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Abstract
Advances in genome sequencing technologies have unlocked new possibilities in identifying
disease-associated and causative genetic markers, which may in turn enhance disease diagnosis
and improve prognostication and management strategies. With the capability of examining
genetic variations ranging from single-nucleotide mutations to large structural variants, whole-
genome sequencing (WGS) is an increasingly adopted approach to dissect the complex genetic
architecture of neurologic diseases. There is emerging evidence for different structural variants
and their roles in major neurologic and neurodevelopmental diseases. This review first de-
scribes different structural variants and their implicated roles in major neurologic and neuro-
developmental diseases, and then discusses the clinical relevance of WGS applications in
neurology. Notably, WGS-based detection of structural variants has shown promising potential
in enhancing diagnostic power of genetic tests in clinical settings. Ongoing WGS-based re-
search in structural variations and quantifying mutational constraints can also yield clinical
benefits by improving variant interpretation and disease diagnosis, while supporting biomarker
discovery and therapeutic development. As a result, wider integration ofWGS technologies into
health care will likely increase diagnostic yields in difficult-to-diagnose conditions and define
potential therapeutic targets or intervention points for genome-editing strategies.
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Neurologic diseases pose an ever-growing health and health
economic burdens worldwide; in 2016, neurologic disorders
were estimated to be the leading cause of disability-adjusted life-
years lost (;276 million years of healthy life lost due to pre-
mature death and disability) and the second leading cause of
deaths; a staggering 9.0 million deaths worldwide.1 To dissect
the distinct genetic profiles of these diseases, population-scale
genome-wide association studies have set the stage by empow-
ering our understanding of single-nucleotide variants in disease
pathogenesis. Though an important knowledge gap remains in
the missing heritability for these complex diseases. It is possible
that genetic variations in less characterised (and thus under-
examined) genomic regions contribute to large proportions of
unexplained variance in disease risk.

To tackle this problem, newly developed techniques have
ushered in a new era of genomic medicine, exemplified by the
utilisation of next generation sequencing (NGS) technologies
to discover novel disease-causing mutational signatures.2

Whole-genome sequencing (WGS) involves fragmenting
and sequencing the entire genome of interest without pre-
selecting specific DNA sequences, in contrast to whole-
exome sequencing (WES) that focuses on sequencing ei-
ther isolated or enriched coding portions of the genome.2

At an increasingly competitive cost, WGS-based methods
are powerful tools in analysing genetic variations outside of
coding regions given their wide sequencing coverage,
higher sensitivity, and uniform coverage depth compared to
exome sequencing.2 In recent years, advanced WGS tech-
nologies have enabled researchers to investigate structural
variants (SVs) that explain significant portions of the
missing heritability in complex neurologic and neuro-
developmental diseases.3,4

SVs are large alterations of more than 50 base-pairs in the
genome, which are classified based on their mode of rear-
rangement.5 Some SV do not result in copy number changes
(e.g., inversion and translocation), while others may involve
copy number gains or losses from either insertion or deletion
events.5 Somatic mosaic SVs (mSVs) are acquired SVs present
in only subsets of cells of the affected individual,6 which behave
differently to inherited germline SVs that are present from
fertilisation and are present in cells throughout the body. Dif-
ferent models exist to explain how these SVs affect disease risk,
one of which suggests that SVs are individually rare variations
that collectively contribute to significant disease burdens.7

For diagnosing rare neurodevelopmental disorders, chromo-
somal microarrays and exome sequencing are commonly used
strategies in clinical genetic laboratories, with some now starting
to implementWGS to assess cases not diagnosed bymicroarrays
and exome sequencing.8,9 Rexach et al.2 previously highlighted
the potential of applyingNGS technologies in clinical neurology.
It is not until recently that the values of SV characterisation, as
well as integrating RNA sequencing (RNA-seq) in the diagnostic
setting have been recognised. This review will first describe SVs
in the context of neurodegenerative and neurodevelopmental
diseases, followed by discussing the clinical applications ofWGS-
based strategies and current international efforts on WGS in-
tegration at the health system level.

Structural Variations in Neurologic
and Neurodevelopmental Diseases
As shown in Table 1, there are several major neurologic and
neurodevelopmental disorders that have been associated with
different forms of SVs, including inherited germline SVs and
mSVs. The following sections will describe germline CNVs
and transposable elements, as well as mSVs (e.g., mosaic
CNVs) that are implicated in these diseases.

Copy Number Variations
With a size of at least 50 base-pairs, copy number variations
(CNVs) are defined as copy-number-varying structural
changes in the genome.5 Different modes of variations can
generate CNVs, including deletions and duplications (illus-
trated in Figure, A). A classic example of this is the well
documented duplication of the PMP22 gene in Charcot Marie
Tooth disease type 1A causing a demyelinating peripheral
neuropathy, while the deletion of the same segment of DNA
result in Tomaculous neuropathy (hereditary neuropathy with
liability to pressure palsies).10 It has been hypothesised that
some of these events are the results of non-allelic homologous
recombination, where a duplicated DNA segment was mis-
takenly recognised as the homologue during homologous re-
combination processes and subsequently led to unequal cross-
over. Another potential mechanism underlying CNV genera-
tion is the non-homologous end-joining process involving an
error-prone DNA repair attempt with little to no homology.
Individually rare intragenic CNVs were found to be prevalent
(35%) among pathogenic variants for neurologic and neuro-
muscular disorders,11 while specific CNV types have been as-
sociated with several neurodegenerative diseases. For instance,

Glossary
AD =Alzheimer disease;ALS = amyotrophic lateral sclerosis;ASD = autism spectrum disorder;CNV = copy number variations;
FTD = frontotemporal dementia;GA4GH = the Global Alliance for Genomics and Health; L1 = long-interspersed element 1/
LINE-1; LTR = long terminal repeats;MS =multiple sclerosis;mSVs =mosaic SVs; PD = Parkinson disease; pLoF = predicted
loss-of-function; RNA-seq = RNA sequencing; STR = short tandem repeats; SV = structural variants; WES = whole-exome
sequencing; WGS = whole-genome sequencing.
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Sato et al.,12 in a Japanese cohort study found that deletion-type
CNVs at the T-cell receptor alpha and gamma loci were asso-
ciated with multiple sclerosis (MS). In people with amyotrophic
lateral sclerosis (ALS), rareCNVs inNIPA1were associatedwith
higher disease susceptibility.13 Further, de novoCNVs have been
characterised in adult-onset neurodegenerative diseases, in-
cluding duplications of the APP locus at chromosome 21 and a
partial deletion of intron 1 of the BACE2 gene in early-onset
Alzheimer disease (AD), and copy number gains (duplications
or triplications) of the SNCA gene in families with Parkinson
disease (PD).14 Recent studies have also implicated CNVs in
neurodevelopmental diseases such as autism spectrum disorder
(ASD),15 epilepsy16 and intellectual disability.17 Overall, there is
a growing body of evidence that suggests a role for CNVs in
these diseases, and established framework integrating multiple
WGS-based detection methods has helped reveal small CNVs
that were previously undetected in conditions such as ASD.18

Larger studies of this type would help elucidate the mechanisms
by which candidate CNVs may influence disease susceptibility.

Transposable Elements
Transposable elements are highly relevant in neurodegenerative
diseases,19 they are DNA sequences characterised by their ability
to move between different genomic positions. Occupying more
than half of the human genome, transposable elements are
broadly grouped into 2 classes based on the mechanisms by
which they mobilise across the human genome. The Class I
elements, commonly termed retrotransposons, utilise RNA in-
termediates to mobilise in a “copy-and-paste” fashion with target-
primed reverse transcriptase as the primary driver20 (see example
illustrated in Figure, C). These can be further classified based on
the presence of long terminal repeats (LTR). LTR retro-
transposons make up approximately 8% of the human genome,
and one example of this subclass are the human endogenous
retroviruses associated with neurodegenerative diseases including

AD, ALS, and MS.19 Next, different forms of non-LTR retro-
transposons (;33% of human genome) have also been impli-
cated in neurologic and developmental diseases. For instance,
insertions of long-interspersed element 1 (L1) were observed in
X-linked intellectual disability,21 while aWGS study22 suggested a
link between the SINE-R/VNTR/Alu elements and progression
of PD. In addition, another recent WGS analysis also detected
different types of de novo retrotransposon insertions in people
with ASD, including the L1 and SINE-R/VNTR/Alu elements.23

Given the emerging links between transposable elements and
these diseases, it is important to investigate how these mutational
events contribute to disease pathophysiology.

Mosaic Structural Variations
Mosaicism describes a scenario where at least 2 genotypes are
present in different cells of the same individual, caused by
somatic mutations that can occur post-zygotically at varying
timepoints (illustrated in Figure, B). The early post-zygotic
variation affects many cells due to the many following pro-
liferation steps, while later-occurring post-zygotic variation
affects fewer cells as there are fewer following proliferative
steps. The mutational events may also have different conse-
quences: lethal mutations can terminate cell proliferation,
whereas revertant mosaicism can revert the mutational sig-
nature back to wild type. mSVs are large-scale chromosomal
aberrations in some but not all cells of the body. Depending
on the underlying processes, mSVs can be either copy-neutral,
loss of heterozygosity or in the form of mosaic CNVs. Unlike
germline de novo CNVs, mosaic CNVs are associated with
aging and mostly present in a subset of cells because the
responsible mutational events typically occur post-fertilisa-
tion.4 Highly correlated with age, somatic mosaic CNVs have
been implicated in neurodegenerative diseases such as PD,24

where somatic SNCA gain of function mosaic CNVs in do-
paminergic neurons were differentially increased in cases with

Table 1 Major Neurologic and Neurodevelopmental Diseases Associated With Structural Variations

Copy number variations Transposable elements Mosaic structural variations

Implicated
in disease? Reference (y)

Implicated
in disease? Reference (y)

Implicated in
disease? Reference (y)

AD Yes Nicolas and Veltman14 (2019) Yes Tam et al.19 (2019) Not enough
evidence yet

Maury and Walsh25 (2021)

ALS Yes Blauw et al.13 (2010) Yes Tam et al.19 (2019) Unclear Costantino et al.24 (2021)

ASD Yes Yap et al.15 (2021) Yes Borges-Monroy et al.23

(2021)
Yes Maury and Walsh25 (2021)

Sherman et al.4 (2021)

Epilepsy Yes Olson et al.16 (2014) Yes Krestel and Meier60 (2018) Yes Maury and Walsh25 (2021)

ID Yes Cooper et al.17 (2011) Yes Huang et al.21 (2010) Yes Järvelä et al.27 (2021)

MS Yes Sato et al.12 (2015) Yes Tam et al.19 (2019) Unknown —

PD Yes Nicolas and Veltman14 (2019) Yes Pfaff et al.22 (2021) Yes Costantino et al.24 (2021)

Abbreviations: AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; ASD = autism spectrum disorders; ID = intellectual disability; MS = multiple
sclerosis; PD = Parkinson disease.
This table summarises whether the major neurologic and neurodevelopmental disorders have been associated with structural variations including copy
number variations, mosaic structural variations and transposable elements.
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PD compared to controls and may contribute to the risk of
sporadic synucleinopathies. Several somatic mutations were
identified in sporadic early-onset AD, though it remains un-
clear whether somatic aneuploidy (full chromosomal copy
variations) and CNVs influence AD risk.25 For neuro-
developmental diseases, a large study of children with de-
velopmental disorders26 revealed a 0.9% burden and 40-fold
enrichment of somatic CNVs in cases compared to controls. A
more recent study4 described the contribution of large mosaic

CNVs (>4Mb) to the previously unexplained portion of ASD
risk. Despite their occurrence at a relatively low rate (;0.2%
compared to ;5% for germline CNVs), they conferred sig-
nificant ASD risk where increasing size of the mosaic CNVs
was strongly correlated with increased ASD severity.4 In ad-
dition, mSVs resulted from maternal uniparental disomy
(both copies of chromosome came from the mother) were
identified in cases with intellectual disability in another
study.27 Partly due to the rarity of known disease-causing

Figure Whole-Genome-Sequencing-Based Structural Variation Analysis Can Yield Clinical Benefits

(A) Copy number variations generated through deletion and duplication; (B) different types of somatic mosaic variations can occur at different time points
with varying consequences; (C) LINE-1 (L1) retrotransposons can integrate into target DNA through a “copy-and-paste” mechanism; (D) complementing by
RNA sequencing technologies, whole-genome DNA-sequencing-based methods can be used to detect and analyze disease-associated structural variations,
which may in turn enhance diagnostic power and enable individualised treatments.
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mSVs, understanding the relationships between mSVs and
disease susceptibility in neurology is a work in progress.

Since SVs may confer significant disease risk even in a modest
proportion of the population, as was demonstrated by Sherman
et al.4 in the case ofmosaicCNVs inASDgenetic susceptibility, it
highlights the importance of SV detection and analyses in
population-scale studies.

Structural Variation Detection Using
Whole-Genome Sequencing
Types of Whole-Genome Sequencing
To investigate SVs at population-scale, most studies to date rely
on high-throughput short-read WGS technologies, which
produce large quantities of reads that are ;25–400 bp in
length. One example is the Illumina technology that involves

generating copies of adapter-tagged DNA fragments and sub-
sequent fluorescent labelling of the newly generated DNA
forward strands.28 Compared to short-read WGS, third gen-
eration long-read sequencing technologies can produce reads
of more than 10 kb in length (and up to 4 Mb). Based on
different template topologies and techniques to characterise the
DNA sequences, PacBio single-molecule real-time sequencing
and Oxford Nanopore Technologies sequencing are both
commonly used and widely tested technologies in long-read
sequencing.28 By design, short-read WGS has inherent limita-
tions for variant phasing and SV characterisation especially in
highly repetitive regions, while long-read WGS is generally
better for characterising these genomic regions.

Bioinformatic Toolkits to Analyze
Structural Variations
There are different bioinformatic toolkits available to call SVs in
short-read and long-read sequencing data (Table 2). For

Table 2 A Range of DNA Sequencing-Based Methods and Software to Analyze Structural Variations

SV type Data type Description Example toolkits Web link

CNV Short-read Calling based on read depth GATK gCNV gatk.broadinstitute.org/hc/en-us/articles/
360035531152

CNVnator github.com/abyzovlab/CNVnator

CNV Short-read Calling based on split read Pindel github.com/genome/pindel

DELLY github.com/dellytools/delly

CNV Short-read Calling based on read pair BreakDancer github.com/genome/breakdancer

DELLY github.com/dellytools/delly

CNV Long-read Calling based on long-read alignments PBSV github.com/PacificBiosciences/pbsv

SMRT-SV github.com/EichlerLab/smrtsv2

Sniffles github.com/fritzsedlazeck/Sniffles

CuteSV github.com/tjiangHIT/cuteSV

SVIM github.com/eldariont/svim

CNV Long-read Calling based on assemblies Dipcall github.com/lh3/dipcall

SVIM-asm github.com/eldariont/svim-asm

PAV github.com/EichlerLab/pav

MSV Short-read Calling based on BAF MAD github.com/isglobal-brge/MAD

MSV Short-read Calling based on BAF and LRR MrMosaic github.com/asifrim/mrmosaic

MSV Short-read Calling basedonBAF and LRR or allelic depth
using parameterised hidden Markov model

MoChA github.com/freeseek/mocha

Germline TE Short-read Paired-end read pair concordance and split
reads

Mobster jyhehir.github.io/mobster/index.html

MELT melt.igs.umaryland.edu

Somatic TE Short-read Paired-end read alignments TraFiC-mem gitlab.com/mobilegenomesgroup/TraFiC

Germline and
somatic TE

Short-read and
long-read

Multiple depending on input data types xTea github.com/parklab/xTea

Abbreviations: BAF = B allele frequency; CNV = copy number variations; LRR = log R ratio of signal intensities; MSV = mosaic structural variants; TE =
transposable elements.
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instance, read-pair-based methods such as BreakDancer are
especially sensitive in detecting deletion-type CNVs.29 To de-
tect transposable elements, MELT is useful for identifying
polymorphic inherited insertions, while TraFiC-mem is com-
monly used for detecting somatic insertions among case-
control pairs. More recently, xTea is a new bioinformatic tool
useful for analysing transposable element insertions in both
short-read and long-read data. Applying xTea to analyze WGS
data from 2,288 ASD families, Borges-Monroy et al.30 detected
86,154 retrotransposon insertions (more than 60% of which
were previously undetected) and found higher-than-expected
de novo retrotransposon insertions in disease risk genes in-
cluding Alu, L1 and SINE-R/VNTR/Alu elements. For mosaic
CNVs, MoChA is a recently developed software which was
employed by Sherman et al.4 in their study of ASD. Further, a
study by Ebert et al.31 found approximately 77% concordance
between SV calls from short-read and long-read assemblies, and
that the main advantage of long-read-based approach is in-
creased sensitivity in detecting smaller SVs (;83% of <250 bp
SVs were not identified in short-read). Recently, Ohori et al.32

utilised long-read WGS and detected a partial MBD5 deletion
in an WES-negative case with neurodevelopmental disorder,
highlighting the clinical utility of long-read WGS as a useful
technique to discover pathogenic SVs.

Whole-Genome Sequencing in
Clinical Neurology
Early diagnoses can facilitate disease management strategies
and lead to better health outcomes.33 Consequently, genetic
tests that can capture disease-causing mutational signatures
among pre-symptomatic individuals are invaluable tools in
clinical settings. For instance, the most common mutational
signature in ALS and frontotemporal dementia (FTD) is the
“GGGGCC” hexanucleotide repeat expansion in intron 1 of
the C9orf72 gene, where nearly one-third of ALS and FTD
cases carry a pathogenic C9orf72 repeat expansion.34 Along
with the “CAG” trinucleotide repeat expansion in ATXN2
contributing to a smaller fraction of disease risk (;0.01%–0.2%
depending on number of repeats),35 these short tandem repeat
(STR) sites are established genetic risk factors for ALS that can
be efficiently analyzed using WGS-based methods. Recently,
Roeck et al.36 developed a novel algorithm based on long-read
WGS and demonstrated its capability in obtaining accurate
lengths and sequences of an ABCA7 tandem repeat that was
associated with greater than 4-fold increased risk of AD. Rec-
ognising those at risk and therefore potential earlier in-
tervention may improve health outcomes, and these variants
are clearly a potential site for gene correction/genomic-editing
strategies. Further, early detection or even pre-symptomatic
detection may be critical to reduce the disease burden, as often
significant neuronal loss has occurred before clinical signs or
symptoms develop.

As discussed, different forms of SVs are implicated in neuro-
degenerative and neurodevelopmental conditions. In the

following sections, we will focus onWGS as a tool for detecting
complex pathogenic mutations to enhance diagnostic power of
genetic tests and facilitate the identification of disease-causative
mutations as promising drug targets.

Detecting Structural Variations to Enhance
Genetic Diagnosis
Currently, genetic testing is the standard of care for several
neurodevelopmental disorders including ASD and intellectual
disability, which can involve screening for pathogenic and
likely pathogenic CNVs using either WES or chromosomal
microarray technologies.9 The overall diagnostic yields of
microarray-based tests (;15%–20%) are generally lower than
that of exome-sequencing-based tests (;31%) for neuro-
developmental disorders.9 As genetic tests continue to evolve,
the integration of other modalities such as omics technologies,
advanced imaging and WGS technologies into testing may
be useful in identifying and assessing pre-symptomatic indi-
viduals with genetic disorders.37 Given the emerging roles
of SVs in several neurodevelopmental and neurologic disor-
ders, WGS-based detection of SVs could become an essential
part of genetic testing.

Despite the modest sample sizes of existing studies onWGS
integration in clinical settings, there is mounting evidence
that supports the diagnostic superiority of tests integrating
WGS when compared to other genetic testing methods. For
example, in a nested cohort of 50 people with severe in-
tellectual disability (but without an established genetic di-
agnosis after extensive genomic microarray analysis and
WES), Gilissen et al.8 reported a higher diagnostic yield of
WGS-based tests (42%) in comparison to those based on
genomic microarrays (12%) and WES technology (27%).
Similarly, a more recent study by Lindstrand et al.38 also
demonstrated the usefulness of WGS in clinical diagnosis
amongst 100 people with severe intellectual disability. An
important observation was that WGS performed well at
calling a wide range of SV sizes, including those that could
not be detected using microarrays due to probe coverage.
The resulting diagnostic yield was higher in WGS-based
tests (27%) compared to that of microarray-based tests
(12%).38 In another study of 103 patients recruited from
paediatric subspecialty clinics, Lionel et al.39 also found that
WGS performed better than routine clinical tests based on
microarrays and targeted sequencing. The resulting di-
agnostic yield of WGS-based tests was 41% (42 of 103
patients; 17 patients had their diagnoses made by WGS
only), a significant improvement (p = 0.01) compared to a
24% yield of routine genetic tests.39

However, some issues faced by WES remain challenging in
short-read WGS, such as the detection of small SVs involving
highly repetitive regions. A recent study by Sone et al.40

demonstrated that long-read WGS can detect SVs in clinically
relevant disease-risk genes that were previously missed with
short-read sequencing technologies. Based on the risk genes
identified in the study,40 a genetic diagnosis for neuronal
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intranuclear inclusion disease is now possible, whereas pre-
viously diagnoses could only depend on histopathology.
Further, recent reports also suggested benefits of combining
multiple sequencing technologies compared to relying on one
sequencing method. For instance, Chaisson et al.41 found a
7-fold increase in SV discovery utilising multiple state-of-the-
art sequencing technologies (e.g., PacBio long-read WGS,
Bionano Genomics optical mapping, etc) compared to Illu-
mina short-read sequencing alone. Additionally, a study by
Zhao et al.42 on 3 matched trio families from the 1,000 Ge-
nomes Project also highlighted the added value of long-read
WGS in characterising new catalogues of insertions and
transposable elements, though a “blind spot” for long-read
WGS was discovered where 88.2% of large CNVs identifiable
in 30X short-read WGS depth-based methods were not
detected using the long-read assembly.

RNA-seq technology allows researchers to examine a wide
range of RNA species and aberrant transcription in human
diseases. Complementing DNA sequencing, RNA-seq is an
emerging approach to facilitate prioritisation of SVs that
alter gene structures in transcribed genomic regions with
potential functional implications.43 There is increasing evi-
dence that SVs such as transposable elements are associ-
ated with gene expression and splicing alterations,44 though
current clinical applications of RNA-seq have mostly focused
on single-nucleotide variants to improve variant in-
terpretation and resolve cases with inconclusive diagnoses
from standard DNA testing. For instance, Cummings et al.45

were able to apply RNA-seq and perform expression-based
annotation of variants to identify positions with similar read
counts but markedly different expression levels across tissues
such as brain cortex and liver. For haploinsufficient disease
genes in the gnomAD database, the expression-based variant
annotation reduced annotation error by 22.8% while
retaining most (>96%) of the high-confidence pathogenic
variants.45 Further, by systematically analysing aberrant gene
expression and slicing events in 182 previously undiagnosed
individuals, Murdock et al.46 found that the transcriptome-
guided approach helped diagnose cases with rare Mendelian
conditions (e.g., NSD2-and CLTC-related intellectual dis-
ability) that were unresolved by routine genetic tests based
on WES or chromosomal microarrays. In a recent case study
of lissencephaly, Qashqari et al.47 also demonstrated that
RNA-seq was useful in clinical settings where standard DNA
tests could not reach conclusive diagnosis. Still in its infancy,
the clinical application of RNA-seq is already showing
promising potential in streamlining variant detection via
WGS-based DNA tests and improving variant interpretation
and prioritisation (especially non-coding variants), which in
turn yielded functional evidence to facilitate genetic di-
agnosis for diseases including hypomyelinating leukodys-
trophy and severe Leighs syndrome.48 As the knowledge
base for SVs in human diseases continues to grow, in-
tegration of RNA-seq and WGS in future population-scale
SV studies may provide new insights to further enhance
genetic diagnosis of SV-related diseases.

Towards Wider Implementation of
Whole-Genome Sequencing
Factors Limiting Wide-Spread WGS Integration
in Clinical Neurology
Despite its significant diagnostic power, a genetic test in-
volving WGS still has limited applications in routine clinical
care. At this stage, the utility of offering WGS-based tests
remains bounded by the significant knowledge gaps in
disease-causing genes and variants to be tested for most
neurologic conditions. That is, we cannot realise the full po-
tential of WGS technologies in clinical practice until we de-
velop a better understanding of the genetic architecture of
neurologic diseases. A scattergun approach to applying WGS
technologies will no doubt generate a vast quantity of data,
but without the ability to analyze and interpret the outputs
WGS may only complicates diagnostic processes. A potential
solution to this issue is the emerging approach of combining
RNA-seq with WGS as discussed. Furthermore, there is a gap
in preparing frontline clinicians to support the implementa-
tion of WGS in routine clinical care.49 Offering WGS-based
clinical tests will create a huge extra burden in understanding
the output from WGS testing, along with the considerable
time and financial burden of analysing and interpreting high-
volumeWGS outputs. Clearly, forWGS to be implemented as
a useful diagnostic tool, a close relationship between clini-
cians, clinical geneticists, and computational biologists needs
to be developed. At the same time, standardised pipelines to
generate, analyze, and interpret test results are critical to a
wider implementation of WGS in health care.

Finally, the cost of undertaking WGS is only a small com-
ponent of the overall cost of implementing the test into
clinical practice, as it is a complex process starting from
analysis and interpretation of the outputs to implementation
of the findings, which requires a dedicated and coordinated
team approach. Further adding to the complexity of this
testing approach is that finding a deleterious variant or SV will
have significant implications not only to the person being
tested but to their family members. That said, the enhanced
ability to provide a formal diagnosis is an important first step
in formulating personalised treatment plans, while providing
significant closure for a family with an affected individual.

Current Efforts to Integrate Genome
Sequencing Into Health Care System
Reducing costs, in addition to advancements in WGS tech-
nologies, have enabled generation ofWGS data at the national
health system level. Through WGS of 660 individuals with
rare neurologic and developmental disorders, a UK Biobank
study50 provided a diagnostic report implicating likely path-
ogenic or pathogenic variants to 33% of the cases. The study
also identified known and novel mutational signatures (in-
cluding one deletion-inversion-duplication SV) in the expert-
curated list of 1,423 diagnostic-grade genes that have an
established causal role in neurologic and developmental dis-
orders. In addition, the higher number of genes (30 genes)
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required to cover 50% of the diagnostic reports for neurologic
and developmental disorders compared to other rare diseases
(ranged from 5 to 11 genes) further highlighted the com-
plexity of the genetic landscape in neurologic and neuro-
developmental disorders. As the results indicated, WGS had a
much wider coverage of genetic variants in the diagnostic-
grade genes than WES.50 More recently, a preprint by Hall-
dorsson et al.51 analyzed WGS data from a larger number of
individuals in the UK Biobank study (n = 150,119) identified
895,055 SVs and 2,536,688 STRs, some of which were highly
relevant for conditions affecting the brain such as epilepsy and
familial hemiplegic migraine. Another study in Swedish health
care setting52 also demonstrated the value of using WGS to
analyze more complex pathogenic variations such as CNVs
and balanced SVs in genetic tests. At later stages of the study,
the addition of screening for STRs and genome-wide CNV
analysis for relevant indications using WGS resulted in a 7.5%
increased diagnostic yield among 285 cases with rare diseases,
which included a range of developmental disorders, neuro-
degenerative, neuromuscular and ataxia diseases.

Ongoing international and collaborative efforts are being
made to integrate genomic technologies into health care,
including the China Precision Medicine Initiative, Geno-
mics England, the French Plan for Genomic Medicine
2025, Australian Genomics Health Alliance, the All of Us
research program in the United States, and the Global
Genomic Medicine Collaborative.53 Stark et al.53 recog-
nised 2 key priorities in breaking down existing barriers to
genomic implementation. First, there is a need for building
a robust evidence-base for clinical applications of genomic
technologies through evaluation of its long-term health and
health economic impact, which will facilitate the de-
velopment of standardised evaluation criteria specific to
diseases, funding contexts, and health care systems. To
explore WGS implementation in health care and to opti-
mise the implementation process (selecting patients,
obtaining consent, interpreting WGS test results and pro-
viding feedback), the 100,000 Genomes Project is a
population-scale research project in the UK that involved
WGS of more than 100,000 genomes from approximately
97,000 individuals and their families affected by rare dis-
eases or cancers.54 With far-reaching impact, the project to
date has yielded actionable findings for ;25% of rare dis-
ease patients, as well as identifying potential for a therapy
or a clinical trial in approximately 50% of cancer patients.

Next, there is also an increasing need to encourage genomic
data sharing and accelerate the development of new pop-
ulation genomic databases, specifically in secure data
storage and transfer. For both the rigor as well as ease of
interpretation and clinical use, it is critical for computa-
tional biologists to develop standardised data inputs and
outputs in easy-to-understand and interpret formats. To
achieve these, there are many technical and regulatory
challenges at an international scale. The Global Alliance for
Genomics and Health (GA4GH) is an international not-

for-profit alliance that focuses its efforts on formulating
standardised strategies for secure storage and transfer of
genomic data, such as open-access toolkits for data security
as well as regulatory and ethical guidance. There are on-
going GA4GH initiatives to identify and address current
needs of international genomic communities and sub-
sequently guide framework development, which can in turn
promote more effective use of genomic data and motivate
international collaborations to accelerate progress in ge-
nomic research.

Ongoing WGS-Based Research and
Future Directions
Measuring Mutational Constraint to Improve
Variant Interpretation and Disease Diagnosis
Enhancing our ability to identify disease-associated genes and
improving disease variant interpretation are both crucial to
further improve genetic diagnostic yield. Disease gene dis-
covery can gain power from classifying genes by their toler-
ance to inactivation. Predicted loss-of-function (pLoF)
variants are variants that are predicted to render the corre-
sponding genes non-functional. To quantify the extent to
which natural selection removes pLoF variants from the
population, a constraint score can be calculated by obtaining
the ratio of observed pLoF variant counts and expected pLoF
variant counts based on DNAmutation rates. Despite current
limitations in deriving these metrics from SVs at WGS reso-
lution, Collins et al.5 found strong concordance between
depletion of rare pLoF SVs and the existing metrics derived
from single-nucleotide variants, indicating a similar pattern of
selection against highly pLoF SVs. These metrics for mea-
suring mutational constraint can be useful in improving var-
iant interpretation. For cases with intellectual disability or
other neurodevelopmental conditions, there is evidence of
higher rates of pLoF de novo variations in genes located
within the more constrained deciles of the genome compared
to controls, while similar pLoF enrichment patterns were also
observed in ASD.55 Compared to conventional methods such
as genetic linkage analysis, high-throughput sequencing
methods including WGS were better at identifying disease-
associated genes under extreme constraint against pLoF var-
iations.55 Consequently, the application of WGS will likely
increase the power to identify this form of disease-associated
genetic variation. Further, significant enrichment of pLoF
variants was observed in highly expressed exonic regions in
ASD, where the high-expressed pLoF variants had larger effect
sizes compared to the low-expressed variants.45 Through
RNA-seq integration, transcript-aware annotation of pLoF
variants was demonstrated to selectively remove annotation
errors by existing toolkits, while improving the interpretation
of the functional impacts posed by rare variants in disease
settings.45 Together, these findings suggest that imple-
mentation of transcript expression-aware pLoF annotation
could enhance rare disease diagnostic strategies. Overall, the
curation and characterisation of pLoF variants have been
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demonstrated to enhance disease variant discovery and in-
terpretation, with clinical relevance in improving rare variant
burden testing and disease diagnosis.

WGS-Based Research to Enhance Biomarker
Discovery and Therapeutic Development
With an incomplete picture of the genetic landscapes in
many neurologic diseases, there is a subsequent scarcity of
reliable disease biomarkers for these diseases. As discussed,
the incomplete knowledge of genetic variants in these dis-
eases also limits the wide-spread implementation of WGS in
clinical diagnosis and care. Consequently, this highlights the
need to address this knowledge gap and identify more robust
and easily assessable disease biomarkers, which could pro-
vide the basis for earlier disease detection in clinical settings,
as well as personalised medicine enabling the use of current
and future therapies with more precision. Human genetics
studies are increasingly used as a tool to aid biomarker dis-
covery, and given the advances in WGS technologies, re-
searchers are now much better equipped in the search
for new disease associated variants. For instance, Wilfert
et al.56 recently used WGS to study ultra-rare, likely gene-
disruptive variants in 3,474 ASD families. They found much
of the variant burden (95%) was outside of known risk genes
for ASD, and that children with these newly identified
rare mutational events were 2.7 times more likely to have
ASD. Incorporating methods such as transcript expression-
aware pLoF annotation, with larger and more comprehen-
sive WGS studies will likely uncover more candidate genes
conferring a greater proportion of unexplained disease risk,
as well as novel targets for existing and novel therapeutic
interventions.

Further, population-scale WGS could power investigations
of drug target evaluation and safety profiling. Minikel et al.57

utilised pLoF variants from sequencing data to quantify
constraint and found that on average, targets of approved
drugs were slightly more constrained compared to protein-
coding genes overall. Complementing preclinical studies
that involve animal knockout models, candidate pLoF var-
iants serve as natural in vivo models of human gene in-
activation and can thus be valuable in assessing the potential
toxicity of drugs under development. For example, LRRK2
inhibition had been suggested as a promising treatment
strategy for PD, though its long-term safety profile in hu-
mans remained unclear.58 To investigate potential toxicity
of LRRK2 inhibition in human, Whiffin et al.58 analyzed 3
large sequencing data sets (gnomAD, UK Biobank, and
23andMe) and identified high-confidence candidate LRRK2
pLoF variants in 1,455 individuals. Based on validated pLoF
variants, Whiffin et al.58 confirmed reduction of the LRRK2
protein levels in 82.5% of the cohort, but this was not
strongly associated with any disease state or specific health-
related phenotype. Consequently, ongoing research in
identifying and interpreting pLoF variants (including SVs)
from large sequencing cohorts could provide a roadmap for
future studies of natural human knockout models and

facilitate evaluation of druggable targets during early stages
of the therapeutic development process.

Soon, WGS-enhanced tests will likely enable appropriate ge-
netic counselling, preimplantation diagnostics, and initiation
of established treatments at an earlier time point. They may
also provide points of intervention for personalised genetic
medicine where specific treatments aimed at correcting or
mitigating the effects of a genetic variant could be developed
and applied at the individual level. These clinical benefits were
recently showcased by Zou et al.59 in a study of 320 Chinese
children with epilepsy, where genome sequencing tests had a
75.0% yield in those with earlier seizure onset and the iden-
tified genetic causes for 42 cases (13.1%) were treatable using
targeted therapies.

Conclusion
Driven by WGS-based research in neurologic and neuro-
developmental disorders, current understanding of disease-
causing mutations is rapidly evolving. Emerging but not yet
conclusive evidence suggests a critical role of SVs as signif-
icant contributors to the global neurologic disease burden,
with particular emphasis on ASD, intellectual disability, ep-
ilepsy, AD, MS, and PD. WGS technologies are on the cusp
of becoming mainstream diagnostic tools in neurologic
practice, with increasing clinical relevance in improving di-
agnostic power and evaluating genes as potential therapeutic
targets. As a result, wider implementation of WGS in health
care will likely hold the key to higher diagnostic yields, novel
therapeutic targets, and cost-effective preventive measures.
Complementing the DNA sequencing technologies, a
transcriptome-guided approach involving RNA-seq has
emerged as a useful strategy to help realise the full potential
of genomic medicine.
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