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Abstract

This invited review follows the oral presentation “To Sequence or Not to Sequence,
That Is Not the Question; But ‘When, Who, Which and What For?’ Is” given during the
State of the Art session “Translational Genomics in Thrombosis: From OMICs to
Clinics” of the International Society on Thrombosis and Haemostasis 2023 Congress.
Emphasizing the power of next-generation sequencing technologies and the diverse
strategies associated with DNA variant analysis, this review highlights the unresolved
questions and challenges in their implementation both for the clinical diagnosis of

venous thromboembolism and in translational research.
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1 | INTRODUCTION

Venous thromboembolism (VTE) is the third most common cause of
cardiovascular death [1] and is associated with a strong public health
burden [2]. Its incidence increases markedly with age, with a dra-
matic increase occurring at 60 years of age. Around 30% of patients
experience a recurrence within 10 years, underscoring a high de-
mand for therapeutic intervention to treat and prevent VTE and to
identify patients at high risk [3]. Interestingly, it has been shown that
the phenotype of recurrence mimics the phenotype of the initial
episode of VTE: when initial VTE is an unprovoked pulmonary em-
bolism (PE), recurrence occurs as unprovoked PE in about 80% of
cases, fatal in 10%; when initial VTE is an unprovoked deep vein
thrombosis (DVT), recurrence occurs as unprovoked DVT in 70% of
cases, fatal in 2% [4,5]. Except for this clinical observation, no
biomarker robustly predicting the recurrence of VTE is available. All
these elements argue for a deep understanding of the etiologic
mechanisms leading to VTE being a mandatory prerequisite before
considering any therapeutic development and any personalized/
precision prophylaxis.

VTE is highly heritable, and known common disease-associated
variants explain less than 15% of the heritability of the disease
[6-8], whose overall estimate is expected to be ~50% [9]. A significant
portion of these common VTE variants, which are generally single
nucleotide polymorphisms (SNPs), have been identified owing to the
remarkably productive outcomes of extensive genome-wide associa-
tion studies (GWASs). So far, about 150 loci have been observed to
harbor common susceptibility alleles for VTE risk [6-8]. Identified
SNPs are in general markers of functional variations yet to be iden-
tified and whose associated molecular mechanisms need to be fully
dissected. About 70% of these VTE-associated variants are located in
noncoding regions. It remains to be determined whether these vari-
ants are regulatory variants per se or whether they are tagging for
functional ones. Besides, most identified VTE-associated SNPs have
very weak genetic effects (allelic odds ratio [OR] from 1.03 to 1.5 for
most variants) and low predictive ability to identify at-risk patients
and do not yet lead to therapeutic development or improved pro-
phylaxis; all these elements are currently limiting the clinical utility of
these genetic findings.

Despite their undeniable success in uncovering new molecular
mechanisms involved in various human diseases, GWASs have not, to
date, had the “profound impact on the future of medicine” [10] initially
hoped for. This could be partially explained by the fact that, until very
recently, GWASs were exclusively conducted on common SNPs
derived (and further imputed) from high-throughput genotyping ar-
rays, with other genetic variations of more complex nature (copy
number variations and structural variants, among others) being
overlooked. This limitation is on the verge of being overcome with the
development and practical implementation of next-generation
sequencing (NGS) technologies, allowing the exploration at an un-
precedented scale of millions of nucleotide sequences and offering
finer resolution and exhaustive coverage of the genome for any subtle

and rare genetic variations.

Overall, the cost of sequencing has significantly decreased in
recent years. For instance, in 2013, the price for sequencing a stan-
dard genome at 30x depth using an lllumina instrument was around
$3000. Now, in 2023, Illumina technology allows whole-genome
sequencing (WGS) at approximately $250. The cost depends of
course on the desired sequencing depth, and the new version of
Illumina, NovaSeq 6000, will enable genome sequencing at $70 if the
depth is reduced to just 4x. In parallel, other competitive sequencing
technologies have emerged, such as the PacBio (Pacific Biosciences)
instrument, enabling long-read genome sequencing (see below) at an
average depth of 10x for ~$333.

Once we acknowledge that sequencing technology has become
more affordable, but still expensive, and accessible to a larger audience,
the question arises: To sequence! For what purpose? Two distinct yet
interrelated contexts emerge—clinical diagnosis and research. The ob-
jectives share similarities. In the first scenario, the goal is to pinpoint the
causal variant(s) responsible for a specific clinical phenotype, aiming to
provide a molecular diagnosis and ideally propose a tailored therapeutic
approach, including genetic counseling. In the second case, the emphasis
is primarily placed on identifying new genes associated with a given
phenotype, although ideally the ultimate goal is to identify the causal
variants. The discovery of new genes then contributes to not only
enriching the list of genes to be studied more thoroughly in a clinical
context but also enhancing our knowledge on molecular pathways un-
derlying disease etiology. Not to mention the possibility of discovering
new therapeutic targets and engaging in drug repositioning.

But before embarking on a sequencing project, one must ask

several questions.

2 | WHICH GENOMIC REGIONS TO
SEQUENCE?

When it comes to NGS, there are generally 3 types of strategies
distinguished: candidate gene sequencing of 1 or several genes, also
called gene panel sequencing; sequencing of coding regions of the
genome, and possibly flanking regions, often referred to as whole-
exome sequencing (WES); and finally the complete sequencing of a
genome (WGS). Obviously, the cost of sequencing will depend on the
type of strategy, with WGS being the most expensive. Along with this
cost, there is also complexity in variant analysis. As genomic regions
are sequenced more extensively, the number of identified variants
increases, making the functional characterization of certain variants of
interest more challenging.

The question that arises when implementing a panel sequencing
strategy, mainly in the clinical domain, is: which gene or genes do we
want to study? When the clinical phenotype is coupled with abnormal
levels of a well-established VTE-associated protein, it is sensible to
sequence the associated structural gene. Success examples in identi-
fying rare variants causing thrombotic events through such target gene
sequencing include, but are not limited to, the F5 Ala2086Asp mutation
[11], the factor VIII Padua duplication variant [12], and the Arg338Leu
mutation in the F9 gene [13]. Unfortunately, it often happens that
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patients for whom (panel) sequencing is proposed do not present spe-
cific biological phenotypes beyond clinical phenotypes. In that case, the
adoption of sequencing for a panel of candidate genes can be consid-
ered. Candidate genes could for example be those known to harbor rare
VTE pathogenic variants, and this list can be retrieved from ClinVar
ClinGen (https://
clinicalgenome.org/affiliation/50064/). This candidate gene approach

(https://www.ncbi.nlm.nih.gov/clinvar/) or

has seen numerous successes, including the identification of the
Arg596Leu [14], Arg596GIn [15], and Arg596Trp [16] mutations in the
F2 gene and the F5 Trp1920Arg mutation [17]. A wider-panel gene
sequencing approach can be deployed [18-21] by sequencing (all) genes
from a specific pathway (eg, coagulation cascade) or even to all loci
identified in GWASs for the disease under study. While the gene panel
sequencing strategy has so far focused mainly on the analysis of coding
or flanking regions, studies demonstrating the existence of functional
variants in noncoding gene regions have become increasingly
numerous. Beyond the historical examples of the well-characterized F2
C20209T [22] and G20210A [23] and FGG C10034T [24] variants, both
located in 3'UTR regions, more recent examples include the c.-39C>T
mutation in the 5UTR of the PROS1 gene responsible for inherited
protein S deficiency [25] and the c.151G>T variant in the 5'UTR of the
THBD gene influencing thrombomodulin levels [26]. Although more
challenging to characterize, deep intronic variants [27,28] should not be
neglected and deserve much more attention.

When panel sequencing is inconclusive and/or when more sub-
stantial funds are available, a more agnostic strategy without any a
priori about the underlying causal gene can then be employed with the
ultimate goal of discovering novel disease genes. This could be a WES
approach with the assumption that the underlying disease variant(s) is
located in exonic regions or a more agnostic WGS approach that of-
fers the possibility to explore all types of genetic variations over all
genomic regions while avoiding some technical issues due to the
capture of coding regions required in WES. In cases of rare diseases, it
is currently estimated that the diagnostic rate of a WES strategy is
~30% and that the use of a completely agnostic approach like WGS
provides so far only a slight additional efficiency, around 20% [29].

3 | WHICH SAMPLES TO SEQUENCE?

One of the first main justifications for NGS approaches is the identi-
fication of very rare variants not covered by genotyping technologies
based on the study of SNPs with overall allelic frequencies greater
than 1%. It is therefore natural that these NGS approaches find a
particularly well-suited application in the analysis of extended pedi-
grees with a strong familial aggregation compatible with the Mende-
lian transmission of rare genetic mutations. In that case, the optimal
design consists of sequencing, as much as possible, the most distant
related affected individuals together with healthy individuals closely
genetically related to affected relatives. Under the assumption of a
single extremely rare variant following a dominant or recessive
transmission, sequencing analysis in large pedigrees can be extremely

fruitful, as demonstrated by numerous publications, particularly in the
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field of hemostasis. For example, let us mention the discovery of the
ETV6 [30] and RASGRP2 [31] genes in familial platelet disorders. Full
success stories that used WES/WGS strategies in VTE are very scarce.
To our knowledge, only 1 novel VTE gene has been identified using
WES/WGS in extended pedigrees. This is the MAST2 gene where the
Arg89GIn variant was found to cosegregate with inherited thrombo-
philia in a pedigree from the West of France by interfering with he-
mostatic balance of endothelial cells [32]. The quest for characterizing
disease variant(s) may encounter challenges stemming from several
factors including the complexity of the underlying genetic models and
the large number of candidate variants that can be detected by WES/
WGS, even in informative extended pedigrees. For instance, the
implementation of a WES strategy in 10 related individuals affected
with VTE from 2 independent Dutch studies [33] was not able to
identify the culprit variant(s). Nevertheless, this work identified 3
candidate loci on chromosomes 2p21, 5g35.2, and 17qg25.1, with
several candidate variants in multiple genes at a given locus such as
PLEKHH2, LRPPRC, and SRBD1 at the 2p21 locus.

NGS approaches for detecting pathogenic rare variants can also be
applied in very few affected individuals pending careful selection of
individuals to be sequenced (eg, patients with unprovoked VTE at young
age) aiming to enrich the sample with “genetic cases.” Even in absence of
DNA samples from extended families, selection of independent cases
with familial history can be a good strategy, as exemplified by the
identification of FLI1 gene involved in platelet disorders from the
analysis of only 13 unrelated cases [34]. The selection of patients with
early-onset disease and/or recurrent events is another way to increase
the chance to identify rare pathogenic variants, a strategy adopted by de
la Morena-Barrio et al. [35] to identify 2 novel variants in SERPINC1,
Glu227Lys, and Asn224His, causing severe thrombophilia in patients
with normal antithrombin activity. The likelihood of identifying very
rare deleterious variants could also be increased by sequencing in-
dividuals whose phenotypes deviate from predictions based on bio-
logical or clinical parameters. This includes sequencing disease patients
presenting with an extremely low burden of common susceptibility al-
leles known to increase the risk of a given disease [36], a strategy that
has not yet been deployed in the context of VTE. Along the same lines,
by sequencing a patient with PE for whom a machine learning algorithm
based on plasma proteomics data had inaccurately predicted DVT, we
identified the presence of the extremely rare PROC pR272C variant.
This variation has a minor allele frequency (MAF) lower than 0.00006 in
public database and was previously reported to be associated with
moderate protein C deficiency [37]. In the sequenced patient, protein C
levels were 63%, slightly lower than the recommended threshold to
declare moderate protein C deficiency [38].

Nothing, of course, prevents deploying an NGS strategy within the
context of large case-control and population-based samples, regardless
of the cost of this sequencing. In such contexts, the goal is not neces-
sarily to discover novel variants but rather to provide statistical support
for the involvement of (new) genes in the etiology of a disease. Instead of
testing the association of single variants with a studied phenotype, the
overallideais to combine the information on a set of several preselected

variants and to assess whether a given gene is enriched in such variants
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associated with the phenotype of interest. Various statistical methods
for this so-called gene-burden analysis have been proposed, and readers
are encouraged to refer to the study by Nicolae [39] for a comprehen-
sive introduction to these methodologies. This strategy was used in the
Malmo Diet and Cancer Study to provide genetic support for the role of
2 candidate genes, SERPINA1 [40] and TFPI [41], in VTE risk. By con-
ducting a gene-based approach on coding variants with MAF lower than
0.1%, which are either loss-of-function or nonbenign (as defined by the
PolyPhen bioinformatics tool [http://genetics.bwh.harvard.edu/pph2/])
missense variants and studying them in ~29 000 population-based
samples, it was observed that carrying at least 1 such “qualifying
variant” was marginally (P ~ .02) associated with a 3-fold increased risk
of VTE [41]. Using the same methodology, this group observed that
being compound heterozygote for qualifying variants in SERPINA1 or
being homozygous for the rare allele of the Glu366Lys variant was
associated with a ~4-fold increased risk of VTE (P = 3.4 x 10™%).

By defining qualifying variants as any coding variant with MAF
<0.05% that is a loss-of-function, splice, or nonbenign variant (still as
defined by PolyPhen) and applying a WES approach in a case-control
sample of 393 VTE patients and ~6100 health individuals, Desch
et al. [42] identified STAB2 as a novel disease gene for VTE with the
presence of carrying qualifying variants being ~3 times more frequent
in cases than in healthy individuals. By contrast, the WGS analysis of
3793 VTE cases and 7834 controls as part of the Trans-Omics for
Precision Medicine (TOPMed) initiative [43] using similar statistical
methodologies did not reveal novel VTE genes. Two points to note,
however: first, in this work, the definition of qualifying variants was
much broader as it included missense variants predicted to be delete-
rious by at least 1 of the 5 prediction tools used and synonymous var-
iants predicted to be deleterious by FATHMM-XF [44]; second, a novel
gene, MS4A1, reached the prespecified statistical threshold of P < 2.3 x
1074 (corrected for the number of genes) for association with VTE in the
subgroup of patients with unprovoked VTE once all missense variants
were considered and not only those bioinformatically predicted to be
deleterious. This association deserves further replication works.

These 4 examples highlight several limitations due to the defini-
tion of qualifying variants that may warrant harmonization, at the very
least through discussions within the International Society on Throm-
bosis and Haemostasis (ISTH) community. Indeed, the statistical re-
sults provided by gene-burden analyses are strongly influenced by the
chosen MAF thresholds, the type of included variants (missense,
nonsense, frameshift, synonymous, and splice, among others), and the
prediction tools used to call for a variant’s deleteriousness. Further-
more, until now, these analyses do not consider other noncoding gene
variants (deep intronic, 5UTR, and 3'UTR), as mentioned earlier,
despite their rightful inclusion in the spectrum of potentially patho-
genic variants. It is crucial to underscore that the statistical associa-
tion of a set of qualifying variants with a specific phenotype does not
necessarily imply that all the included variants have a genuine func-
tional role in the biology of that phenotype. Experimental in-
vestigations are essential to precisely identify which variants have a
true functional impact, particularly in the context of their potential

application in clinical practice.

As their name suggests, these gene-burden methods have primarily
been applied to the analysis of variants within gene regions. Some ex-
tensions have been suggested to facilitate the analysis of variants
located outside gene regions, primarily by employing sliding window
approaches [43,45]. While such a strategy did not succeed in identifying
novel VTE-associated loci in the TOPMed initiative [43], it did enable the
suggestion of the existence of a locus associated with early-onset VTE
through the analysis of a moderate sample comprising 200 VTE patients
[45]. This locus on chromosome 18g22.2 maps to an enhancer region
adjacent to CD226, a glycoprotein involved in platelet and vascular
endothelial cell biology. Its precise role in thrombosis, if any, warrants
further validation. These strategies suffer from the same limitations as
those mentioned above for gene-burden methods, with additional
challenges such as, for example, the size of the windows to be analyzed.

4 | WHICH SEQUENCING DEPTH?

The choice of sequencing depth to adopt hinges on the study’s
context, be it clinical or basic research.

In a clinical context focused on obtaining molecular diagnoses,
there is no universal consensus on the minimum coverage depth, and
each clinical laboratory may establish its own threshold. Nevertheless, a
highly profound depth (eg, ~500x) is imperative to guarantee high ac-
curacy in identifying rare variants and their corresponding genotypes.

In the early days of NGS applied to basic research, it was rec-
ommended to undertake sequencing projects with average depths of
30x to 40x to identify, with a high probability, all extremely rare
variants. Nowadays, the trend is shifting toward low-pass (or low-
coverage) sequencing (~4x) when the goals are to estimate allele
frequencies and to perform GWASs in large population-based or case-
control samples, aiming to detect novel disease genes [46,47]. It has
been suggested to further reduce the sequencing depth when the
sequenced data are complemented with high-throughput genotype
data and imputation [48,49]. However, a sequencing depth of higher
magnitude (>40X) remains indispensable when the focus is on
detecting mosaicism or mutations not present in all cell types, as
observed in clonal hematopoiesis of indeterminate potential (CHIP).
CHIP is defined as the acquisition of somatic mutations that drive
clonal expansion in the absence of cytopenia and dysplastic hemato-
poiesis. CHIP is the subject of intensive research in the cardiovascular
field [50,51], and thrombosis does not escape the rule. Using whole
exome data from ~200 000 participants of the UK Biobank, Dikilitas
et al. [52] reported a modest increased risk of VTE (OR, 1.6; P =.03) in
CHIP carriers. This association was slightly higher when the analysis
was restricted to PE patients (OR, 1.80; P = .02). In this work, the
presence of CHIP was sought in 3 driver genes, DNMT3A, TET2, and
ASXL1, and a CHIP was called when the somatic mutation presented
with a variant allele frequency (VAF) >10%. In a small retrospective
study involving 61 unprovoked PE patients, the search for mutations
with a VAF of >1% in these 3 genes, along with SF3B1 and TP53,
identified a consistent pattern of association between CHIP and PE

[53]. Once more, harmonization of the tested genes and the VAF
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threshold would be welcome as different studies are using different
criteria to characterize the presence of a CHIP [50,51,54,55]. Once a
CHIP is detected in a patient, the question that arises concerns its true
pathogenicity in relation to the patient’s disease. During the ISTH
2023 State of the Art session on “Translational Genomics in Throm-
bosis: From OMICs to Clinics,” we reported the case of a nonsmoker
woman with DVT at 19 years, with normal body mass index, not using
oral contraceptives and free of thrombophilia. A 30x WGS was per-
formed in this patient, revealing as the sole identified candidate a rare
variation: the previously unreported ¢.1668-1G>C variant in exon 15
of DNMT3A (NM_022552), predicted to impact splicing. This predic-
tion was subsequently validated through a minigene splicing assay.
Using WGS data, its VAF was estimated to be 16%, a value further
reevaluated by digital polymerase chain reaction at a VAF of 5%. The
investigation into whether this CHIP is responsible for the observed
early-onset thrombotic event, and if so, through which mechanisms, or

if it serves as an indicator of covert cancer is still ongoing.

5 | SHORT- OR LONG-READ SEQUENCING?

In recent years, new technologies known as long-read sequencing
technologies have emerged. In contrast to initial short-read technol-
ogies (where sequenced fragments are typically less than 150 bp),
which have been successful with NGS instruments like lllumina, these
long-read technologies, sometimes referred to as third-generation
sequencing technologies, provide the capability to sequence frag-
ments with lengths of up to 20 000 bp [56]. These technologies are
highly efficient in detecting any kind of genetic variation, in particular
structural variants [57-59]. The use of these long-read sequencing
technologies in the field of hemostasis is still in its infancy, but the
initial applications exemplify their full potential. For instance, these
permit to characterize a structural variant extending over 5 exons in
ITGB3 in a patient with Glanzmann thrombasthenia [60] and several
SERPINC1 structural variants, including a retroposon element, in pa-
tients with antithrombin deficiency [61]. Long-read sequencing tech-
nologies also have the advantage of permitting phasing of the
detected genetic variations [62], then increasing the efficiency of
haplotype analyses to detect SNP x SNP interactive effects, to facil-
itate the identification of causal variants from sets of polymorphisms
in linkage disequilibrium and to detect haplotype founder effect as
recently demonstrated for the SERPINC1 1le386Thr mutation [63].
Lastly, using single-molecule real-time sequencing, such technology
also offers the possibility to look for differentially methylated DNA
regions with high accuracy [64].

6 | WHERE, THEN, DO THE OBSTACLES LIE
FOR THE WIDESPREAD ADOPTION OF NGS?

Throughout this review, we have endeavored to highlight the undeniable
advantages of NGS while occasionally acknowledging some of its limi-

tations. However, there is a “minor” aspect that we have overlooked. NGS
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technologies are generating a wealth of genetic variations, and as illus-
trated by some aforementioned examples, the path to identifying the
causal variant(s) and characterizing them is far from being straightfor-
ward. In the initial phase of prioritization to streamline the list of candi-
date variants identified in a given NGS project, a common approach
involves the utilization of bioinformatics prediction tools to identify
variants with a high likelihood of functional impact. However, the abun-
dance of available prediction tools often results in divergent predictions.
With the deployment of artificial intelligence-based methods integrating
several prediction tools and a large set of genomic features, one can
expect that these predictions will become more and more accurate,
especially for some types of variants that are still difficult to predict such
as splice [65], deep intronic [66], or regulatory [67-69] variants. Unfor-
tunately, even after meticulously selecting potential candidates, the
resulting list of variants compatible with the assumed genetic model can
still be extensive, rendering it impractical to experimentally test them, as
illustrated with the aforementioned WES conducted in 2 extended Dutch
pedigrees [33]. If a substantial number of candidate variants persist,
employing massive parallel assays [70-72] can serve as a secondary
prioritization strategy to discern the most plausible ones. For genetic
models involving more than one variant, such high-throughput assays
may prove insufficient. In such instances, gathering statistical support for
specific candidate associations of interest—perhaps through the utiliza-
tion of large genomic biobanks—could serve as a means to refine the list
of candidates before undertaking further experimental validation. In the
ISTH 2023 State of the Art session on “Translational Genomics in
Thrombosis: From OMICs to Clinics,” we also documented the case of a
19-year-old woman who experienced PE 4 months after initiating oral
contraceptive. Through WGS, we identified in this patient 2 extremely
rare variants of unknown significance, the F5 p.Thr464lle (rs141768227)
and F2 p.Arg608= (rs3136532). In a case-control study of ~400 VTE
cases and ~400 controls, the latter has been proposed as a possible risk
factor for VTE [73], but it did not show up in the large International
Network of Venous Thrombosis GWAS conducted in more than 80 000
cases [8]. It would then be particularly interesting to study the simulta-
neous presence of these 2 variations in large biobanks to determine
whether their joint co-occurrence is prothrombotic as opposed to their
isolated presence. Such initiatives aimed at identifying digenism using
large-scale genomics databases have been initiated [74], presenting
promising prospects.

One final obstacle, and not the least, is the cost, which although
has substantially decreased over the last years, still remains extremely
high, making this technology inaccessible in low-income countries
where NGS technologies are not widely implemented, as nicely illus-
trated by Paula Heller during the ISTH 2023 Scientific and Stan-
dardization Committee 02.3 session on “Reach the World -

Perspectives From Around the Globe in Platelet Disorders.”

7 | CONCLUDING REMARKS

To summarize, several unresolved questions arise during the imple-

mentation of NGS in the clinical diagnosis of thrombosis (and beyond):
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(1) Can NGS panel replace the initial thrombophilia screening or
should it be reserved for VTE patients in whom the classic thrombo-
philia assessment result is negative? (2) Which genes should be
prioritized for sequencing? (3) In which patient populations should
NGS implementation be considered? (4) How should the identified
variants of uncertain significance be handled? (5) What bioinformatic
tools and depth of experimental exploration are necessary to reclas-
sify these variants of uncertain significance as class 4 or 5 (ie, path-
ogenic or likely pathogenic variant according to American College of
Medical Genetics and Genomics)? International collaborative efforts
are indeed necessary to address these issues [75] and should be
encouraged. The GoldVariant initiative sponsored by the ISTH Sci-
entific and Standardization Committee Subcommittee on Genomics
Hemostasis to share variants identified in NGS projects [76] and the
ClinGen resource [77] aimed at providing guidelines for the clinical
relevance of variants serve as good examples.

While NGS has become nearly indispensable in the field of clinical
diagnostics (even if Sanger sequencing is still effective [78]), this is not
yet the case in basic research. Indeed, NGS is not the panacea and
genotype-based research strategies still play a crucial role in identi-
fying new genes, even for rare variant analysis [79]. In this invited
review, we focused on NGS for DNA variants analysis mainly in the
VTE context. There is much more to explore regarding the application
of NGS for other molecular investigations such as RNA sequencing
(including in clinics [80,81]), epigenetics, and functional genomics
[82,83].
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