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Abstract

This review is focused on genetic regulators of bleeding and thrombosis with a focus
on next-generation sequencing (NGS) technologies for diagnosis and research of pa-
tients with inherited disorders. The molecular diagnosis of hemostatic phenotypes
relies on the detection of genetic variants in the 99 curated disease-causing genes im-
plicated for bleeding, platelet, and thrombotic disorders through the use of multigene
panel tests. In this review, we will provide an overview of the advantages and disad-
vantages of using such multigene panel tests for diagnostics. During the past decade,
NGS technologies have also been used for the gene discovery of 32 novel genes in-
volved in inherited hemostatic phenotypes. We will provide a brief overview of these
genes and discuss what information (eg, linkage, consanguinity, multiple index cases
with similar phenotypes, mouse models, and more) was used to support the gene
discovery process. Next, we provide examples on how RNA sequencing is useful to
explore disease mechanisms of novel and often unexpected genes. This review will
summarize the important findings concerning NGS technologies for diagnostics and
gene discovery that were presented at the ISTH 2021 conference. Finally, future per-
spectives in our field mainly deal with finding the needle in the haystack for some still
unexplained patients and the need for exploring the noncoding gene space and rapid

disease validation models.

e Gene panel tests are used for diagnostics of inherited bleeding and thrombotic disorders.

e International data sharing is essential for variant curation and gene discovery studies.

e Next-generation sequencing (NGS) contributes to gene discovery, but data interpretation remains difficult.

e Data from the ISTH 2021 congress illustrates the added value of NGS methods.

1 | INTRODUCTION

blood clots (thrombosis). The critical balance between these
pathways is regulated by diverse proteins, and genetic variants

Pathways involved in hemostasis are very complex and involve in genes that encode for these proteins are known to cause in-

interplays between platelets, coagulation, and fibrinolysis.* Their herited forms of bleeding or thrombosis. This review focuses

normal function is required to prevent excessive blood loss upon on insights related to this genetic regulation of bleeding and

vessel injury (bleeding) or, on the other hand, the formation of thrombosis.
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Inherited bleeding disorders have a wide range of frequencies,
from 1 in 1000 live births for von Willebrand disease (VWD) and 1
in 5000 males for hemophilia A, as most common inherited bleed-
ing disorders, to just a handful of cases for many ultra-rare platelet
disorders.?* Venous thrombosis has an overall annual incidence of
about 1 in 1000 and is caused by environmental (lifestyle) effects,
in association with genetic risk factors. Yet it is rare in the pediatric
population, with rates of about 1 in 100 000 due to mainly genetic
factors.® However, while significant advances have been made in un-
derstanding inherited thrombophilia (IT), many more heritable forms
of thrombophilia are undiscovered, and thus, it is not possible to de-
termine the true prevalence of IT.

To date, 99 curated disease-causing genes (named TIER1
genes) have been identified to cause inherited bleeding, platelet,
or thrombotic disorders.® The gene curation work was a project
from the Scientific and Standardization Committee for Genetics
in Thrombosis and Hemostasis (SSC-GinTH) and the most recent
gene list can be downloaded from the following web page: www.
isth.org/page/GinTh_GenelLists. The TIER1 gene list is updated
by the SSC-GinTH during their session at the most recent yearly
ISTH meeting. These genes are represented in Figure 1, ordered

according to the pathway in which they function. A distinction

is made between genes related to platelet disorders (including
thrombocytopenia and platelet function disorders) and genes re-
lated to coagulation and thrombotic disorders. These TIER1 genes
have a proven association with known inherited bleeding, platelet,
or thrombotic disorders in humans and can be used in diagnostic
laboratories for the genetic analysis of patients.® This is typically
done nowadays with a multigene panel test as discussed in a next
section. The web page, however, also contains a list of TIER2 genes
that currently lack sufficient evidence to be considered as proven
diagnostic-grade genes, mostly because they were discovered in
single or small pedigrees and still require confirmation studies in
independent pedigrees as well as functional assays and a mouse
model. Genetic studies in a research environment are critical to
upgrade these TIER2 genes to the TIER1 status and have them im-
plemented in diagnostics. The implementation of next-generation
sequencing (NGS) technologies has indeed resulted in the iden-
tification of many novel genes that regulate platelet formation
and function, but for many of these genes, their exact biological
role still remains unknown. However, this is also true for many of
the TIER1 genes that were recently discovered but of which the
exact function in megakaryocytes and platelets is still unknown

(Figure 1).
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FIGURE 1 Overview of TIER1 genes and their respective roles in platelet formation and function, and the coagulation cascade. Top:
identified TIER1 genes with a role in platelet formation and function, ordered by the molecular pathway in which they function. Bottom:
TIER1 genes related to the coagulation cascade, coagulation inhibition, production of coagulation factors, and fibrinolysis. VWF, von

Willebrand factor. Figure created with Biorender.com
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In this review, we will provide an overview of how NGS tech-
niques have been applied for diagnostics and gene discovery in he-
mostatic disorders. Current molecular diagnostic testing relies on
high-throughput genetic approaches using multigene panels. After
a patient has been informed during a clinical consultation and con-
sent has been given, a blood sample is drawn for a high-throughput
sequencing (HTS) diagnostic panel test. Panel test results are dis-
cussed during multidisciplinary meetings and consist of either a
known diagnostic-grade variant, which will directly lead to a molecu-
lar diagnosis, or a variant of unknown clinical significance (VUS) in ei-
ther a TIER1 gene or an unknown gene, for which additional testing
is required. In case the VUS is detected in a TIER1 gene, validation
studies lead to variant reclassification and a subsequent molecu-
lar diagnosis. Variants detected in non-TIER1 genes can be further
studied in a research setting for gene discovery. An overview of this

workflow can be found in Figure 2.

2 | NGS FOR DIAGNOSTICS OF
HEMOSTATIC DISORDERS: THE USE OF
MULTIGENE PANEL TESTS

Several studies have investigated the use of multigene panels in the
diagnosis of inherited bleeding and thrombotic disorders and proven
its benefit compared to the previously employed method of Sanger
sequencing of single genes.7'11 Where the Sanger sequencing ap-
proach is a time-consuming, work-intensive, and difficult procedure
that can screen only one gene at a time, a multigene panel test al-
lows for the quick and easy screening of a great number of candidate
genes at the same time, greatly improving diagnostic proficiency.'?
Patient inclusion for a panel test is based on both clinical history
and routine laboratory testing results, to ensure that the bleeding or
thrombotic disorder is indeed an inherited and not acquired defect.
Given that the diagnostic rate is highly dependent on the type of
disorder, carefully selected patient inclusion and exclusion criteria
for panel testing are of great importance.! Previous studies showed
that while a relatively high diagnostic rate could be obtained for
thrombotic, platelet count, and coagulation disorders (48.9%, 47.8%,
and 63.6%, respectively), the diagnostic rate for platelet function,
and unexplained bleeding disorders remained low (26.1% and 3.1%,
respectively).!® These findings underline the need for new impli-
cated genes to be discovered and added to genetic panel tests to
improve the diagnostic rate, especially in platelet function and unex-
plained bleeding disorders.

The use of multigene panel testing in a clinical setting is paired
with several advantages and disadvantages. An important benefit
of panel testing is that the test can be focused only on clinically
validated (TIER1) genes.® This ensures that the generated data are
limited in size (as compared to whole-exome sequencing [WES] or
whole-genome sequencing [WGS] approaches), allowing for a lower
analysis burden and reduced required storage space, overall reduc-
ing testing costs. However, this focus on TIER1 genes also means
that no novel gene-disease associations or variants in TIER2 genes
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with limited evidence can be detected. Second, noncoding or deep
intronic variants are not always detected in panel tests and are often
never reported. Additionally, large structural variations, such as gene
insertions, deletions, or duplications can be detected only through
WGS but not through gene panel tests or WES. While gene pan-
els also do not allow the detection of novel variants, this is of less
importance in a clinical diagnostic setting and more important in a
research context. However, as the current diagnostic rate using gene
panel tests remains low for some patient groups with undefined clin-

1231 it would be highly beneficial if

ical and laboratory phenotypes,
the panel test data for undiagnosed patients could be shared with
a connected research group and used for gene discovery studies.
Because of the low incidence of bleeding disorders worldwide, data
sharing between clinicians and researchers is indeed of great im-
portance to further increase our understanding of these complex
and highly heterogeneous disorders. The ISTH SSC-GinTH has de-
veloped a resource for clinical data sharing, called GoldVariants,
which allows clinicians to report variants of curated genes discov-
ered in routine diagnostics to an open access central database.’®
The GoldVariants database aims to create a well-curated database
of disease-causing variants that is easily accessible to the public and
allows for easy variant submission by community members active in
diagnostics. Finally, using HTS approaches for diagnostics requires a
specialized analysis approach for correct classification of detected
variants, as multiple candidate variants are commonly detected for
each case.' This specialized analysis needs to be performed by ade-
quately trained personnel who then communicate discovered candi-
date variants to the treating clinician.

Using HTS for diagnostics also comes with several important
implications for clinical management. In some cases, multiple patho-
genic variants may be detected in one patient, but the clinical sig-
nificance of these oligogenic variants remains largely unknown. In
addition, a VUS may be detected, for which clear guidelines for vari-
ant reporting must be provided. Such variants are generally not re-
ported to the clinician due to a lack of supporting research evidence,
but may be of interest for further research. By reporting a VUS to
an open-access variant database, such as GoldVariants, additional
information for variant classification can be accumulated so that the
VUS can eventually be reclassified as either a (likely) pathogenic or
a benign variant. A second important implication in the use of mul-
tigene panel tests is that unexpected findings may be discovered.
For example, variants in some of the known Immuno Polymorphism
Database-related genes also cause a higher risk for the develop-
ment of leukemia, for example, RUNX1, ETVé, and ANKRD26.** When
using multigene panel tests, patients should be informed on the pos-
sibility of unexpected findings and given the choice of whether to
be informed about such variants. While other high-throughput ap-
proaches might also result in the detection of secondary findings (ie,
a clinically relevant pathogenic variant that falls outside the scope of
the original test), this is avoided when using a panel test. The ISTH
SSC-GinTH has recently published updated guidelines for clinicians
concerning variant reporting and ethical implications of using multi-

gene panels in diagnostics for inherited platelet disorders.*
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FIGURE 2 Standard workflow for NGS approaches in the diagnosis of inherited bleeding and thrombotic disorders. The standard
diagnostics workflow using NGS approaches consists of several steps. After informed consent is obtained through clinical consultations,
patient blood samples are submitted to multigene panel testing. After data QC, processing, and variant prioritization, candidate variants are
selected in multidisciplinary meetings. PVs and LPVs in TIER1 genes are reported to the clinician, while VUSs in TIER1 genes can be further
investigated using functional assays or cosegregation analysis for variant reclassification. If a virtual multigene panel was used based on WES
or WGS data, these data can further be used for gene discovery using RNA sequencing, functional assays, and family recall studies. LPV,
likely pathogenic variant; PV, pathogenic variant; QC, quality control; VUS, variant of unknown significance; WES, whole-exome sequencing;

WGS, whole-genome sequencing. Figure created with Biorender.com

3 | NGS FOR GENE DISCOVERY AND
INVESTIGATION OF DISEASE MECHANISMS
FOR HEMOSTATIC DISORDERS: WHOLE-
EXOME, WHOLE-GENOME, AND RNA
SEQUENCING

Gene discovery using NGS technologies for hemostatic phenotypes
resulted in a total of 25 TIER1 and 6 TIER2 genes for inherited plate-
let formation and function disorders and 1 TIER2 gene for inherited
thrombosis. Only 5 TIER1 genes for inherited platelet formation and
function disorders have been discovered using WGS. Noncoding dis-
coveries are still very limited and mostly comprise large deletions.*

The genes discovered by NGS are listed in Table 1, which also in-
cludes information in the last column about the details that were es-
sential for the gene discovery process. It is not possible to discuss all
in detail, but in this section some examples were selected that illus-
trate how gene discovery became possible and successful over time.

The first gene discovered with NGS technologies in our field,
simultaneously by three groups, was NBEAL2 in 2011 for causing
gray platelet syndrome (GPS) using WES, linkage analysis com-
bined Sanger sequencing and WES, and platelet RNA sequencing
(RNAseq).l“"18 To our knowledge, this is still the only gene discovered
to date with platelet RNAseq. Before its discovery, it was already
known that the candidate gene for GPS would be located within a
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TABLE 1 Gene discoveries using NGS technologies for bleeding and thrombotic disorders

Gene

NBEAL2

RBMSA

BLOC1S6

GFI1B

ACTN1

THPO

SLFN14

STIM1

GNE

RASGRP2

PRKACG

ETVé

MECOM

CDC42

FYB1

Year of discovery
(reference)

2011

(PMID:
21765411,
21765412,
21765413)

2012
PMID:22366785

2012
PMID:22461475

2013
PMID:23927492

2013
PMID:23434115

2013

PMID:2408576
for recessive

2020

PMID: 32150607
for dominant

2014
PMID:26280575

2014
PMID:24591628

2014
PMID:25257349

2014
PMID:24958846

2014
PMID:25061177

2015
PMID:25581430

2015
PMID:26581901

2015
PMID:26386261

2015
PMID:25876182

NGS method

WES and
RNAseq

WES

WES

Targeted
massive
parallel
sequencing

WES

WES

WES

WES

WES

WES

WES

WES

WES

WES

WES

TIER1
(diagnostic
gene)

X

TIER2
(research
gene)

Hemostatic

phenotype (Syndromic
refers to presence of

clinical phenotypes
outside the blood
system)

Platelet disorder

Platelet disorder
(syndromic)
Platelet disorder

(syndromic)

Platelet disorder

Platelet disorder

Platelet disorder

Platelet disorder

Platelet disorder
(syndromic)

Platelet disorder

(syndromic)

Platelet disorder

Platelet disorder

Platelet disorder with
predisposition to

leukemia

Platelet disorder
(syndromic)

Platelet disorder
(syndromic)

Platelet disorder

a m
Tesearch & practice
in thrombosis & haemostasis

Gene discovery was supported by:

Linkage analysis and platelet RNAseq

Focus on previous CNV data (small
chromosomal deletion)

Single case and focus on recessive
variants, similar phenotype as
Bloc1sé (or Pldn) KO mice

Large pedigree and linkage analysis

Screening multiple pedigrees with similar
genotype-phenotype, validation
in additional pedigrees by Sanger
sequencing

Screening multiple pedigrees with similar
genotype-phenotype

Screening multiple pedigrees with similar
genotype-phenotype

Screening affected and nonaffected
cases from one pedigree, validation
in additional pedigree by Sanger
sequencing

Screening two pedigrees with similar
genotype-phenotype and focus on
recessive variants

Analysis of homozygous variants in
pedigree with consanguinity, similar
phenotype as Rasgrp2 (or Caldag-
gefi) KO mutant mice

Analysis of homozygous variants in
pedigree with consanguinity

Screening multiple pedigrees with similar
genotype-phenotype

Knowledge that somatic ETVé variants
were already shown to be implicated
in leukemia

Trio sequencing and analysis of de novo
variants, sequencing of additional
cases for MECOM variants

Trio sequencing and analysis of de novo
variants

Analysis of homozygous variants in
pedigree with consanguinity

(Continues)
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TABLE 1 (Continued)

Gene

TRPM7

AP3D1

DIAPH1

SRC

MPIG6B

ARPC1B

TPM4

KDSR

RNU4ATAC

EPHB2

IKZF5

PTPRJ

NFE2

ABCC4

BLOC1S5

Year of discovery
(reference)

2016
PMID:27020697

2016
PMID:26744459

2016
PMID:26912466

2016
PMID:26936507

2016
PMID:27743390

2017
PMID:28368018

2017
PMID:28134622

2017
PMID:28774589

2018
PMID: 29391254

2018
PMID:30213874

2019
PMID: 31217188

2019
PMID:30591527

2019
PMID:31951293

2020
PMID:31826245

2020
PMID:32565547

NGS method
WES

WES

WES

WES and WGS

WES

WES

WES and WGS

WES

WGS

WES

WES and WGS

WES

WES

WES

WES

TIER1 TIER2
(diagnostic  (research
gene) gene)
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Hemostatic

phenotype (Syndromic
refers to presence of

clinical phenotypes
outside the blood
system)

Platelet disorder

Platelet disorder
(syndromic)

Platelet disorder
(syndromic)

Platelet disorder
(syndromic)

Platelet disorder

Platelet disorder
(syndromic)

Platelet disorder

Platelet disorder
(syndromic)

Platelet disorder
(syndromic)
Platelet disorder

Platelet disorder

Platelet disorder

Platelet disorder

Platelet disorder

Platelet disorder
(syndromic)

Gene discovery was supported by:

Search in WES data set for
thrombocytopenia patients after
detecting this phenotype in
Trpm7 KO mice, co-segregation in a
single pedigree

Analysis of homozygous variants in
pedigree with consanguinity, similar
phenotype as Ap3D1 mutant mice

Screening multiple pedigrees with
similar genotype-phenotype using a
statistical approach

Large pedigree with statistical approach
of genotype-phenotype data using
phenotype of Src KO mice

Linkage analysis and detection of
homozygous variants in pedigree
with consanguinity within the region
of interest

Screening of 2 pedigrees with similar
genotype-phenotype and analysis of
homozygous variants in pedigrees
with consanguinity

Search in WES dataset for
thrombocytopenia patients after
detecting this phenotype in
Tpm4 KO mice

Screening multiple pedigrees with similar
genotype-phenotype

Screening of two pedigrees with
similar genotype-phenotype using a
statistical approach

Detection of homozygous variants in
consanguineous pedigree

Screening multiple pedigrees with similar
genotype-phenotype

Single pedigree and focus on recessive
variants, phenotype similar to Ptprj
KO mice

Single pedigree and focus on recessive
variants

Screening multiple pedigrees with similar
genotype-phenotype combined with
a red blood cell proteome analysis
to detect absent protein (PEL blood
group)

Screening two pedigrees with similar
genotype-phenotype and focus on
recessive variants, similar phenotype
as Bloc1S5 mutant mice
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Hemostatic
phenotype (Syndromic
refers to presence of

TIER1 TIER2 clinical phenotypes
Year of discovery (diagnostic (research  outside the blood
Gene (reference) NGS method gene) gene) system) Gene discovery was supported by:
PTGS1 2021 WGS X Platelet disorder Detection of homozygous variants in
PMID:32299908 complex consanguineous pedigree
STAB2 2021 WES X Thrombotic disorder Large pedigree with cosegregation

PMID:33465109

analysis

Abbreviations: CNV, copy number variation; KO, knockout; RNAseq, RNA sequencing; WES, whole-exome sequencing; WGS, whole-genome

sequencing.

9.4-megabase region on chromosome 3p21 based on earlier linkage
analysis studies, narrowing the RNAseq analysis to genes located
in this genomic region.”’20 Only a recent cell biology study could
provide some insights on how NBEAL2 can regulate alpha granule
formation via the endoplasmic reticulum and in the same year 2020,
it was shown that NBEAL2 defects can result in a broader clinical
phenotype than bleeding with evidence for autoimmune patholo-
gies.m’22 The time between gene discovery and the understanding
of the function of novel genes and proteins for megakaryocyte and
platelet biology and its relation with clinical phenotypes can typi-
cally take years.

In 2012, the next gene discovered using WES was RBM8A for
causing thrombocytopenia with absent radius (TAR) syndrome.?®
Interestingly, it was already known since 2007 that TAR syndrome
patients have a common interstitial microdeletion of 200 kb on
chromosome 1g21.1 and this deletion could be de novo but also be
inherited from a nonaffected parent, suggesting a recessive mode
of inheritance.?* Interestingly, coding variants on the non-deleted
allele were ruled out after Sanger sequencing the 10 genes located
in this region.24 Afterwards, the WES discovery study did detect
noncoding low-frequency variants in the 5’ untranslated region
(rs139428292, minor allele frequency [MAF] in gnomAD:0.01) or
first intron (rs201779890, MAF in gnomAD: 0.007) of RBM8A on the
nondeleted allele that together with deletion caused TAR.Z It was
a coincidence that the noncoded regions were covered in the WES
data. Today, it is still unknown how RBM8A, which codes for Y14 of
the exon junction complex, important for diverse RNA processing
tasks, can alter megakaryopoiesis.

It is clear from these two gene discovery studies that the chro-
mosomal location of the candidate genes could already be specified
from earlier linkage and chromosomal deletion studies before ana-
lyzing rare variants in these regions using WES. This was also true
for the discovery of GFI1B for dominant thrombocytopenia in a large
4-generation pedigree where linkage analysis identified a single
genome-wide significant region on the telomeric end of chromosome
9 and targeted massive parallel sequencing of this region detected a
frameshift variant in GFI1B as the cause for the disease.?® Other gene
discoveries were aided via screening of multiple pedigrees with sim-
ilar genotype-phenotypes relationships (eg, ACTN1, THPO, SLFN14,
STIM1, GNE, ETV6, and KDSR), by focusing on homozygous variants

in consanguineous pedigrees (eg, RASGRP2, PRKACG, FYB1, AP3D1,
MPIG6B, ARPC1B, EPHB2, and PTGS1), by Trio WES for the detec-
tion of de novo variants (eg, MECOM and CDC42), by proteomics (eg,
ABCC4), by screening specific genes in patients with phenocopies
of hemostatic phenotypes generated in mice models (eg, BLOC1S6,
TRPM7, TPM4, PTPRJ, and BLOC1S5), cosegregation analysis in very
large pedigrees (eg, STAB2) and by applying sophisticated statistical
methods that rank rare variants associated with phenotypes, named
the BeviMed method (eg, DIAPH1, RNU4ATAC, and IKZF5) or even
more complex variant ranking methods (eg, SRC; Table 1).26

In addition to NGS technologies for gene discovery, platelet and
megakaryocyte RNAseq and single cell RNAseq were already used to
gain insights in the underlying pathways and disease mechanisms as-
sociated with a gene defect. Platelets are easy to isolate while mega-
karyocytes can be obtained from in vitro differentiation cultures
using peripheral stem cells from patients. Platelet and leukocyte
RNAseq was used for patients with GPS with NBEAL2 variants.?? It
was remarkable to see that their CD4 lymphocytes contained more
differentially expressed genes than their platelets (255 vs 95 genes,
respectively). Though patients with GPS have an obvious platelet
defect resulting in thrombocytopenia and bleeding symptoms, their
immune-related pathologies only became obvious from performing
this large cohort study. Pathway analyses showed that GPS plate-
lets contain fewer transcripts that code for “alpha granules” and
“releasate” proteins. A similar strategy using platelet versus leuko-
cyte RNAseq was applied to profile the downstream genes for the
transcription factor IKZF5.2’ Patients with pathogenic IKZF5 vari-
ants present with thrombocytopenia and minimal bleeding symp-
toms, and RNAseq data showed 1194 differentially expressed genes
in their platelets, while only 4 differentially expressed genes could
be detected in their different white blood cell types. The most sig-
nificantly enriched pathway among the downregulated differentially
expressed genes was platelet activation, signaling, and aggregation,
but further studies are required to pinpoint the function of IKZF5 in
platelet formation. Finally, megakaryocyte and B-cell RNAseq stud-
ies were performed for patients Roifman syndrome that present with
spondyloepiphyseal dysplasia, growth retardation, cognitive delay,
hypogammaglobulinemia, and, in some patients, thrombocytopenia
due to recessive variants in the small nuclear RNA gene RNU4ATAC,
which is necessary for U12-type intron splicing.28 Significant minor
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intron retention was detected for 354 megakaryocyte genes that
included splicing defects in genes known to regulate platelet for-
mation (eg, DIAPH1). The megakaryocytes for this experiment were
obtained from differentiating CD34+ hematopoietic stem cells of
patients and controls. Single-cell RNAseq was used to study CD42+
megakaryocyte-biased induced hematopoietic stem cells from in-
duced pluripotent stem cells generated from a patient with a patho-
genic variant in RUNX1 and its isogenic variant-corrected line.?’
Dominant variants in RUNX1 cause thrombocytopenia, and patients
are at risk to develop leukemia. The analysis of upregulated genes in
RUNX1-deficient cells indicated enrichment for response to stress,
regulation of signal transduction, and immune signaling-related
gene sets. In general, RNAseq methods can deliver a wealth of in-
formation, but data interpretation and validation is not easy, as we
do not yet have access to rapid high-throughput methods to study
the effects of gene expression on platelet formation and function
(see future perspectives). It might also be essential to validate the
changes in gene expression observed in RNAseq data at the protein
level, as platelet transcriptomics and proteomics data do not always

correlate well.

4 | ISTH CONGRESS REPORT

Different abstracts presented at the 2021 ISTH congress using NGS
technologies contributed to our understanding of genetic disorders
causing hemostatic phenotypes. We have focused only on those
that deal with the use of NGS technologies for diagnostics, gene dis-
covery, and disease mechanisms.

At the SSC-GinTH session of the ISTH 2021 congress, the cu-
rated gene list was updated by upgrading TPM4 from TIER2 to TIER1
status thanks to the study of Marin-Quilez et al,*® which presented
a novel third pedigree with macrothrombocytopenia due to a TPM4
loss-of-function variant. Their microscopy data studying platelet
spreading and the localization of TPM4 supported a role for TPM4
for normal cytoskeletal remodeling.

Diverse abstracts discussed the use of multigene panel tests to
diagnose patients with an inherited hemostatic phenotype, and we
have selected some to illustrate the large differences in diagnostic
rates.’134 The Spanish multicenter study screened 254 index pa-
tients with an inherited platelet defect using a targeted multigene
panel and an overall diagnostic rate of 63% was obtained (includ-
ing patients receiving a report containing a VUS).3 The diagnostic
rate was higher for patients with thrombocytopenia compared to
those with a platelet function defect, with a remarkably higher rate
for patients with a clear phenotype compared to patients with an
indistinct phenotype. A total of 161 different variants could be de-
tected in 45 genes for 160 index cases, and 19% were classified as
a VUS using American College of Medical Genetics and Genomics
guidelines. The German GPOH/GTH Study Group “ThromKid-
Plus” on Inherited Platelet Disorders used a multigene panel for
the screening of 35 patients and obtained a diagnostic rate of 26%
(excluding patients with only a VUS).32 Another multigene panel

test for bleeding, platelet, and thrombotic disorders was described
by Vilalta et al®® to screen 79 patients. Pathogenic and likely
pathogenic variants were detected in 48% of the patients, while
22% carried a VUS, for which additional studies are required. A
similar multigene panel test for bleeding, platelet, and thrombotic

disorders was used by Martinho et al®*

for the analysis of 43 genes
in 496 patients. Variants were detected in 73% of patients with a
coagulation disorder with bleeding, in 56% with an inherited plate-
let defect, and in 34% of the patients with thrombosis. Double and
compound heterozygous variants could explain different intra/
interfamilial patient phenotypes. As discussed previously, a dif-
ference in diagnostic rate using a multigene panel test typically
depends on differences in variant interpretation rules (including
VUS in a diagnostic report or not) and the stringency in patient in-
clusion criteria.'? Of interest was the presentation from Zaninetti
et al® that suggested using immunofluorescence on a blood smear
as an effective diagnostic tool for 20 different inherited platelet
disorders and being a useful tool to help in VUS interpretation.
For 94 patients of 70 pedigrees, the microscopic analysis identi-
fied alterations suggestive of a specific platelet disorder for 53%
of the patients, while genetic testing diagnosed a specific platelet
disorder for 60% of the pedigrees. In 7 of the 19 pedigrees with a
VUS, the microscopic analysis detected phenotypic changes typ-
ical for pathogenic variants. Variant classification and data shar-
ing are very important within the process of variant curation but
also for our understanding in gene-phenotype correlations.*® The
Clinical Genome Resource (ClinGen) convened the Coagulation
Factor Deficiency Variant Curation Expert Panel to develop rule
specifications for curating variants in the F8/F9 genes.® The rule
specifications were presented for a pilot study of 80 F9 and F8
variants with examples of variant classifications. Similar variant
curation work from ClinGen for the Glanzmann thrombasthenia
genes was recently published.37 The numerous VUSs will be re-
classified by ClinGen, and sharing data is very important for their
curation work.?

The use of NGS technologies also improved our understanding
of rare disease phenotypes and disease mechanisms. Examples of
these could be found in diverse meeting abstracts with a focus on
(i) inherited hemostatic phenotypes in humans and (ii) the use of
NGS approaches. A detailed clinical and platelet phenotype de-
scription was provided for a novel large pedigree with the gain-of-
function E527K variant in SRC detected in WES data.®® Similar to
patients from three other unrelated pedigrees, thrombocytopenia,
alpha granule deficiency, and platelet dysfunction toward collagen
activation was detected.3®*' A detailed clinical investigation now
also revealed that most p.E527K carriers have a syndromic pheno-
type that includes recurrent infections, immuno-allergic problems,
bone disease, and neurological symptoms. The SRC E527K disease
mechanism was further studied in defective megakaryocytes using
RNAseq and proteomics.*? Interestingly, the top pathway that was
downregulated in E527K megakaryocytes using both omics data
sets represented interferon type 1 signaling, and this could recently
be validated in patient-derived megakaryocytes.43 Endothelial
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colony-forming cells derived from patients with type 1 von
Willebrand disease and healthy controls under basal and phorbol
12-myristate 13-acetate activated conditions were compared using
mRNA and miRNA sequencing.** No biological processes were
differentially regulated in the unstimulated state while 12 biolog-
ical processes (including coagulation and platelet activation) were
differentially regulated in the stimulated state. In addition, miRNA
profiling for coagulation and hemostasis identified miR-23b and

miR-26b as potential modulators of genes related to fibrinolysis.

5 | FUTURE PERSPECTIVES

NGS technologies have delivered numerous VUSs in diagnostic
studies and a number of TIER2 genes via research studies that
today cannot be used for clinical diagnostics. Improved computa-
tional and experimental tools that can predict variant pathogenicity
and the development of rapid cell-based and functional assays that
can study gene functions will become very important for future re-
search in this field. This is still an underexplored domain. An inter-
esting method named CRIMSON (CRISPR-edited megakaryocytes
for rapid screening of platelet gene functions) was recently pub-
lished as a potential tool for the rapid and systematic approach to
screen genes for platelet functions in CD34+ cell-derived megakar-
yocytes.*® To our knowledge, we still do not have methods available
that would allow high-throughput screening of platelet formation or
function after genetic modifications. The focus of initial in vitro and
in vivo validation studies will lie on the molecular characterization
of the VUSs and TIER2 genes discovered through NGS technologies
so far, in order to reclassify these variants and accumulate sufficient
evidence to promote TIER2 genes to TIER1 status.

Future studies will also need to focus on the noncoding domains
in WGS data sets. It is currently unknown how important variants in
these domains are for patients with inherited bleeding, thrombotic,
and platelet disorders. An initial attempt was recently made in WGS
data for patients with an inherited platelet disorder but with a focus
on large deletions and noncoding variants near TIER1 genes.* It will
become much more difficult to explore other regions, and a strategy
could be to supplement WGS data with platelet RNAseq data from
these patients and study genes with an altered expression.

We conclude that NGS approaches have greatly contributed
to both diagnostics and gene discovery studies in inherited bleed-
ing and thrombotic disorders and will continue to do so in future
research, especially for the validation and reclassification of VUSs
and for exploring the role of noncoding variants in the development
of hemostatic disorders. However, additional advances in high-
throughput screening assays for variant validation are still needed.
Finally, it is of great importance that diagnostic centers have access
to clear and uniform guidelines on variant interpretation and com-
munication as well as good resources for data sharing of VUSs with

the international society.
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