snol9332q
snolR3e2g

snoa3sdQ
snola3edQ

1dis

ugiuag
ugiuag
udiuag
SuiBewepA|qIssod

VN

ugiuag
3uiBewep~Ajqeqo.d

ugiuag

3uiBewep~Ajqeqo.d
3uiBewepA|qIssod

SuiBewepA|qIssod
3uiBewepA|qIssod

3ui3ewep A|geqo.d
3ui3ewep A|geqo.d

uaydAjod

(elsTTI9N)d
(SIHY£9184v)d
(495689T4y1)d
(lenéyLTnaT)yd

(4217691 495)d

(yLezroW)d
(sADz8ay)d

(di10g/3av)d

(siHZOT84v)d
(evpzir9s)d

(ly1SSery)d
(e11z90TIEA)d

(usyzztdsy)d
(3BNr0g4YL)d

109449 UI9)04d

V<OGyeD
V<91¢052
9<2¥5067°
PRI A

9<DT18057

2<18972
1<2%°

1<2881¢?

V<9S60€™
9<10LCT7

V<OEETD
V<O181€2

V<O¥9€2
1<2T1672

uoljelIeA JIWoud)

€65000
942000
908000
908000

T00'0

¢0000
10000

6080000

0
0

71000
8¢1000°0

0
1020000

4V XVIN

3SUBSSIA
3SUBSSIA
3SU3SSIA
3SU3SSIA

pauiesd dojs

9SUISSIIN
9SUISSIIA

3SUaSSIA

9SUISSIN
9SUISSIN

9SUISSIN
ISUISSIIN

EHIERSIN]
EHIERSIN]

d3aA

GSdH
C1TV3IEAN
Sd

G4

vd1

raant
raant

19€dv

TdN
IXNNY

1aedv
C1TV3IEAN

¢d4On
¢dax1s

(s)auan

(panunuod)

EISLNVYQAY (T'T0¥LL0T00 WN) TTIADY {(€Z0TTO0 WN) INLOV H(2'LEYTTO WN) 8908V (2°9E¥ZZ0 INN) §DIgV :S90uanbas 9dusta)al DN ‘PaIedipul a.e aunje.sll| 3y} ul pajodad Ajsnolraad sjueLie :ajoN

cv8
Tv8

€8

Z8
18

08

6L

8/

jusned

¢ 3lavli



ALMAZNI ET AL

(a)

Bl Pathogenic

Bl Likely pathogenic

B Uncertain significance
(b)

Normal

Platelet count & function

Platelet function

Platelet count

0 10 20 30 40 50 60 70

candidate genes within the IBD gene panel. First, a rare 604-kbp
CNV loss was noted on chromosome 11g24.3 in patient 35 which
covered nine genes including FLI1. A further rare deletion was found
on chromosome 11g24.3 in patient 71 which covered 31 genes in-
cluding FLI1 (Figure 3a,b).

Following ExomeDepth alignment with a panel of controls the reads
ratio was around 0.5 which indicates heterozygosity, as observed in
Table 3. A rare CNV gain was noted in patient 45 within TBXA2R on
chromosome 19p13.3 and containing four genes in total (Figure 3c). The

CNYV reads ratio was 2.72 which is indicative of a heterozygous insertion.

3.6 | Oligogenic findings in patient cohort

Within the patient cohort there were several examples of potential
oligogenic inheritance involving either two or more gene variations
from the IBD gene panel. Of particular interest was patient 16 who
demonstrated an apparent pathogenic missense variant in RUNX1 and
a likely pathogenic variant in ITGB3, both of which are plausible can-
didate variants to explain the thrombocytopenia and bleeding history
observed. Patient 20 harbored two heterozygous missense variants
within GP6 and THBD in which the patient had a platelet function
disorder and episodes of bleeding. In patient 30, likely pathogenic and
pathogenic variations were found in GP1BA and GBA respectively.

Again this patient had a low platelet count and a history of bleeding.

4 | DISCUSSION

NGS approaches have increasingly been used over the last decade in
the molecular diagnosis of IBD. Here, we present a large-scale ap-
plication of WES analysis by using a robust molecular diagnostics

-WI LEY—‘ﬂ

FIGURE 2 Pathogenicity prediction of
genetic variants based on the American
College of Medical Genetics and Genomics
consensus guidelines. (a) Classification of
variants based on the pathogenicity
prediction analysis. (b) Number of
reported variants for the patients in each
different class of platelet phenotype
observed

BEm Pathogenic
Bl Likely pathogenic

Uncertain significance

platform for diagnosis of 117 patients recruited to the UK-GAPP
study. The aim was to assess the ability of Congenica software to
analyze WES data of the patients for both sequence and structural
variants by targeting a known panel of IBD genes. Subsequently,
patients with variants in known bleeding disorder genes can be
eliminated by a series of filtration steps and WES data targeted for
those with undetected variants who may harbor a variant in novel
genes. We included and applied a total of 119 genes to our patient
cohort for filtering; it is, however, important to note that currently
only 88 of these genes are considered clinical-grade genes according
to Genomics England. The remainder of the genes may become
clinical grade once more variants are identified in patients and
deemed pathogenic over time.

Phenotypic presentation and platelet counts varied considerably
among our recruited patients, which is consistent with the variability
of clinical presentation between patients with suspected IBDs.
However, the majority of patients 33/117 (28.2%) were noted with a
platelet function defect and 23/117 (19.6%) patients represented
thrombocytopenia. Of the 117 recruited patients, 15 (12.8%) were
deemed to have a macrothrombocytopenia. Platelet function studies
revealed the presence of a combination of platelet defects in addi-
tion to thrombocytopenia in 36/117 (30%) of patients. The majority
of the patients with platelet defects displayed both secretion and Gi
defects (Supplementary figure S2). However, a previous study has
shown that some patients with normal lumi-aggregeometry results
have platelet spreading defects, indicating the difficulties faced when
diagnosing patients with IBDs and the multitude of assays required
for platelet phenotype disorders to be diagnosed (Khan et al., 2020).

Overall, a total of 135 variants in genes implicated in bleeding
disorders were identified across all 117 patients and all variants
were observed in a heterozygous state, implicating dominant in-
heritance patterns. The study has shown that the majority of
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(Continued)

TABLE 3

Patients
overlap

Reads
ratio

Bays factor

CNV

Reads observed

Reads expected

Type

Size

Location

Band

Gene

Patient

10
21

1070
386

2.84
2.84
2.98

1.42
1.42
1.49

80,502
32,057
86,619

9.8 Mbp Gain 56,608
22,574
58,278

5.4 Mbp
6.0 Mbp

X:15337573-15353676

Xp22.2-p22.11

PIGA
F9

67

Gain

X:138612917-138645617
X:153576892-153603006

Xq26.3-q27.2

Xq28

39

1350

Gain

FLNA

912

1.054

10,805 0.53

Loss 20,510

11:128556430-128683162 2.5Mbp

11q24.3

FLI1

71

21

469
322

2.84
2.86

1.42
1.43

32,667
22,830

5.4 Mbp Gain 23,065
15,952

X:138612917-138645617
X:153576892-153603006

Xq26.3-q27.2
Xq28

F9

72

Gain

260.1 kbp

FLNA

Abbreviation: CNV, copy number variation.

-WI LEY—‘ﬂ

plausible candidate variants were associated with IT genes which
explain the association of thrombocytopenia with platelet defects in
the majority of patients. When considering pathogenicity prediction,
22 patients were classified as pathogenic and 26 patients as likely
pathogenic, while 87 patients had uncertain pathogenicity and
therefore classified as uncertain significance. A targeted WES ana-
lysis was previously carried out on some patients which identified
genetic variants in inherited thrombocytopenia with or without
secondary qualitative defects (Johnson et al., 2018; Johnson, Lowe,
et al., 2016). This study has conclusively identified these genetic
variants, which indicates the ability of the Congenica platform to
analyze and provide suitable validation of WES data in these
patients.

If we compare the performance of the Congenica tool em-
ployed here with other bioinformatic platforms we observe the
following: 25 variants were identified by the Congenica software as
well as other bioinformatic tools and the majority of them were
either pathogenic or likely pathogenic. A further 24 variants were
classified as pathogenic or likely pathogenic by the Congenica
software only. Therefore, this showed that the Congenica software
is a more robust tool to analyze WES as it provides a higher variant
detection rate compared with other bioinformatic tools. It is also
important to note that we did not include variants of uncertain
significance here in this evaluation as it is difficult to assign caus-
ality but are still plausible pathogenic varaints. Congenica software
also has the added benefit of detecting CNVs, a process which is
notoriously difficult yet valuable in identifying rare causative var-
iants in heterogeneous diseases. Congenica utilizes the integrated
ExomeDepth tool to compare a target with reference and here,
identified rare CNVs in this population. Congenica software
alongside targeted gene panel searching, allows for efficient and
accessible detection of variants and with some clinical interpreta-
tion will be a valuable tool when analyzing large datasets
(Nowakowska, 2017; Valsesia et al., 2012).

Paris-Trousseau syndrome, characterized by a bleeding defect
with large a-granules and abnormal megakaryocyte morphology is
well documented, which is caused by a dominant inheritance of q23
deletion on chromosome 11 (Stevenson et al., 2015). Patients with
this disorder have variable size of chromosomal deletion associated
with different components of the syndrome. A hemizygous deletion
of FLI1 was attributed to the platelet defect in two individuals of our
cohort. These CNVs noted in patients 35 and 71 cover the deletion
region in FLI1 and are also surrounded by several flanking genes.
Both patients presented with thrombocytopenia and a secretion
defect which suggest the platelet phenotype and the CNVs in FLI1 to
be associated with their disorders. Thromboxane receptor deficiency
is an autosomal recessive or dominant disorder characterized by
bleeding symptoms associated with quantitative or qualitative de-
fects within the thromboxane receptor (Mundell & Mumford, 2018).
Although we did not find any plausible candidate SNVs in the 119
candidate genes or the thromboxane receptor in patient 45, we did
note a rare CNV duplication in the TBXA2R gene and deduce that
either alone or in combination with variants in GPé and SLFN14
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FIGURE 3 Copy number variants found in cohort of GAPP patients. Screenshots from the Congenica software CNV/structural
variant tab in patients showing (a) copy number variant (loss) found in patient 35 which includes FLI1 and eight other genes on
chromosome 11g24.3; (b) copy number variant (loss) found in patient 71 which includes FLI1 and 30 other genes on chromosome
11924.3; and (c) copy number variant (gain) found including TBXAZ2R in patient 45 and three other genes within chromosome 19p13.3

which were also detected, could be causative of the patient's

thrombocytopenia and bleeding. In the future, it would be interesting

to investigate these CNVs further to determine the extent of the

contiguous deletions or insertions by long-range polymerase chain

p12

reaction and sequencing to determine the breakpoints and me-

chanisms of the variant, as well as confirming these regions using

multiplex ligation-dependent probe amplification, should kits be

available for these genomic regions.

I - ®
FLITNM_002017.4 P

L o |

4 ARHGAP32 XM, 005271737.1
L L St (ot

4 ARHGAP32 XM, 005271736.1
L ]

FLIT XM_005271464.1 B

L .
13820.1 FLIT NM_001167681.2HENJS NM_000890.3 P

[ -
4 PRDM10 NM_198R292 NR_024516.1

o

4 PRDM10 NM_199438.1

[

4 PROM10UNNCOZORROE_024233.1 B
Ha
TMEM458 XM_005271400.1 b

-
4 NFRKB XM_005271567.1

i L —
APLP2/NM_001648 ZBTB44 XM_005271526.1

L L

FLIT
SENCR

1
RPS27P20

U
4 ADAMTS8 KM_005B37397. 1

128.40 Mb 128.60 Mb 128.80 Mb 129.00 Mb 129.20 Mb 129.40 Mb 129.60 Mb 129.80 Mb 130.00 Mb 130.20 Mb 130.40 Mb 130.60 Mb
1 W t 1 U Hb
TS1 NM_005238.3 4 ARHGAP32 NM, 0147153 BARX2 XM_005271714.1 B ST14NM_021978.3 B ADAMTS15 NM_139055.2 b
t B + 1l B t Ho
FLITNM_001271010.1 > 4 ARHGAP32 NM_ 001142685.1 BARX2 NM_003658.4 > 4 PRDM10 NM_138REP2 NM_001142277.1 B ADAMTS15 XM_005271419.1 & <

-
C11ort44 NM_001271983.

. i i
0.4
Y
— —
EM458
- " — ' - - '
NFRKB LINEDOBF2  ST14 DDX18P5  ADAIMDATS1BAKIPZ

' 1 —
RNUG-874BNF 123PSARX2

|

.
e

LINCO;

I NV loss

FIGURE 3 Continued



ALMAZNI ET AL

~WI LEYM

= Tracks ECTETE p133 p132 p131z  p1ant q12 Qa1 qiaaz Q132 Q1331 q1332 Q1333 qi341 qi34z q13a4s | |
ba Mb 3.60 Mb 362 Mb 363 Mb 364 Mb
E = — o L - ] —1 I I
- Transcripts CTBXAZR NM_001060.5 < PIPSKIC NM_001195733.1
= a | B - 1 1 1
< TBXAZR NM_201636.2

| I - -
- Coverage
. 30x

CACTIN-AS1

i B

——M
4 PIPSK1C NM_012398.2

- My Patient:

= |

© Structural
{ variants

My Patient: L_JClTZ0
Structural

variants

Legend
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In summary, we show validation and a practical approach of a
robust diagnostic platform that can be employed for WES analysis. In
this study, we use data from a cohort of patients with suspected
IBDs; a broad category of diseases, well acknowledged in the he-
matology field as difficult to classify and associate to single causative
genetic abnormalities. This study has shown the ability of the soft-
ware to detect CNVs with high efficiency with the use of targeted
gene panels as a replacement of traditional methods for detect-
ing CNVs.

To conclude, our data reveals use of a highly sensitive and va-
luable tool which can be used for detecting SNVs and CNVs based on
WES data. To our knowledge, this is one of the first studies, although
in a research setting, to implement this software for both SNV and
CNV analysis. We see this as a leap forward in the ability to classify
highly complex disorders with a high degree of heterogeneity within
the wider scientific community providing concise and definitive di-
agnosis for patients.
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