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Abstract

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a
cerebral small vessel disease caused by mutations in the NOTCH3 gene. Our laboratory has been undertaking
genetic diagnostic testing for CADASIL since 1997. Work originally utilised Sanger sequencing methods targeting
specific NOTCH3 exons. More recently, next-generation sequencing (NGS)-based technologies such as a targeted
gene panel and whole exome sequencing (WES) have been used for improved genetic diagnostic testing. In this
study, data from 680 patient samples was analysed for 764 tests utilising 3 different sequencing technologies. Sanger
sequencing was performed for 407 tests, a targeted NGS gene panel which includes NOTCH3 exonic regions accounted
for 354 tests, and WES with targeted analysis was performed for 3 tests. In total, 14.7% of patient samples (n= 100/680)
were determined to have a mutation. Testing efficacy varied by method, with 10.8% (n = 44/407) of tests using Sanger
sequencing able to identify mutations, with 15.8% (n = 56/354) of tests performed using the NGS custom panel
successfully identifying mutations and a likely non-NOTCH3 pathogenic variant (n = 1/3) identified through WES. Further
analysis was then performed through stratification of the number of mutations detected at our facility based on the
number of exons, level of pathogenicity and the classification of mutations as known or novel. A systematic review of
NOTCH3 mutation testing data from 1997 to 2017 determined the diagnostic rate of pathogenic findings and found the
NGS-customised panel increases our ability to identify disease-causing mutations in NOTCH3.
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Background
NOTCH3 (Notch homologue 3) encodes a large single-pass
transmembrane receptor that transduces signals between
cells [1]. It is highly conserved and critical for cell fate de-
termination in embryonic development, the differentiation
and maturation of functional arteries, and the biological
processes of tissue injury and repair [1–3]. The expression
of NOTCH3 is ubiquitous in adults; however, due to muta-
tions associated with cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencephalopathy
(CADASIL), some studies suggest that NOTCH3 also plays
a role in maintaining vascular homeostasis [1].
CADASIL is a cerebral small vessel disease affecting

the vascular smooth muscle cells (VSCMs) and charac-
terised by NOTCH3 mutations and/or the presence of
granular osmiophilic material (GOM) [4]. The clinical

signs and symptoms for CADASIL include recurrent
subcortical ischaemic events; cognitive impairment in-
cluding dementia, migraine, motor disabilities such as
gait disturbances, urinary incontinence and pseudobul-
bar palsy, encephalopathy, mood disturbances such as
apathy or severe depression; and less commonly seen
neurological manifestations such as seizures [5–7].
NOTCH3 encodes one of four NOTCH proteins in

mammals and is a core component in Notch signalling,
which is considered one of the ‘elite’ signalling pathways
due to its high conservation across species [8]. The
NOTCH3 protein is comprised of distinct structural do-
mains; the extracellular domain (ECD), transmembrane
domain and intracellular domain (ICD). The ECD is
made up of the epidermal growth factor-like repeats
(EGFRs) and LIN12/Notch repeats (LNR), whilst the
ICD is made up of the recombining binding protein
Janus kinase (RBPJK)-associated module (RAM) domain,
ankyrin repeats, nuclear localization signals and a C-
terminal PEST (proline, glutamate, serine, threonine)
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sequence [9]. Each domain has an integral role in Notch
signalling including interaction with the EGFRs through
ligand binding; the RAM domain physically interacts
with an effector protein (e.g. RBPJ or CBF1); the ankyrin
repeats mediate different protein-protein interactions,
and the PEST domain promotes the degradation of the
intracellular domain [10].
In NOTCH3 signalling, the ECD of the Notch protein

(NECD) binds to a ligand and undergoes a conform-
ational change which exposes a cleavage site for the
metalloprotease ADAM17. This change initiates the S-2
cleavage event, through ADAM17, which liberates the
ECD from the cell surface [2]. In healthy individuals
with no pathogenic NOTCH3 mutation, the ECD-ligand
complex is then removed from the extracellular matrix
(ECM) through endocytosis from the ligand-presenting
cell, whilst in CADASIL patients, this complex aggre-
gates with other ECM proteins and forms the GOM [2].
Activation of the Notch receptor occurs through an S-3
cleavage event caused by a gamma secretase (e.g. prese-
nilin), which liberates the Notch intracellular domain
(NICD) from the cell wall [11]. The NICD either translo-
cates to the nucleus by binding with members of the co-
activator complex (e.g. RBP/JK) or interacts with mem-
bers of other signalling pathways [11, 12].
The result of NOTCH3 mutations on disease causation is

generally due to the location and type of mutation within
the gene. CADASIL patients have well-characterised
cysteine-altering missense mutations within exons 2–24,
which result in the gain or loss of a cysteine residue in 1 of
the 34 EGFRs [4, 13–15]. In comparison, truncating
NOTCH3 mutations within exon 33 (often deletions of
stop-loss mutations) which disrupts the NOTCH3 PEST
domain are also known to cause lateral meningocele syn-
drome (LMS) MIM#130720 [16, 17]. The disruption of the
PEST domain presumably results in an increased half-life
of the NICD and, as a result, prolonged NOTCH signalling
[17]. Interestingly, this does not seem to be the case in
CADASIL as NOTCH3 signalling does not seem to be im-
paired, despite causative mutations being primarily found
in the ECD of the protein [18, 19]. There are also several
pathological hallmarks of CADASIL which include pro-
found demyelination and axonal damage, as well as arterio-
pathy caused by degeneration of vascular smooth muscle
cells (VSMCs) in the brain and peripheral organs [20–22].
Damage to VSMCs is also thought to cause progressive
thickening of the arteriole walls, fibrosis and luminal nar-
rowing in the medium and small arteries eventually result-
ing in lacunar infarcts [23, 24].
Originally, CADASIL was diagnosed by the presence of

granular osmiophilic material (GOM), which contains the
ectodomain of the NOTCH3 protein, identifiable in the
walls of small arteries via examination of tissue biopsy
using electron or light microscopy [4, 25]. However,

sequencing of NOTCH3 is now used as a diagnostic tool
with studies finding congruence between NOTCH3 muta-
tions and GOM in the diagnosis of CADASIL [26, 27].
Where patients have no known identifiable NOTCH3 mu-
tation, they can also be categorised as being CADASIL-
like and if a genetic cause is found could be re-classified
as a similar condition (e.g. HTRA1 mutations in cerebral
autosomal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy (CARASIL) or GLA mutations
in Fabry disease) [28, 29]. The Genomics Research Centre
(GRC) currently undertakes diagnostic testing for familial
hemiplegic migraine, epilepsy, CADASIL, episodic ataxia
type 2 and spinocerebellar ataxia type 6, utilising Sanger
sequencing, as well as a next-generation sequencing
(NGS) 5-gene custom panel (CACNA1A, ATP1A2,
SCN1A, NOTCH3 and KCNK18). The GRC also under-
takes clinical whole exome sequencing (WES) to diagnose
conditions with similar phenotypes to those that can be
diagnosed using the NGS 5-gene panel [30]. The aim of
this study was to analyse the number and types of muta-
tions identified in CADASIL in referred patients across
the three different sequencing techniques.

Results
Sanger sequencing for NOTCH3 identified potential
causal mutations in 10.8% (n = 44/407) of tests per-
formed (Table 1). All potential disease-causing muta-
tions were identified to be heterozygous with mutations
located in exon 4 (n = 36), exon 3 (n = 3), exon 11 (n =
3), exon 18 (n = 1) and exon 19 (n = 1) (Fig. 1 and
Table 2). All mutations (n = 44) identified by Sanger se-
quencing in our cohort had previously been reported in
the literature, HGMD or dbSNP (Table 2). Interestingly,
three samples with Cys-sparing mutations have all been
previously identified in CADASIL patients in HGMD
and dbSNP (Table 1).
The NGS 5-gene custom panel identified mutations in

15.8% (n = 56/354) of patients screened for CADASIL
across NOTCH3 (n = 53/56), CACNA1A (n = 2/56) and
ATP1A2 (n = 1/56). This included 52 samples which had
previously been tested by Sanger sequencing and where
no causative mutations had been identified. The in-
creased diagnostic rate in the samples was also identified
to be statistically significant (p value = 0.027) by a direc-
tion χ2 analysis based on the hypothesis that the NGS 5-
gene panel diagnostic rate will be greater than the
Sanger sequencing diagnostic rate. Variants in exons 2–
24 of NOTCH3 accounted for 92.45% (n = 49/53) of
NOTCH3 mutations that have been reported in patients
(Table 3). The remaining 3 NOTCH3 variants were iden-
tified in exon 25 (p.Leu1518Met) and exon 33
(p.Glu2268Lys) and a deletion in intron 1 (part of the 5′
UTR sequenced from the panel). As the missense muta-
tion in exon 33 does not result in a truncated protein
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that would disrupt the PEST region and the patient was
not identified to have an LMS phenotype, it was consid-
ered unlikely that this variant is causative of LMS. In
addition, 3 heterozygous missense mutations in other
genes within the panel were identified (CACNA1A—
p.Asp1723Asn and p.Ala987Ser; ATP1A2—p.Glu219Gln)
suggesting that these patients have familial hemiplegic
migraine (FHM) which has symptomatic features which
overlap with CADASIL. Our analysis identified known
HGMD disease-causing mutations in (n = 38/56) of tests
(Table 3). NOTCH3 Cys-sparing mutations accounted
for 11.1% (n = 5) of mutations identified, all within exons
2–24 (Tables 1 and 3). In addition, there were 3 com-
monly identified amino acid changing mutations which

accounted for n = 35/100 total variants (Table 1), includ-
ing Arg141Cys, Arg153Cys and Arg182Cys, which were
identified in 16, 9 and 10 cases, respectively (Tables 2
and 3). All samples with the same mutation were
followed-up to check for related family members; how-
ever, there was no definitive evidence to suggest a rela-
tionship based on the clinical information received upon
genetic testing request. However, due to the high num-
ber of samples with the same mutation, it is likely given
the rare nature of CADASIL that there may be some fa-
milial relationship.
This work also yielded five previously unreported

NOTCH3 variants (Table 4) identified through either the
NGS 5-gene panel or by Sanger sequencing. n = 3/5

Table 1 The number of potential causal mutations identified by the two different sequencing techniques and stratified according to
gender (M, male; F, female). *There is an overlap of samples completing multiple sequencing when there has been no mutation
identified via the previous sequencing technique which shows an improved diagnostic rate using the GRC NGS 5-gene panel
compared to targeted exon Sanger sequencing

Sequencing
technique

Sample number
tested

Gender and age of
testing, ± SD

Mutations
identified

Number. of Cys-
sparing mutations

Number of pathogenic
(HGMD/ClinVar)

Number of
unreported
mutations

Sanger M = 139 M = 49.77 ± 13.55 M = 16 (11.5%) M = 1 (6.3%) M = 16 (100%) M = 0 (0%)

F = 268 F = 50.91 ± 14.12 F = 28 (10.4%) F = 2 (7.1%) F = 27 (96.4%) F = 1 (3.6%)

M + F = 407 M + F = 50.52 ± 13.94 M + F = 44 (10.6%) M + F = 3 (6.8%) M + F = 43 (97.7%) M + F = 1 (2.3%)

GRC NGS 5-gene
custom panel

M = 133 M = 51.60 ± 13.90 M = 25 (18.8%) M = 9 (36.0%) M = 15 (60.0%) M = 14 (56%)

F = 221 F = 51.01 ± 14.70 F = 31 (14.0%) F = 12 (38.7%) F = 23 (74.2%) F = 8 (25.8%)

M + F = 354 M + F = 51.39 ± 14.41 M + F = 56 (15.8%) M + F = 21 (37.5%) M + F = 38 (67.9%) M + F = 18 (32.1%)

Total* M = 244 M = 51.04 ± 13.84 M = 41 (16.8%) M = 10 (24.4%) M = 31 (75.6%) M = 14 (56%)

F = 436 F = 51.98 ± 14.29 F = 59 (13.5%) F = 14 (23.7%) F = 50 (84.7%) F = 8 (25.8%)

M + F = 680 M + F = 51.64 ± 14.14 M + F = 100 (14.7%) M + F = 24 (24%) M + F = 81 (81.0%) M + F = 19 (19.0%)

Fig. 1 Bar graph stratifies the number of mutations identified in the NOTCH3 exons and introns, CACNA1A and ATP1A2 from using Sanger
sequencing (orange bars), the NGS 5-gene panel (blue) and the mutation identified in COL4A1 by whole exome sequencing (WES) in black
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variants were Cys-altering and located between exons 2
and 24 whilst the other n = 2/5 variants identified were
Cys-sparing (CAD-390 Thr514Met and CAD-640
Pro857Leu) also located within exons 2–24. In silico
tools for determining pathogenicity, MutationTaster,
PredictSNP2, CADD, DANN, FATHMM, FunSeq2 and
GWAVA, identified multiple lines of computational evi-
dence which support a deleterious effect on the gene/
gene product, whilst n = 3/5 variants had only one line
of computational evidence which suggested a neutral or
non-deleterious effect (CAD-390, CADD; CAD-630,
FATHMM; CAD-640, GWAVA). Multiple samples also
had an unknown effect for pathogenicity measured by
GWAVA (CAD-390, CAD-528 and CAD-535).
In the study data set, there were three samples which

were previously tested using the NGS 5-gene panel that
had WES only completed with targeted analysis on
NOTCH3 as well as COL4A1 and other specified genes.
All samples had previously been tested using the NGS
gene panel, and no potential causative mutation had
been identified. Of these, one sample was identified to
have a variant of unknown significance in COL4A1
(p.Gly1198Arg) which was predicted to be pathogenic by
in silico tools such as SIFT, PolyPhen and MutationTa-
ster. There were no other clinically significant variants
identified in other genes requested for analysis known to
cause related CSVDs including HTRA1, HTRA4,
COL4A1, COL4A2, ARX, TREX, GLA and NOTCH3 in
CAD-661, and NOTCH3, APP, COL4A1, COL4A2,
TREX1, ARX, HTRA1, HTRA2, GLA or ITM2B in CAD-
637. NOTCH3 was analysed for all three samples by
WES and found to confirm 100% concordance with the
NGS gene panel results for variants identified.

Discussion
Sequencing of NOTCH3 is a critical component in the
diagnosis of CADASIL. Initial diagnostic testing for
NOTCH3 mutations was influenced by research con-
ducted by Joutel et al. [31] and subsequent supporting
literature which identified mutations clustering within
exons 3 and 4 of the gene [15, 32]. It is partially due to
this that there remains a bias in mutations detected via
Sanger sequencing in exon 4 due to the initial primary
sequencing of NOTCH3 being limited to exons 3 and 4.
The GRC NGS 5-gene custom panel data also supports
the clustering of mutations in exon 4; however, there is
a greater spread of mutations across all NOTCH3 exons,
with most of the identified mutations found within
exons 2–24 [33].
The development and design of the NGS 5-gene panel

in 2012 was completed as it allowed for a cost- and time-
effective approach to identify mutations in any of the 33
NOTCH3 exons as opposed to individual exons sequenced
at an increased cost if no mutation is initially identified
[30, 34]. The ability of the custom panel to sequence all
exons and flanking untranslated regions has led to an in-
creased diagnostic rate, from 10.6 to 15.8% (p value =
0.027) (Table 1) and can include identifying previously un-
reported variants (Table 4). Whilst the majority of muta-
tions identified through the gene panel were Cys-changing
and located between exons 2 and 24, a number of variants
were identified which do not disrupt the cysteine residues
in EGFR. Cys-sparing mutations are contradictory to the
hypothesis that Cys-changing mutations in NOTCH3 are
responsible for the disease mechanism in CADASIL; how-
ever, multiple case studies have identified Cys-sparing mu-
tations in NOTCH3 (p.R61W, p.R75P, p.R213K, p.A1020P

Table 2 Potential disease causing variants identified by Sanger sequencing stratified according to exon number and the number of
samples with that variant

Mutation No. of samples Exon Cysteine altering rs number Previously identified

p.Arg110Cys 2 3 Y – HGMD CM971056

p.Arg110Tyr 1 3 N – HGMD CM971056

p.Arg141Cys 14 4 Y – HGMD CM971058

p.Arg153Cys 6 4 Y rs797045014 HGMD CM971060

p.Arg169Cys 1 4 Y rs28933696 HGMD CM961043

p.Arg182Cys 8 4 Y rs28933697 HGMD CM961044

p.Cys144Phe 3 4 Y – HGMD CM001266/HGMD CM001267/HGMD CM003947

p.Cys174Arg 2 4 Y – HGMD CM033795

p.His170Arg 2 4 N rs147373451 HGMD CM107598

p.Arg544Cys 1 11 Y rs201118034 HGMD CM994179

p.Arg607Cys 1 11 Y – HGMD CM003019

p.Cys579Arg 1 11 Y – HGMD CM121680

p.Cys573Gly 1 18 Y – HGMD HM050017

p.Arg1031Cys 1 19 Y – HGMD CM971070
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Table 3 Mutations identified in the GRC Custom 5-gene panel stratified according to the exon, number of samples and, in some
cases, the different genes (NOTCH3, CACNA1A and ATP1A2)

Mutation No. of samples Cysteine altering Exon/intron Between exons 2 and 24 rs number HGMD disease causing

p.Arg54Cys 2 Y 2 Y – HGMD CM003012

p.Asp45His 1 N 2 Y rs142031490 –

p.Gly53Ser 1 N 2 Y – HGMD CM106869

p.Arg113Ter 1 N 3 Y – –

p.Arg90Cys 1 Y 3 Y – HGMD CM971055

p.Arg133Cys 1 Y 4 Y rs137852642 HGMD CM971057

p.Arg141Cys 2 Y 4 Y – HGMD CM971058

p.Arg153Cys 3 Y 4 Y – HGMD CM971060

p.Arg169Cys 1 Y 4 Y rs28933696 HGMD CM961043

p.Arg182Cys 2 Y 4 Y rs28933697 HGMD CM961044

p.Asp139Val 1 N 4 Y rs766608781 –

p.Cys183Arg 1 Y 4 Y – HGMD CM001270

p.Cys224Tyr 1 Y 4 Y – HGMD CM971065

p.Asp239Asn 1 N 5 Y – –

p.Cys233Tyr 1 Y 5 Y – HGMD CM052273

p.Cys260Arg 2 Y 5 Y – HGMD CM095351

p.Arg332Cys 1 Y 6 Y rs137852641 HGMD CM014070

p.Cys271Tyr 1 Y 6 Y – HGMD CM060011

p.Cys291Ser 1 Y 6 Y – –

p.Cys318Phe 1 Y 6 Y – –

p.Ser299Arg 1 N 6 Y – –

p.Arg449Cys 1 Y 8 Y – HGMD CM023659

p.Cys473Leu 1 Y 9 Y – –

p.Gly490Ala 1 N 9 Y rs374248747 –

p.Tyr465Cys 1 Y 9 Y – HGMD CM035647

p.Thr514Met 1 N 10 Y – –

p.Arg544Cys 1 Y 11 Y rs201118034 HGMD CM994179

p.Arg587Cys;Arg587Cys 1 Y 11 Y – HGMD CM061879

p.Arg607His 1 N 11 Y rs747661515 HGMD CM003019

p.Asp547Gly 1 N 11 Y – –

p.Cys597Trp 1 Y 11 Y – –

p.Arg640Cys 1 Y 12 Y – HGMD CM125168

p.Arg640Cys 1 Y 12 Y – HGMD CM125168

p.Val644Asp 1 N 12 Y rs148046938 –

p.Pro857Leu 1 N 17 Y – –

p.Cys977Gly 1 Y 18 Y – HGMD CM050017

p.Arg1006Cys 1 Y 19 Y – HGMD CM971069

p.Arg1100Leu 1 N 20 Y – –

p.Tyr1106Cys 1 Y 20 Y – –

p.Cys1119Tyr 1 Y 21 Y – –

p.Arg1231Cys 1 Y 22 Y rs201680145 HGMD CM971071

p.Arg587Ser 1 N 22 Y – HGMD CM061879

p.Leu1518Met 1 N 25 N rs148166997 HGMD CM119551
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and p.T1098S) as a cause of CADASIL [35–40]. Other
studies have also identified mutations located outside the
EGFRs implicated as the cause for CADASIL and white
matter disease, suggesting that there are other mecha-
nisms which contribute or cause the CADASIL phenotype
[41, 42]. The increase in mutations that do not affect Cyst-
eine residues or the EGFRs are reflected in updated pro-
posed guidelines for CADASIL diagnosis which suggest
that non-Cysteine-altering mutations should also be inves-
tigated carefully [43, 44].
Variants identified in other genes in the panel (Table 3)

were due to clinical requesting for further analysis on pa-
tients with no identifiable NOTCH3 mutation. This was
seen with mutations identified in CACNA1A, ATP1A2
and COL4A1. Mutations in CACNA1A are known to
cause familial hemiplegic migraine type 1 (FHM1) and
episodic ataxia type 2 (EA2). The clinical signs of FHM1
overlap significantly with CADASIL, with migraine re-
ported in ~ 20–35% of CADASIL patients and some
motor effects may resemble stroke effects [45, 46]. Due to
a lack of prior clinical information, we cannot exclude
other aetiologies for the ischaemic events, e.g. if they are
due to environmental or lifestyle stresses, vasoconstrictive
drugs used as a prior treatment or if another gene muta-
tion not tested is the cause [45, 47, 48]. Another heterozy-
gous gene mutation was identified in ATP1A2 in CAD-
400 that is known to cause familial hemiplegic migraine
type 2 (FHM2) (MIM#602481). A meta-analysis com-
pleted by Cole and Kittner [49] found an association of
greater risk for ischaemic stroke in migraine sufferers.

Studies by Harriott et al. [50] failed to reproduce results
when investigating ATP1A2 polymorphisms and stroke
risk; however, they did concede that the data from the
study is hypothesis-generating and further studies may be
useful.
WES identified a heterozygous mutation in COL4A1,

which is known to cause a cerebral small vessel disease
(SVD) with symptoms including transient ischaemic at-
tacks, adult-onset haemorrhagic stroke, periventricular
brain abnormalities, white matter hyperintensities and leu-
koencephalopathy (including cerebellar hypoplasia, cere-
bral atrophy and vascular changes) [51–53]. Choi [54]
highlighted phenotypic similarities between COL4A1 SVD
and NOTCH3 mutations in CADASIL, showing that both
conditions cause lacunar infarcts, cognitive deficits, intra-
cerebral haemorrhage and migraine. The main patho-
logical finding difference involves a defect in the basement
membrane as opposed to the GOM found in the arteriole
walls, which is difficult to determine unless a tissue biopsy
is performed [4, 54].
Despite the limited number of samples assessed in this

study, we already have evidence that the use of WES can
expand our capabilities to identify genetic causes of cere-
bral small vessel disease when CADASIL mutation test-
ing is negative. We are also confident that this work is
able to identify variants consistently across the different
sequencing technologies as stringent validation of this
work has been completed for accreditation for diagnostic
testing through the National Association for Testing Au-
thorities (NATA), Australia, and through previous work

Table 3 Mutations identified in the GRC Custom 5-gene panel stratified according to the exon, number of samples and, in some
cases, the different genes (NOTCH3, CACNA1A and ATP1A2) (Continued)

Mutation No. of samples Cysteine altering Exon/intron Between exons 2 and 24 rs number HGMD disease causing

p.Glu2268Lys 1 N 33 N – –

p.Pro2178Ser 1 N 33 N – –

chr19:15311579_15311580delinsTA 1 N Intron 1 N – –

p.Ala987Ser (CACNA1A) 1 – – – – –

p.Asp1723Asn (CACNA1A) 1 – – – rs368257155 –

p.Glu219Gln (ATP1A2) 1 – – – – –

Table 4 Novel variants identified via Sanger sequencing and the GRC 5-gene panel with in silico predictive scores of pathogenicity
including MutationTaster, PredictSNP2, CADD, DANN, FATHMM, FunSeq2 and GWAVA

SAMPLE Mutation Cysteine
altering

Exon Between exons
2 and 24

MutationTaster PredictSNP2
(%)

CADD
(%)

DANN
(%)

FATHMM
(%)

FunSeq2
(%)

GWAVA
(%)

CAD-390 Thr514Met N 10 Y Disease causing 87 65 (N) 73 56 62 ?

CAD-528 Cys291Ser Y 6 Y Disease causing 87 84 60 83 62 ?

CAD-535 Cys318Phe Y 6 Y Disease causing 87 84 60 82 62 ?

CAD-630 Cys473Leu Y 9 Y Disease causing 82 84 77 63 (N) 62 51

CAD-640 Pro857Leu N 17 Y Disease causing 87 80 77 72 62 53 (N)

The percentage indicates how confident the tool is for determining a deleterious, neutral (N) or unknown (?) variant effect. Percentages listed with “(N)” indicated
the percentage of confidence in calling a benign or non-damaging variants based off the in silico tool used. “?” indicates that the in silico tool could not
determine whether the variant would be pathogenic or damaging
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completed by Maksemous et al. [30]. However, one of the
limitations in using WES for CADASIL-related conditions
is the reliance on the clinician to request the genes for
analysis and the potential non-specific symptoms of pa-
tients. It is important to identify the correct causative gen-
etic mutation in CADASIL and related conditions as
physicians need to be able to manage the symptoms of
these disorders. One example related to a major CADA-
SIL symptom is that migraine treatments should include
non-steroidal anti-inflammatories (NSAIDs) or analgesics,
whilst vasoconstrictors should be avoided due to an in-
creased risk of inducing an ischaemic event [6]. This high-
lights the need to have open communication between the
referring clinicians and the diagnostic testing facilities to
ensure gene lists are ready for use in cases where further
testing may be required as it can have direct treatment/
management ramifications for people affected. Further-
more, detailed phenotypic information is essential to aug-
ment the clinical and genetic testing information for
improved diagnosis and reporting.

Conclusions
The role of NOTCH3 testing in CADASIL diagnosis is
important, and with advances in sequencing technology
(from Sanger sequencing to NGS gene panels, WES and
whole genome sequencing), we can continue to improve
diagnostic success rates. However, the number of muta-
tions we are able to identify in patients which are
thought to be symptomatic is still quite low. This may
be related to limitations associated with the gene panel
caused by the small gap in coverage in exon 24 of
NOTCH3; however, this limitation is unlikely to have a
large impact as the coverage gap size and location are
not known hotspots for NOTCH3 mutations in CADA-
SIL. Other genetic mutations known to be associated
with similar clinically presenting diseases (FHM1 in
CACNA1A, FHM2 in ATP1A2, and mutations within
COL4A1 cause COL4A1-associated leukoencephalopa-
thy) have been identified through follow-up testing re-
quested by clinicians. This supports the premise that the
cause of the symptoms of CADASIL may be attributed
to other related neurological disorders with overlapping
symptoms. The development and implementation of the
GRC NGS 5-gene custom panel have shown complete
concordance with Sanger sequencing but extends our
capacity to detect mutations and resulted in an increased
diagnostic rate of 10.8 to ~ 15.8%. Hence, NGS has in-
creased our capabilities to identify NOTCH3 mutations
causative of CADASIL, although the increased variety
and relatively low diagnostic yield highlight that there
may be other genes or mechanisms which contribute to
or cause CADASIL. Future WES and whole genome se-
quencing may play an important role in identifying other
genes implicated in this disorder.

Materials and methods
Patients were originally referred to the Genomics Re-
search Centre NATA (National Association of Testing
Authorities, Australia)-accredited diagnostic laboratory
by physicians in Australia and New Zealand. Ethical ap-
proval for these studies is through QUT HREC (Ap-
proval Number 1400000748). Patient results were
selected from internal de-identified records from January
1, 1997, to December 31, 2017, and were based on refer-
rals for CADASIL or CADASIL-like symptoms and spe-
cific NOTCH3 testing. The results were excluded if the
samples were identified to have also been sent for testing
for familial hemiplegic migraine or if they were family
members of previously investigated probands, investi-
gated or used for confirmatory testing based on previous
genetic testing for CADASIL. The results were stratified
through the identification, exon location and mutation
type within NOTCH3.
Requested CADASIL/NOTCH3 patients (n = 407)

underwent initial Sanger sequencing on exons 3 and 4,
unless another exon or an extended NOTCH3 analysis
(sequencing of exons 2, 11, 18 and 19) was subsequently
requested. All exons were initially selected for analysis
and were based on mutational hotspots identified in
NOTCH3 by Joutel et al. and Peters et al. [15, 27, 32].
The primer sets were designed to encompass some of
the entire exon examined, as well as surrounding in-
tronic material, spanning in size from 193 bp for exon 2,
296 bp for exon 3, 488 bp for exon 4, 367 bp for exon 11,
258 bp for exon 18 and 350 bp for exon 19. The methods
used for NOTCH3 Sanger sequencing has been previ-
ously described by Roy et al. [55]. Genomic DNA was
extracted from peripheral blood lymphocytes using the
QIAGEN QIAcube™ (Venlo, Netherlands). Samples were
originally sequenced using Sanger et al. [56] dideoxy
methods using the ThermoFisher BigDye™ Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific,
Scoresby, Victoria, Australia) and were analysed follow-
ing separation on an Applied Biosystems™ 310, 3130 or
3500 Series Genetic Analyzer (Thermo Fisher Scientific,
Scoresby, Victoria, Australia) [55].
The NGS panel sequencing was designed by Maksemous

et al. [30] and provides sequencing information on 92.79%
(8071 bp) of NOTCH3 including the 3′ and 5′ untranslated
regions (UTRs). The missing region includes 175 bp in
exon 1 (hg 19, chr19:15311617-15311792) and a 407-bp re-
gion in exon 24 (hg19, chr19:15288427-15288834). Library
preparation was performed using the Ion AmpliSeq library
kit 2.0 (Thermo Fisher Scientific, Scoresby, Victoria,
Australia) according to the standard protocol (Cat. no.
4480441, Rev. 4.0) with template preparation performed on
the Ion PGM OT2 200 Template Kit (Thermo Fisher Sci-
entific, Scoresby, Victoria, Australia), according to the man-
ufacturers’ instructions (part no. 4480974 Rev. 4.0) [30].
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Sequencing was performed on the Ion Torrent Personal
Genome Machine (PGM) system using Ion Sequencing 200
Kit V2 and an Ion 316 Chip (Thermo Fisher Scientific,
Scoresby, Victoria, Australia) according to the manufac-
turers’ procedures (Cat. no.4482006 Rev.1.0) [30]. Pearson’s
chi-square test was also completed based on the hypothesis
that there is a greater percentage of mutations identified by
the NGS panel compared to Sanger sequencing.
Whole exome sequencing (WES) was performed using

Ion AmpliSeq™ Exome Library Kit Plus (Carlsbad, CA,
USA) according to the manufacturers’ instructions
(MAN0010084). Template preparation, enrichment and
chip loading were performed using the Ion PI™ Hi-Q™
Chef Kit (Catalogue number A27198) on the Applied
Biosystems Ion Chef (Carlsbad, CA, USA). Sequencing
was undertaken on the Ion Proton™ platform (Carlsbad,
CA, USA). Only requested genes by physicians were ana-
lysed in the WES data, and these included amyloid beta
precursor protein (APP), aristaless-related homeobox
(ARX), collagen type IV alpha 1 chain (COL4A1), colla-
gen type IV alpha 2 chain (COL4A2), high-temperature
requirement A serine peptidase 1 (HTRA1), high-
temperature requirement A serine peptidase 2 (HTRA2),
high-temperature requirement A serine peptidase 4
(HTRA4), three prime repair exonuclease 1 (TREX1), ga-
lactosidase alpha (GLA), NOTCH3 and integral mem-
brane protein 2B (ITM2B) although not all of these
genes were investigated in each patient sample.
Variant annotation for the NGS techniques was based on

the use of population databases and in silico prediction tools
for determining pathogenicity. Population databases used for
analysis include 1000 Genomes (1000G), exome aggregation
consortium database (ExAC) http://exac.broadinstitute.org
and genome aggregation database (GnomAD) http://gno-
mad.broadinstitute.org/. In silico prediction tools used in-
cluded SIFT (score < 0.05), PolyPhen (score > 0.8),
MutationTaster and PredictSNP2 (which also includes
CADD, DANN, FATHMM, FunSeq2 and GWAVA [41,
57–59]. Other databases for investigating variant effects in-
cluded dbSNP https://www.ncbi.nlm.nih.gov/snp/, HGMD
http://www.hgmd.cf.ac.uk/ac/index.php and OMIM https://
www.omim.org/.

Abbreviations
CADASIL: Cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy; CARASIL: Cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephalopathy;
ECD: Extracellular domain; EGFR: Epidermal growth factor-like repeats;
FHM: Familial hemiplegic migraine; GOM: Granular osmiophilic material;
GRC: Genomics Research Centre; HGMD: Human Gene Mutation Database;
ICD: Intracellular domain; LMS: Lateral meningocele syndrome; LNR: LIN12/
Notch repeats; NATA: National Association of Testing Authorities, Australia;
NECD: Notch extracellular domain; NGS: Next-generation sequencing;
NSAIDs: Non-steroidal anti-inflammatories; PEST: Proline glutamate, serine,
threonine (amino acid) domain; RAM: RBPK-associated module;
RBPJK: Recombining binding protein Janus-kinase; UTR: Untranslated region;
VSMCs: Vascular smooth muscle cells; WES: Whole exome sequencing

Acknowledgements
The authors would like to acknowledge Associate Professor Rodney Lea for
their feedback on relevant statistical testing, as well as Mr. Omar Ibrahim and
Mr. Nicholas Harvey for the fruitful discussions and minor editing of the
manuscript.

Authors’ contributions
Conception and design of the manuscript were completed by PJD, HGS,
LMH and LRG. Analysis of the sequence data to identify mutations was
originally completed by NM and RAS. Investigation of the mutations to
identify and stratify mutations was completed by PJD. Writing and editing of
the manuscript were completed by PJD. Substantial editing was done by
NM, RAS, HGS, LMH and LRG. Finally, all authors read and approved the
submission of the manuscript to BMC Human Genomics.

Funding
Work completed for this manuscript is funded by the Australian National
Health and Medical Research Council (NHMRC) Dora Lush Biomedical
Sciences Postgraduate Scholarship which pays a stipend to PJD to complete
their research.

Availability of data and materials
All data relevant for this study is included within this manuscript; any further
information may be made available on request.

Ethics approval and consent to participate
Ethical approval for these studies is through Queensland University of
Technology (QUT) Human Research Ethics Committee HREC (Approval
Number 1400000748).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 14 October 2019 Accepted: 30 December 2019

References
1. Wang T, Baron M, Trump D. An overview of Notch3 function in vascular

smooth muscle cells. Prog Biophys Mol Biol. 2008;96(1–3):499–509.
2. Boucher J, Gridley T, Liaw L. Molecular pathways of Notch signaling in

vascular smooth muscle cells. Front Physiol. 2012;3:81.
3. Domenga V, Fardoux P, Lacombe P, Monet M, Maciazek J, Krebs LT, et al.

Notch3 is required for arterial identity and maturation of vascular smooth
muscle cells. Genes Dev. 2004;18(22):2730–5.

4. Joutel A, Andreux F, Gaulis S, Domenga V, Cecillon M, Battail N, et al. The
ectodomain of the Notch3 receptor accumulates within the
cerebrovasculature of CADASIL patients. J Clin Invest. 2000;105(5):597–605.

5. Chabriat H, Vahedi K, Iba-Zizen MT, Joutel A, Nibbio A, Nagy TG, et al.
Clinical spectrum of CADASIL: a study of 7 families. Cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
Lancet. 1995;346(8980):934–9.

6. Choudhary S, McLeod M, Torchia D, Romanelli P. Cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL). J Clin Aesthet Dermatol. 2013;6(3):29–33.

7. Di Donato I, Bianchi S, De Stefano N, Dichgans M, Dotti MT, Duering M, et al.
Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) as a model of small vessel disease: update on
clinical, diagnostic, and management aspects. BMC Med. 2017;15(1):41.

8. Andersson ER, Sandberg R, Lendahl U. Notch signaling: simplicity in design,
versatility in function. Development. 2011;138(17):3593.

9. Wu L, Griffin JD. Modulation of Notch signaling by mastermind-like (MAML)
transcriptional co-activators and their involvement in tumorigenesis. Semin
Cancer Biol. 2004;14(5):348–56.

10. Wu J, Bresnick EH. Bare rudiments of notch signaling: how receptor levels
are regulated. Trends Biochem Sci. 2007;32(10):477–85.

11. Bianchi S, Dotti MT, Federico A. Physiology and pathology of notch
signalling system. J Cell Physiol. 2006;207(2):300–8.

Dunn et al. Human Genomics            (2020) 14:2 Page 8 of 10

http://exac.broadinstitute.org
http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/snp/
http://www.hgmd.cf.ac.uk/ac/index.php
https://www.omim.org/
https://www.omim.org/


12. Baeten JT, Lilly B. Differential regulation of NOTCH2 and NOTCH3 contribute
to their unique functions in vascular smooth muscle cells. J Biol Chem.
2015;290(26):16226–37.

13. Rutten JW, Dauwerse HG, Gravesteijn G, van Belzen MJ, van der
Grond J, Polke JM, et al. Archetypal NOTCH3 mutations frequent in
public exome: implications for CADASIL. Ann Clin Transl Neurol. 2016;
3(11):844–53.

14. Oberstein SA, Ferrari MD, Bakker E, van Gestel J, Kneppers AL, Frants RR,
et al. Diagnostic Notch3 sequence analysis in CADASIL: three new
mutations in Dutch patients. Dutch CADASIL Research Group. Neurology.
1999;52(9):1913–5.

15. Joutel A, Vahedi K, Corpechot C, Troesch A, Chabriat H, Vayssiere C, et al.
Strong clustering and stereotyped nature of Notch3 mutations in CADASIL
patients. Lancet. 1997;350(9090):1511–5.

16. Martignetti JA, Tian L, Li D, Ramirez MC, Camacho-Vanegas O, Camacho SC,
et al. Mutations in PDGFRB cause autosomal-dominant infantile
myofibromatosis. Am J Hum Genet. 2013;92(6):1001–7.

17. Gripp KW, Robbins KM, Sobreira NL, Witmer PD, Bird LM, Avela K,
et al. Truncating mutations in the last exon of NOTCH3 cause lateral
meningocele syndrome. Am J Med Genet A. 2015;167A(2):271–81.

18. Haritunians T, Chow T, De Lange RP, Nichols JT, Ghavimi D, Dorrani
N, et al. Functional analysis of a recurrent missense mutation in
Notch3 in CADASIL. J Neurol Neurosurg Psychiatry. 2005;76(9):
1242–8.

19. Monet M, Domenga V, Lemaire B, Souilhol C, Langa F, Babinet C, et al. The
archetypal R90C CADASIL-NOTCH3 mutation retains NOTCH3 function
in vivo. Hum Mol Genet. 2007;16(8):982–92.

20. Viswanathan A, Gray F, Bousser MG, Baudrimont M, Chabriat H. Cortical
neuronal apoptosis in CADASIL. Stroke. 2006;37(11):2690–5.

21. Lesnik Oberstein SA, van den Boom R, van Buchem MA, van Houwelingen
HC, Bakker E, Vollebregt E, et al. Cerebral microbleeds in CADASIL.
Neurology. 2001;57(6):1066–70.

22. Ayata C. CADASIL: experimental insights from animal models. Stroke. 2010;
41(10 Suppl):S129–34.

23. Miao Q, Paloneva T, Tuominen S, Poyhonen M, Tuisku S, Viitanen M,
et al. Fibrosis and stenosis of the long penetrating cerebral arteries:
the cause of the white matter pathology in cerebral autosomal
dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. Brain Pathol. 2004;14(4):358–64.

24. Ruchoux MM, Chabriat H, Bousser MG, Baudrimont M, Tournier-
Lasserve E. Presence of ultrastructural arterial lesions in muscle and
skin vessels of patients with CADASIL. Stroke. 1994;25(11):2291–2.

25. Ishiko A, Shimizu A, Nagata E, Takahashi K, Tabira T, Suzuki N. Notch3
ectodomain is a major component of granular osmiophilic material (GOM)
in CADASIL. Acta Neuropathol. 2006;112(3):333–9.

26. Tikka S, Mykkanen K, Ruchoux MM, Bergholm R, Junna M, Poyhonen M,
et al. Congruence between NOTCH3 mutations and GOM in 131 CADASIL
patients. Brain. 2009;132(Pt 4):933–9.

27. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P, et al.
Notch3 mutations in CADASIL, a hereditary adult-onset condition causing
stroke and dementia. Nature. 1996;383(6602):707–10.

28. Tikka S, Baumann M, Siitonen M, Pasanen P, Poyhonen M, Myllykangas L,
et al. CADASIL and CARASIL. Brain Pathol. 2014;24(5):525–44.

29. Kilarski LL, Rutten-Jacobs LC, Bevan S, Baker R, Hassan A, Hughes
DA, et al. Prevalence of CADASIL and Fabry disease in a cohort of
MRI defined younger onset lacunar stroke. PLoS One. 2015;10(8):
e0136352.

30. Maksemous N, Smith RA, Haupt LM, Griffiths LR. Targeted next generation
sequencing identifies novel NOTCH3 gene mutations in CADASIL
diagnostics patients. Hum Genomics. 2016;10(1):38.

31. Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P,
et al. Notch3 mutations in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL), a mendelian condition causing stroke and vascular
dementia. Ann N Y Acad Sci. 1997;826:213–7.

32. Peters N, Opherk C, Bergmann T, Castro M, Herzog J, Dichgans M. Spectrum
of mutations in biopsy-proven CADASIL: implications for diagnostic
strategies. Arch Neurol. 2005;62(7):1091–4.

33. Dotti MT, Federico A, Mazzei R, Bianchi S, Scali O, Conforti FL, et al. The
spectrum of Notch3 mutations in 28 Italian CADASIL families. J Neurol
Neurosurg Psychiatry. 2005;76(5):736–8.

34. Frank M, Prenzler A, Eils R, von der Schulenburg JM G. Genome sequencing:
a systematic review of health economic evidence. Health Econ Rev. 2013;
3(1):29.

35. Muiño E, Gallego-Fabrega C, Cullell N, Carrera C, Torres N, Krupinski J, et al.
Systematic Review of Cysteine-Sparing NOTCH3 Missense Mutations in
Patients with Clinical Suspicion of CADASIL. Int J Mol Sci. 2017;18(9):1964.

36. Kim Y, Choi EJ, Choi CG, Kim G, Choi JH, Yoo HW, et al. Characteristics of
CADASIL in Korea: a novel cysteine-sparing Notch3 mutation. Neurology.
2006;66(10):1511–6.

37. Mizuno T, Muranishi M, Torugun T, Tango H, Nagakane Y, Kudeken T, et al.
Two Japanese CADASIL families exhibiting Notch3 mutation R75P not
involving cysteine residue. Intern Med. 2008;47(23):2067–72.

38. Wang Z, Yuan Y, Zhang W, Lv H, Hong D, Chen B, et al. NOTCH3 mutations
and clinical features in 33 mainland Chinese families with CADASIL. J Neurol
Neurosurg Psychiatry. 2011;82(5):534–9.

39. Santa Y, Uyama E, Chui DH, Arima M, Kotorii S, Takahashi K, et al. Genetic,
clinical and pathological studies of CADASIL in Japan: a partial contribution
of Notch3 mutations and implications of smooth muscle cell degeneration
for the pathogenesis. J Neurol Sci. 2003;212(1–2):79–84.

40. Scheid R, Heinritz W, Leyhe T, Thal DR, Schober R, Strenge S, et al. Cysteine-
sparing notch3 mutations: cadasil or cadasil variants? Neurology. 2008;
71(10):774–6.

41. Schmidt H, Zeginigg M, Wiltgen M, Freudenberger P, Petrovic K, Cavalieri M,
et al. Genetic variants of the NOTCH3 gene in the elderly and magnetic
resonance imaging correlates of age-related cerebral small vessel disease.
Brain. 2011;134(Pt 11):3384–97.

42. Fouillade C, Baron-Menguy C, Domenga-Denier V, Thibault C, Takamiya K,
Huganir R, et al. Transcriptome analysis for Notch3 target genes identifies
Grip2 as a novel regulator of myogenic response in the cerebrovasculature.
Arterioscler Thromb Vasc Biol. 2013;33(1):76–86.

43. Mizuta I, Watanabe-Hosomi A, Koizumi T, Mukai M, Hamano A, Tomii Y,
et al. New diagnostic criteria for cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukocencephalopathy in Japan. J Neurol Sci.
2017;381:62–7.

44. Davous P. CADASIL: a review with proposed diagnostic criteria. Eur J Neurol.
1998;5(3):219–33.

45. Terni E, Giannini N, Brondi M, Montano V, Bonuccelli U, Mancuso M.
Genetics of ischaemic stroke in young adults. BBA Clin. 2015;3:96–106.

46. Knierim E, Leisle L, Wagner C, Weschke B, Lucke B, Bohner G, et al. Recurrent
stroke due to a novel voltage sensor mutation in Cav2.1 responds to
verapamil. Stroke. 2011;42(2):e14–7.

47. Spalice A, Del Balzo F, Papetti L, Zicari AM, Properzi E, Occasi F, et al. Stroke
and migraine is there a possible comorbidity? Ital J Pediatr. 2016;42:41.

48. Jen JC. Familial Hemiplegic Migraine. 2001 Jul 17 [Updated 2015 May 14].
In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, LJH B, Stephens K, et al.,
editors. GeneReviews®. Seattle (WA): University of Washington, Seattle;
1993–2019. Available from: https://www.ncbi.nlm.nih.gov/books/NBK1388/.

49. Cole JW, Kittner SJ. Meta-analysis of results from case control and cohort
studies finds that migraine is associated with approximately twice the risk
of ischaemic stroke. Evid Based Med. 2010;15(6):193–4.

50. Harriott AM, Dueker N, Cheng YC, Ryan KA, O’Connell JR, Stine OC, et al.
Polymorphisms in migraine-associated gene, atp1a2, and ischemic stroke
risk in a biracial population: the genetics of early onset stroke study.
Springerplus. 2013;2(1):46.

51. Kuo DS, Labelle-Dumais C, Gould DB. COL4A1 and COL4A2 mutations and
disease: insights into pathogenic mechanisms and potential therapeutic
targets. Hum Mol Genet. 2012;21(R1):R97–110.

52. Plancher JM, Hufnagel RB, Vagal A, Peariso K, Saal HM, Broderick JP. Case of
small vessel disease associated with COL4A1 mutations following trauma.
Case Reports in Neurology. 2015;7(2):142–7.

53. Rannikmäe K, Davies G, Thomson PA, Bevan S, Devan WJ, Falcone GJ, et al.
Common variation in COL4A1/COL4A2 is associated with sporadic cerebral
small vessel disease. Neurology. 2015;84(9):918–26.

54. Choi JC. Genetics of cerebral small vessel disease. J Stroke. 2015;17(1):7–16.
55. Roy B, Maksemous N, Smith RA, Menon S, Davies G, Griffiths LR. Two novel

mutations and a previously unreported intronic polymorphism in the
NOTCH3 gene. Mutat Res. 2012;732(1):3–8.

56. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating
inhibitors. Proc Natl Acad Sci U S A. 1977;74(12):5463–7.

57. Ng PC, Henikoff S. SIFT: predicting amino acid changes that affect protein
function. Nucleic Acids Res. 2003;31(13):3812–4.

Dunn et al. Human Genomics            (2020) 14:2 Page 9 of 10

https://www.ncbi.nlm.nih.gov/books/NBK1388/


58. Schwarz JM, Rödelsperger C, Schuelke M, Seelow D. MutationTaster
evaluates disease-causing potential of sequence alterations. Nat Methods.
2010;7:575.

59. Bendl J, Musil M, Stourac J, Zendulka J, Damborsky J, Brezovsky J.
PredictSNP2: a unified platform for accurately evaluating SNP effects by
exploiting the different characteristics of variants in distinct genomic
regions. PLoS Comput Biol. 2016;12(5):e1004962.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Dunn et al. Human Genomics            (2020) 14:2 Page 10 of 10


	Abstract
	Background
	Results
	Discussion
	Conclusions
	Materials and methods
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

