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ABSTRACT
Background Orodental diseases include several
clinically and genetically heterogeneous disorders that
can present in isolation or as part of a genetic
syndrome. Due to the vast number of genes implicated
in these disorders, establishing a molecular diagnosis
can be challenging. We aimed to develop a targeted
next-generation sequencing (NGS) assay to diagnose
mutations and potentially identify novel genes mutated
in this group of disorders.
Methods We designed an NGS gene panel that targets
585 known and candidate genes in orodental disease.
We screened a cohort of 101 unrelated patients without
a molecular diagnosis referred to the Reference Centre
for Oro-Dental Manifestations of Rare Diseases,
Strasbourg, France, for a variety of orodental disorders
including isolated and syndromic amelogenesis
imperfecta (AI), isolated and syndromic selective tooth
agenesis (STHAG), isolated and syndromic
dentinogenesis imperfecta, isolated dentin dysplasia,
otodental dysplasia and primary failure of tooth
eruption.
Results We discovered 21 novel pathogenic variants
and identified the causative mutation in 39 unrelated
patients in known genes (overall diagnostic rate: 39%).
Among the largest subcohorts of patients with isolated
AI (50 unrelated patients) and isolated STHAG (21
unrelated patients), we had a definitive diagnosis in 14
(27%) and 15 cases (71%), respectively. Surprisingly,
COL17A1 mutations accounted for the majority of
autosomal-dominant AI cases.
Conclusions We have developed a novel targeted NGS
assay for the efficient molecular diagnosis of a wide

variety of orodental diseases. Furthermore, our panel will
contribute to better understanding the contribution of
these genes to orodental disease.
Trial registration numbers NCT01746121 and
NCT02397824.

INTRODUCTION
Orodental disorders encompass a number and
variety of diseases that affect the teeth and oral
cavity. Broadly, these disorders can be classified into
anomalies of tooth number, shape and size (eg,
hypo/oligo/ano-dontia (collectively selective tooth
agenesis (STHAG)), microdontia, globodontia),
anomalies of tooth structure (eg, amelogenesis
imperfecta (AI), hereditary dentin disorders) and
anomalies of tooth eruption. The prevalence of
these disorders varies from relatively common
(4.2% for hypodontia in the Caucasian popula-
tion)1 to extremely rare (1 in 100 000 for dentin
dysplasia (DD) type 1).2

Orodental disorders can have a genetic, environ-
mental or multifactorial basis.3 4 Although evidence
demonstrates a role for environmental pollutants
such as dioxins and fluoride in developmental
enamel defects,5 6 a number of studies have also
demonstrated a strong genetic aetiology for several
orodental diseases (reviewed in refs. 7–9). Among
the >5000 known genetic syndromes, >900 have
orodental/craniofacial features.10 Even in the case
of isolated orodental diseases, significant genetic
heterogeneity exists, with several of the same genes
being involved in isolated and syndromic forms of
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disease. For instance, mutations in eight genes have been impli-
cated in STHAG (PAX9, MSX1, LTBP3, AXIN2, WNT10A, EDA,
EDARADD and EDAR),11–17 of which several (MSX1, WNT10A,
EDA, EDARADD and EDAR) have also been linked with forms
of ectodermal dysplasia.18–20 Similarly, mutations in a number
of genes have been implicated thus far in AI, of which 10 cause
an exclusively dental phenotype (ENAM, WDR72, KLK4,
AMELX, MMP20, FAM83H, AMBN, ITGB6, SLC24A4 and
c4orf26),21–30 some cause syndromic disease with AI (LTBP3,
FAM20A, CNNM4, ROGDI, STIM1 and FAM20C),31–36 and yet
others account for isolated and syndromic AI (COL17A1,
LAMA3, LAMB3 and DLX3).37–40 Indeed, the pattern of inherit-
ance and penetrance associated with each gene also varies. This
wide range of heterogeneity can render genetic diagnosis
challenging.

Yet, the early molecular diagnosis of orodental disorders is
important as it can improve patient care. For instance, mutations
in AXIN2 that cause STHAG have been shown to predispose
carriers to colorectal cancer.12 Early diagnosis of AXIN2 muta-
tions can hence alert clinicians to counsel patients to have
regular colonoscopies. Similarly, the identification of mutations
in FAM20A in patients presenting with AI can prompt a renal
investigation for the management of nephrocalcinosis.41

Targeted next-generation sequencing (NGS) has proven
extremely beneficial clinically for the molecular diagnosis of a
number of genetically heterogeneous disorders, such as hearing
loss, mitochondrial disease, intellectual disability (ID), neuro-
muscular disorders and Bardet–Biedl syndrome.42–46 Better
coverage, lower cost and relative ease of data interpretation have
made it more commonplace for routine clinical use than whole-
exome sequencing (WES) and whole-genome sequencing
(WGS).47

We have developed the first targeted NGS panel for the
molecular diagnosis of isolated and syndromic orodental disor-
ders. We demonstrate the utility of this panel in the molecular
diagnosis of a variety of orodental disorders. In a cohort of 103
patients (101 unrelated) without a known molecular diagnosis
referred to the Reference Centre for Rare Diseases with
Oro-dental Manifestations, we were able to provide a definitive
molecular diagnosis in 39% of patients in known disease-causing
genes. The identification of mutations in genes underlying syn-
dromic forms of orodental disease highlights the potential bene-
fits of a complete oral investigation in the diagnosis of rare
genetic diseases. The aim of this article is to demonstrate the
utility of this targeted NGS assay for the diagnosis of mutations
in known orodental disease genes. However, the potential for the
discovery of novel genes is addressed in the discussion.

METHODS
Patients
Patients were referred to the Reference Centre for Rare Diseases
with Oro-dental Manifestations (Strasbourg, France) by dentists,
paediatricians and geneticists from 13 hospitals and 32 private
practices in France, Germany and Morocco. The inclusion cri-
terion for the study was the presence of an orodental anomaly,
defined as an anomaly of the mouth, including teeth and sur-
rounding structures such as the periodontium (alveolar bone,
ligament and gingivae), as well as defects of lip and palate for-
mation. Patients with known mutations used for the validation
assay were previously diagnosed either in clinical (Laboratory
for Genetic Diagnosis, Strasbourg University Hospital) or
research laboratories. DNA was obtained from peripheral blood
or saliva samples (Oragene DNA, DNA Genotek, Canada).

Patient phenotype was recorded using D[4]/Phenodent (http://
www.phenodent.org).

Gene selection and targeted capture design
Genes were selected based on their involvement in human dis-
eases with orodental phenotypes, mutation in animal models
presenting orodental disorders,48 49 expression in the develop-
ing mouse tooth50 and known role in tooth development. Two
versions of the gene panel were developed, v1.0 and v2.0. v1.0
was used for patients V1.01–V1.16, whereas v2.0 was used for
patients V2.01–V2.95. Complementary RNA capture probes
were designed against all coding exons and 25 bp of flanking
intronic sequence in order to cover splice junctions of these
genes using the SureDesign portal (https://erray.chem.agilent.
com/suredesign, Agilent, USA).

Library preparation, sequencing and data analysis
Targeted regions were captured using a Custom SureSelectXT2
in-solution target enrichment kit (Agilent) and libraries were
prepared for sequencing (2×100 bp) on the HiSeq2500
(Illumina, USA) following the manufacturer’s instructions. For
v1.0, 16 samples were multiplexed per lane for sequencing,
whereas for v2.0, 32 samples were multiplexed per flow-cell
lane. Read alignment, and variant calling and annotation were
performed using standard methods. Briefly, reads were aligned
to the GRCh37 reference genome using Burrow–Wheeler
aligner (v0.7.5a)51 ensuring tagging of multi-mapped reads, and
duplicates were marked with Picardv1.102 (http://picard.
sourceforge.net). Indel realignment, base quality score recalibra-
tion and variant calling were performed with the GATK Toolkit
v3.1 using hard-filtering parameters.52–54 Variants were anno-
tated using snpEffv.3.4.55 Variant frequencies were compared
with an internal exome database and prioritised using
VARank.56 Variants were prioritised by allele frequency (<1%
in the Single Nucleotide Polymorphism database (dbSNP137),
1000 Genomes database,57 Exome Variant Server (EVS) data-
base58 and our internal database, except for non-syndromic
STHAG, for which we used a cut-off of <4%) and predicted
functional effect (frameshift, invariant splice sites, non-
synonymous and splice affecting mutations). Missense mutations
were evaluated for pathogenicity bioinformatically using Sorting
Intolerant from Tolerant (SIFT), PolyPhen, MutationTaster and
amino acid conservation.59–61 Splice affecting mutations were
evaluated bioinformatically using Human Splice Finder,
MaxEntScan, NNSplice, Gene Splicer, SSF, Rescue ESE and ESE
Finder.62–67 CNVs were detected as previously described.44 45

Variant pathogenicity was interpreted according to the
American College of Medical Genetics guidelines.68 Evidence
used to establish pathogenicity is provided in online supplemen-
tary figures S1–S45.

Mutation validation
All mutations were validated by Sanger sequencing (GATC,
Germany). Segregation analyses were performed whenever
DNA was available for additional family members.
Single-molecule PCR followed by Sanger sequencing was used
to phase biallelic mutations when parental DNA was unavail-
able.69 70 Deletions were validated by qPCR. The region of
interest and an internal control region (RPPH1) were amplified
from 2 ng of genomic DNA from the patient and a control
using the iQ SYBR Green Supermix (170-8880, Biorad, USA)
on a CFX96 Real-Time System (Biorad). Data were analysed
using the Pfaffl method.71
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RESULTS
Validation of v1.0 of the NGS panel
As a proof of principle, we created a primary version (v1.0) of a
custom NGS panel that targets 560 known and candidate genes
(2.36 Mb) in orodental disorders. Of these genes, probes for
175 known and strong candidate genes (0.81 Mb) were
designed to have superior coverage (diagnosis subpanel),
whereas the remaining candidate genes constituted a ‘Discovery
subpanel’ (see online supplementary tables S1 and S2). We vali-
dated v1.0 in a cohort of 16 patients: patients V1.01–V1.08
with isolated and/or syndromic orodental diseases with known
mutations as determined by previous candidate gene Sanger
sequencing, WES, or array CGH (see online supplementary
table S3) and patients V1.09–V1.16 without a known molecular
diagnosis. Patients V1.01–V1.08 were selected to include a
variety of heterozygous, homozygous and hemizygous mutations
(substitutions, indels, a large heterozygous deletion) at eight dif-
ferent loci in order to test the sensitivity of the gene panel to
different types of genetic alterations. Using our computational
pipeline, 10 of 10 mutations, including a large heterozygous
deletion on the X chromosome (see online supplementary
table S3), were detected in a blinded manner by a bioinformati-
cian who was unaware of the molecular alteration but was
aware of the clinical diagnosis for each patient. The bioinforma-
tician was also blinded to the mode of inheritance in order to
simulate a diagnostic scenario where such information is often
unavailable. Samples V1.09–V1.16 were selected to cover a
variety of orodental phenotypes (AI, dentinogenesis imperfecta
(DGI), DD, STHAG) to determine the potential to identify
unknown mutations with our panel. The molecular results from
samples V1.09–V1.16 are presented and discussed in tables 1–3,
together with the results from v2.0 of the gene panel presented
below. Briefly, pathogenic or likely pathogenic mutations were
identified in six of eight samples among samples V1.09–V1.16
(tables 2 and 3).

On average, in this validation cohort, by multiplexing 16
samples per lane of a sequencing flow cell, 2.2 Gb of sequence
was generated per sample, giving a mean coverage of 365×,
with 95.31% nucleotides covered at ≥50× (see online supple-
mentary table S4). The mean coverage of the diagnostic subpa-
nel was 404×, with 98.94% of nucleotides covered at ≥20×,
permitting confident diagnosis of mutations in these genes, for
which we set a minimum coverage threshold of 20× (see online
supplementary table S4). A small percentage of targeted regions
(33.3 kb, 1.4%) had an average coverage <20× across samples
due to high guanine-cytosine (GC) content or pseudogenes with
highly similar sequences (see online supplementary table S5).
The majority of these regions were in the discovery subpanel
(28.1 kb). Under-representation of high GC content and pseu-
dogenic regions is a known issue with probe-based targeting
strategies. However, these gaps can be filled in by Sanger
sequencing for regions considered to be relevant on a
case-by-case basis. On average, we detected ∼2648 variants/
sample, of which ∼87 variants/sample were rare (<1% in
dbSNP137, 1000Genomes, EVS and an in-house database).
Among these rare variants, we identified on average per sample
∼20 missense changes, 0.38 nonsense mutations, 0.25 splice-site
changes and 0.56 frameshift-inducing indels (see online supple-
mentary table S6).

Development of v2.0 of the NGS panel
Having validated v1.0 of our NGS gene panel, we included 25
additional genes to the discovery subpanel to create a second

version of the panel (v2.0) that included 585 genes (2.47 Mb).
These additional genes were included due to their implication
in animal models of orodental disease that was unknown when
designing v1.0 of the panel v2.0 of the panel was used to
sequence 95 patients (V2.01–V2.95). Furthermore, since the
average coverage achieved with v1.0 was more than sufficient
for confident molecular diagnosis, with v2.0, 32 samples were
multiplexed per well of a flow cell lane in order to reduce
sequencing costs while ensuring a minimum average coverage of
100× per sample. Sequencing output with v2.0 is shown in
online supplementary table S7. Briefly, we achieved a mean
coverage of 179× overall, with 97.2% of the targeted region
covered at ≥20×. Furthermore, the diagnostic panel had an
average coverage of 211× with 97% of bases covered at ≥50×.

Screening a cohort of patients with diseases with orodental
involvement
A description of the final cohort of 103 patients (101 unrelated)
without a known mutation sequenced with v1.0 (V1.09–V1.16)
and v2.0 (V2.01–2.95) and the diagnostic yield by disease cat-
egory is shown in table 1. Isolated AI was the most common dis-
order in the cohort (50%), followed by isolated STHAG (20%).
We also included several patients with syndromic forms of AI,
ranging from well-defined syndromes, such as Enamel Renal
Syndrome, to undefined and suspected syndromes, hoping that
a molecular diagnosis may aid difficult clinical diagnosis. The
remaining cases consisted of patients with isolated or syndromic
dentin disorders, syndromic STHAG, suspected otodental dys-
plasia and primary failure of tooth eruption. Since AI and
STHAG can be inherited in an autosomal-dominant (AD),

Table 1 Cohort description and diagnostic yield per disease
category

Disease
Number of
patients

Diagnostic
yield, N (%)

Isolated AI 52 (51*) 14 (27%)
Of which confirmed AI 51 (50*) 15 (29%, 30%*)
Of which suspected AI 1 0 (0%)

Syndromic AI 14 1 (7%)
Enamel renal syndrome 1 1 (100%)
Mucopolysaccharidosis IV A 1 0 (0%)†
Kohlschutter Tonz (suspected) 1 0 (0%)
Osteogenesis imperfecta (suspected) 1 0 (0%)
Spondyloepiphyseal dysplasia 1 0 (0%)†
Undefined syndrome 9 0 (0%)

Isolated STHAG 21 15 (71%)
Syndromic STHAG 4 2 (50%)
Ectodermal dysplasia 3 1 (33%)
Intellectual disability with STHAG 1 1 (100%)

Isolated DGI 5 (4*) 5, 4* (100%)
Syndromic DGI 2 1 (50%)
Goldblatt syndrome (suspected) 1 0 (0%)
Osteogenesis imperfecta 1 1 (100%)

Isolated DD 2 1 (50%)
Otodental syndrome 1 1 (100%)
Primary failure of tooth eruption 2 0 (0%)
Total 103 (101*) 40, 39* (39%)

*Number of unrelated patients.
†Likely pathogenic mutations were identified in GALNS in these patients.
AI, amelogenesis imperfecta; DD, dentin dysplasia; DGI, dentinogenesis imperfecta;
STHAG, selective tooth agenesis.
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Table 2 Pathogenic mutations identified in patients without a known mutation

Patient
ID Sex

Age
(years) Mode Clinical features Gene Transcript c. p. Inheritance Reference Figure

Pathogenic variants
Isolated AI

V1.14 M 25 ? Hypoplastic, hypomineralised WDR72 NM_182758.3 c.[182A>G];[815G>A] p.[H61R];[W272*] Compound
heterozygous

Novel S1

V2.05 M 6 AR N/A CNNM4 NM_020184.3 c.[1495G>A];[1495G>A] p.[V499M];[V499M] Homozygous (C) Novel S2
V2.08 M 12 AR Hypomineralised SLC24A4 NM_153646.3 c.[(1537+1_1538-1)_(*67_?)del];

[(1537+1_1538-1)_(*67_?)del]
p.[0?];[0?] Homozygous (C) 72 S3

V2.09 F 16 AD Hypoplastic COL17A1 NM_000494.3 c.[2407G>T]; [=] p.[G803*];[=] Maternal 73 S4
V2.18 M 13 ? Hypoplastic LAMB3 NM_000228.2 c.[124C>T]; [=] p.[R42*];[=] ? 74 S5
V2.20 F 18 ? Hypomature FAM83H NM_198488.3 c.[1289C>A];[=] p.[S430*];[=] ? 75 S6
V2.26 M 13 AD Hypomineralised FAM83H NM_198488.3 c.[1282C>T];[=] p.[Q428*];[=] Paternal Novel S7
V2.28 M 14 ? Hypoplastic AMELX NM_182680.1 c.[155C>T];[=] p.[P52L];[=] De novo Novel S8
V2.29 M 14 AD N/A ENAM NM_031889.2 c.[123+1G>A];[=] p.[0?];[=] Paternal Novel S9
V2.48 F 20 AD Hypoplastic COL17A1 NM_000494.3 c.[1646G>A];[=] p.[W549*];[=] Maternal Novel S10
V2.53 F 19 ? Hypoplastic AMBN NM_016519.5 c.[532-1G>C];[532-1G>C] p.[0?];[(0?)] Homozygous Novel S11
V2.63 M 10 ? N/A FAM83H NM_198488.3 c.[2029C>T];[=] p.[Q677*];[=] ? 76 S12
V2.79 M 10 ? Hypoplastic, hypomature COL17A1 NM_000494.3 c.[1873C>T];[=] p.[R625*];[=] ? Novel S13
V2.82 F 14 AD Hypoplastic COL17A;

LAMA3
NM_000494.3;
NM_198129.1

COL17A1:c.[1141+1G>A]; LAMA3:c.
[6477_6486del]

COL17A1:p.[0?]; LAMA3:
p.[I2159Mfs*46]

Maternal and ? Novel 2

Syndromic AI
V2.06 F 14 ? Enamel Renal Syndrome FAM20A NM_017565.3 c.[1106_1107del]; [c.1006_1107del] p.[E2316Gfs*10];

[E2316Gfs*10]
Homozygous Novel S14

Isolated STHAG
V1.11 M 21 ? Ag 12, 13, 14, 15, 18, 22, 23, 24, 25, 28, 31, 34,

35, 38, 44, 45, 48
WNT10A NM_025216.2 c.[383G>A];[=] p.[R128Q];[=] Maternal 77 S15

V1.15 F 11 ? Ag 12, 15, 17, 22, 25, 27, 28, 31, 35, 37, 38, 41,
44, 45, 47, 48

WNT10A NM_025216.2 c.[343A>C](;)[682T>A] p.[K115Q](;)[F228I] ? Novel and
78

S16

V2.55 F 15 ? Ag 11, 12, 13, 14, 17, 18, 21, 22, 23, 24, 25, 27,
28, 31, 32, 33, 34, 37, 38, 41, 42, 43, 44, 45, 47,
48

WNT10A NM_025216.2 c.[321C>A];[321C>A] p.[C107*];[C107*] Homozygous 78 S17

V2.65 F 17 ? Ag 12, 13, 15, 17, 18, 22, 23, 25, 27, 28, 31, 32,
35, 37, 38, 41, 42, 45, 48

WNT10A NM_025216.2 c.[682T>A];[682T>A] p.[F228I];[F228I] Homozygous 78 S18

V2.66 M 37 ? Ag 12, 13, 18, 22, 28, 31, 32, 37, 38, 41, 42, 47,
48

WNT10A NM_025216.2 c.[682T>A];[682T>A] p.[F228I];[F228I] Homozygous 78 S19

V2.67 M 11 AD Ag 15, 16, 17, 18, 25, 26, 27, 28, 36, 37, 38, 45,
46, 47, 48

PAX9 NM_006194.3 c.[(?_-115)_(*62_?)del];[=] p.[0?];[=] Paternal 78 S20

V2.69 M 18 ? Ag 13, 14, 18, 22, 23, 24, 28, 31, 41, 45 WNT10A NM_025216.2 c.[637G>A];[=] p.[G213S];[=] ? 79 S21
V2.71 M 11 ? Ag 12, 13, 15, 17, 18, 22, 23, 25, 27, 28, 31, 32,

33, 34, 35, 37, 38, 41, 42, 43, 44, 45, 47, 48
WNT10A NM_025216.2 c.[682T>A];[321C>A] p.[F228I];[C107*] Compound

heterozygous

78 S22

V2.72 M 33 ? Ag 17, 18, 22, 28, 31, 32, 37, 38, 41, 42, 47, 48 WNT10A NM_025216.2 c.[682T>A ](;)[321C>A] p.[F228I](;)[C107*] ? 78 S23
V2.74 M 26 ? Ag 13, 15, 18, 23, 24, 25, 28, 31, 33, 34, 35, 37,

38, 41, 42, 43, 44, 45, 47, 48
WNT10A NM_025216.2 c.[682T>A];[682T>A] p.[F228I];[F228I] Homozygous 78 S24
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Table 2 Continued

Patient
ID Sex

Age
(years) Mode Clinical features Gene Transcript c. p. Inheritance Reference Figure

V2.76 M 15 ? Ag 12, 14, 15, 18, 22, 24, 25, 28, 31, 34, 35, 37,
38, 41, 42, 43, 44, 45, 47, 48

WNT10A NM_025216.2 c.[682T>A];[682T>A] p.[F228I];[F228I] Homozygous 78 S25

V2.78 F 9 ? Ag 12, 14, 22, 31, 32, 35, 41 EDA NM_001399.4 c.[467G>A];[=] p.[R156H];[=] De novo 17 S26
V2.91 F 12 AD Ag 14, 15, 24, 25 35, 36, 45, 46 MSX1 NM_002448.3 c.[249del];[=] p.[E84Rfs*76];[=] Paternal Novel S27
V2.92 M 9 ? Ag 12, 17, 22, 23, 24, 25, 27, 35, 37, 33, 31, 41,

43, 45, 47
WNT10A NM_025216.2 c.[682T>A];[=] p.[F228I];[=] Maternal 78 S28

V2.93 M 28 ? Ag 14, 15, 18, 25, 27, 28, 32, 34, 35, 37, 38, 44,
45, 47, 48

WNT10A NM_025216.2 c.[682T>A];[682T>A] p.[F228I];[F228I] Homozygous 78 S29

Syndromic STHAG
V2.54 F 49 ? ED WNT10A NM_025216.2 c.[682T>A];[c.416C>T] p.[F228I];[p.A139V] Compound

heterozygous

78 and
novel

S30

V2.87 F 3 ? Intellectual disability CTNNB1 NM_001904.3 c.[998dup];[=] p.[Tyr333*];[=] ? Novel S31

Isolated DGI/DD
V1.09 F 10 AD DD* DSPP NM_014208.3 c.[3480del];[=] p.[S1160Rfs*154];[=] ? Novel S32
V1.10 M 9 AD DGI* DSPP NM_014208.3 c.[3480del];[=] p.[S1160Rfs*154];[=] Maternal Novel S32
V2.36 M 45 AD DGI DSPP NM_014208.3 c.[3533_3534insTA];[=] p.[N1179Tfs*136];[=] ? Novel S33
V2.55 F 12 AD DGI DSPP NM_014208.3 c.[52G>T];[=] p.[V18F];[=] Maternal 80 S34
V2.57 F 44 AD DGI DSPP NM_014208.3 c.[3480del];[=] p.[S1160Rfs*154];[=] ? Novel S35
V2.59 F 41 ? DGI DSPP NM_014208.3 c.[3682_3686del];[=] p.[S1228*];[=] ? Novel S36

Syndromic DGI
V2.58 M 47 AD Osteogenesis imperfecta COL1A1 NM_000088.3 c.[3837_3840del];[=] p.[N1279Lfs*51];[=] Paternal Novel S37

Otodental syndrome
V2.03 M 13 AD FGF3 NM_005247.2 c.[(?_-3)_(220+1_221-1)del];[=] p.[0?];[=] Paternal Novel S38

*Related individuals.
AD, autosomal dominant; AI, amelogenesis imperfecta; AR, autosomal recessive; C, consanguineous parents; DD, dentin dysplasia; DGI, dentinogenesis imperfecta; ED, ectodermal dysplasia; ID, intellectual disability; STHAG, selective tooth agenesis.
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autosomal-recessive (AR) or X-linked fashion, the mode of
transmission was unclear for the majority of cases. Sixty-six
cases showed sporadic disease, whereas 35 showed familial
transmission. The mode of inheritance could be confidently
inferred only in 18 cases, 15 as AD due to the presence of other
affected family members, 2 as AR due to the presence of con-
sanguinity between the parents of the index case and 1 as
X-linked. Due to the large number of cases without a known
mode of inheritance of disease, a common situation in diagnos-
tic cohorts, variant filtration was performed for all samples for
all modes of inheritance. Overall, we had a definitive molecular
diagnosis in known genes in 39 cases (39%) and discovered 21
novel pathogenic variants. All pathogenic mutations identified in
this cohort are listed in table 2. Likely pathogenic mutations
and other variants are shown in table 3. The distribution of
pathogenic variants identified with respect to the disease cat-
egory and the number of cases corresponding to each mutated
gene is shown in figure 1.

Isolated AI: COL17A1 mutations are a frequent cause of AI
Of the 50 unrelated cases with confirmed isolated AI, we identi-
fied the causative mutation in 14 cases (27%). Surprisingly, the
most frequently mutated gene in our cohort was COL17A1,
with four independent patients segregating pathogenic muta-
tions in this gene (of which three are novel). In the biallelic
state, mutations in COL17A1, encoding a structural component
of hemidesmosomes, cause junctional, non-Herlitz-type epi-
dermolysis bullosa (EB), a skin blistering disorder with asso-
ciated dental enamel defects.85 However, rare cases of isolated
ADAI in heterozygous carriers have been reported.37 86

Similarly, heterozygous mutations in LAMA3 and LAMB3,
which also encode hemidesmosomal components, can cause
ADAI, whereas biallelic mutations in these genes cause EB.38 39

We found one family segregating a known heterozygous LAMB3
nonsense mutation. These patients showed a similar enamel
phenotype characterised by a hypoplastic form of AI with thin
enamel and a characteristic pitting of the enamel that varied in
severity (figures 2A–H and 3C). Depending on the extent of
pitting, the enamel surface was sometimes rough. Secondary
extrinsic colouration of the pits rendered them more visible.
Interestingly, patient V2.82 had two unlinked mutations, one
maternally inherited novel COL17A1 splice mutation (c.1141
+1G>A) and a novel LAMA3 frameshift-inducing deletion
(p.I2159Mfs*46) that is absent in her mother (figure 2I).
The father of the patient was unavailable for testing but was
described as unaffected at the time of ascertainment. The
c.1141+1G>A mutation is predicted to cause either in-frame
skipping of exon 14 (which encodes a part of the intracellular
domain) or retention of intron 14 that would subsequently
introduce a premature termination codon (PTC) and likely
nonsense-mediated decay (NMD) of the transcript. Patient
V2.82’s enamel phenotype is more severe than that of her
mother, suggesting digenic inheritance in this individual. Patient
V2.82 has hypoplastic AI with clearly visible pitted enamel in
the vestibular, lingual and palatal surfaces of premolars and
molars and a white colouration following Retzius striae visible
in the permanent incisors (figure 2A, B). Her mother’s denti-
tion, in contrast, shows more discrete signs of AI and fewer pits
are visible on the buccal surfaces of premolars (figure 2C, D).
Digenic mutations in LAMB3 and COL17A1 that modify the
severity of the EB phenotype have been previously reported.87

However, this is the first report of seemingly digenic inheritance
in ADAI.
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Figure 1 Distribution of pathogenic
variants identified by disease category.
The genes in which pathogenic
mutations were identified are shown
with respect to the disease in which
they were identified. In parentheses
next to each gene is the number of
independent patients in whom
mutations were identified in the gene.
This figure includes results from
patients V1.09–V1.16 and V2.01–
V2.95. DD dentin dysplasia; DGI,
dentinogenesis imperfecta; STHAG
selective tooth agenesis.

Figure 2 COL17A1 mutations show a characteristic enamel phenotype in autosomal-dominant amelogenesis imperfecta. (A–H) Photos of the
enamel phenotypes of individuals with COL17A1 mutations. (A, B) Patient V2.82. (C, D) Mother of patient V2.82. (E, F) Patient V2.09. (G, H) Patient
V2.48. Arrows mark pits in the enamel that are characteristic of COL17A1 mutations. Extrinsic colouration makes these pits more visible in (B), (E)
and (H). (I) Seemingly digenic inheritance of amelogenesis imperfecta in patient V2.82. Asterisks on the sequence chromatograms mark the mutated
nucleotides.
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We also identified a family with a novel homozygous splice-
site mutation (c.532–1G>C) in AMBN. To date, only a single
family has been reported to carry mutations in this gene.27

Similar to the patients in the initial study, our patient too exhib-
ited hypoplastic AI with very limited enamel as seen in the unre-
stored yellow-tinged premolars and permanent molars.
However, the tooth surfaces did not seem as pitted as described
previously (figure 3F).27 This mutation is predicted to alter
mRNA splicing by inducing either the skipping of exon 7 or the
retention of intron 6. Exon skipping would lead to in-frame
deletion of exon 7, which encodes a domain involved in
heparin and fibronectin interaction that is thought to be import-
ant for the interaction of AMBN with dental epithelial cells.88 89

Intron retention would introduce a PTC that is likely to cause
NMD of the mRNA. Additionally, a cryptic acceptor splice-site
is predicted bioinformatically to be activated in exon 7 that
would cause partial out-of-frame skipping of exon 7 and a sub-
sequent PTC (see online supplementary figure S11). Thus, this
mutation is predicted to cause at least a partial loss of AMBN
function. We also identified novel mutations in WDR72,
AMELX and ENAM, and a known deletion of the last three
exons of SLC24A4 (table 1). Representative images of the
enamel phenotype associated with mutations in each gene are
shown in figure 3. Similar to previous reports, WDR72 and
SLC24A4 mutations caused hypomineralised, hypomature AI
with brownish/yellowish discoloured teeth.22 29 The enamel
showed a lack of contrast with the underlying dentin upon
X-ray imaging (data not shown). The softer enamel seen in the
patient with WDR72 mutations was subject to wear, whereas the
enamel in the patient with the SLC24A4 mutation was opaque.
Patients with AMELX, LAMB3 and ENAM mutations had hypo-
plastic AI with yellow discolouration and smaller teeth due to
thinner enamel.

Interestingly, we identified a novel homozygous missense
mutation (p.V499M) in CNNM4 in patient V2.05 who was
born to first-cousins and was referred for isolated AI. This muta-
tion affects a highly conserved residue in a functional cystathio-
nine beta-synthase domain of the protein and is predicted
bioinformatically by three algorithms (SIFT, PolyPhen and
MutationTaster) to be deleterious (see online supplementary
figure S2). However, mutations in this gene are known to cause
Jalili syndrome, which is characterised by a combination of AI
and cone-rod dystrophy.33 90 A subsequent full-field

electroretinography revealed a marked loss of cone response
and a less severe loss of rod response in the patient, thus con-
firming the Jalili phenotype (see online supplementary figure
S2E, F).

Syndromic AI
We confirmed the molecular diagnosis in one case of Enamel
Renal Syndrome (patient V2.06). This patient was homozygous
for a novel frameshift-inducing deletion in FAM20A
(c.1106_1107del).

In patient V2.15, referred for the management of AI in the
context of suspected spondyloepiphyseal dysplasia (SED), we
identified a known pathogenic missense mutation (p.T312S)
and a likely pathogenic intronic variant (c.121-31) in GALNS
(mutated in mucopolysaccharidosis (MPS) IVA) predicted to
create an intronic splice enhancer (see online supplementary
figure S42). However, the biological effect of this intronic muta-
tion warrants further investigation. No deleterious mutations
were identified in CHST3 or COL2A1 and a differential diagno-
sis of mucolipidosis type III was eliminated due to normal hexo-
saminidase, alpha-L-fucosidase and beta-D-glucuronidase levels
(data not shown). Similar clinical presentation of SED and MPS
IVA has been previously demonstrated;91 therefore, our results
suggest a potential differential diagnosis of MPS IVA in this
patient. In the case of patient V2.49, referred for the manage-
ment of AI linked to MPS IVA,92 93 we identified only a single
de novo known pathogenic mutation in GALNS (p.R386C),
suggesting the presence of a second mutation in intronic or
regulatory regions, or a structural mutation missed by our pipe-
line. The presence of an undetected second mutation is consist-
ent with the virtually absent GALNS activity in the patient’s
leucocytes (1 nmol/h/mg protein) (data not shown). Both these
patients exhibited hypoplastic AI with thin striated and pitted
enamel and subsequently flattened buccal surfaces (see online
supplementary figure S45) consistent with previous reports of
the enamel phenotype seen in MPS IVA,94 further supporting a
diagnosis of MPS IVA in both patients. However, additional
tests are necessary to confirm this diagnosis.

Isolated and syndromic STHAG
We identified the causative mutation in 15/21 (71%) cases of
isolated STHAG. The majority carried mutations in WNT10A
either in a heterozygous, homozygous or compound

Figure 3 The variety of isolated amelogenesis imperfecta phenotypes seen in this cohort. Representative images of the enamel phenotype
associated with mutations in different genes. The mutated gene and patient number are indicated in each panel.
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heterozygous state as has been previously reported.77 79

Fortuitously, we were also able to provide a molecular diagnosis
for a patient presenting with ID who was referred for the man-
agement of hypodontia. The patient (V2.87) had agenesis of
five incisors, two maxillary incisors and three mandibular per-
manent incisors (agenesis 12, 22, 41, 31 and 32) and had no
family history of hypodontia or ID. We identified a novel het-
erozygous nonsense mutation in CTNNB1 (p.Tyr333*), which
encodes beta-catenin, a member of the WNT signalling pathway,
which is essential during multiple stages of tooth develop-
ment.95 Recent reports have established a role for heterozygous
CTNNB1 mutations in ID characterised by mild to severe ID,
autism spectrum disorder childhood hypotonia with progressive
spastic diplegia, microcephaly and significant additional cranio-
facial and brain abnormalities, which is compatible with this
patient’s phenotype (data not shown).96 97 However, the oro-
dental phenotype in this syndrome has not been studied in
detail. Our report suggests that patients with ID due to
CTNNB1 mutations may require a dental examination and man-
agement of hypodontia. Furthermore, this case highlights the
benefit of an interdisciplinary approach to patient care and the
potential utility of a full dental examination in syndromes with
craniofacial involvement.

Dentinogenesis imperfecta and dentin dysplasia
Among the six independent cases of isolated dentin disorders,
we identified the causative mutation in five. All patients carried
mutations in DSPP, the only gene implicated thus far in isolated
DD/DGI.2 The majority of mutations were present in the
repeat-rich exon 5 that is often refractory to Sanger sequencing
and hence until now excluded from routine diagnostic sequen-
cing.98 We achieved an average coverage of 771× and 408×
over exon 5 of DSPP with v1.0 and v2.0, respectively. Hence,
our assay provides an effective means to screen for mutations in
the last exon of DSPP. Our bioinformatic pipeline detected
the majority of mutations; however, one mutation
(c.3682_3686del) was missed due to the difficulty of calling var-
iants in structurally complex regions (personal communication,
MKP, Broad Institute GATK Team), but was detected upon
visual inspection of the reads. We also identified a novel
frameshift-inducing deletion in COL1A1 in a family segregating
AD osteogenesis imperfecta with DGI.

Otodental dysplasia
We identified a heterozygous deletion of the first exon of FGF3
in a family segregating suspected AD otodental dysplasia, which
is characterised by globodontia and hearing loss, sometimes seg-
regating with colobomas, most likely due to the deletion of the
adjacent FADD gene.99 This deletion was validated by qPCR on
genomic DNA, which showed the presence of the deletion in
patient V2.03 as well as in his affected father (see online supple-
mentary figure S38).

DISCUSSION
We have developed a targeted NGS assay for the diagnosis and
discovery of mutations underlying rare genetic disorders with
orodental manifestations. We achieved high sequencing coverage
in the targeted regions, 179× average coverage with 97.2% of
the targeted region covered at ≥20× with V.2.0. In a cohort of
101 unrelated patients with a variety of orodental genetic disor-
ders of unknown genetic aetiology, we were able to detect the
underlying pathogenic mutation in 39 cases (39%) in known
genes.

Targeted NGS gene panels are being widely used for the diag-
nosis of a variety of genetic disorders, including ID, mitochon-
drial disorders and neuromuscular diseases.42–44 However, to
the best of our knowledge, this is the first report of a targeted
NGS gene panel for orodental disorders. Therefore, this diag-
nostic tool responds to a veritable need within the dental genet-
ics community. Furthermore, two concrete examples from our
cohort suggest the utility of this tool to the wider medical genet-
ics community. First, we were able to diagnose a mutation in
CTNNB1 in a patient with ID and tooth agenesis, suggesting
the potential utility of our assay in screening for mutations in
ID cases with orodental involvement. Second, the detection of a
CNNM4 mutation in a patient referred for isolated AI led to an
ophthalmological investigation for cone-rod dystrophy and the
confirmation of Jalili syndrome. These cases highlight how the
oral consultation can be a port of entry for the diagnosis and
management of patients with rare genetic diseases, especially in
light of the involvement of the same genes in syndromic and
isolated forms of orodental disease and the sometimes
non-evident extra-oral signs associated with some diseases.

Our targeted NGS panel targets fewer genes than WES/WGS
and may thus exclude potential disease-causing genes. Yet, it has
several advantages in a clinical setting. First, it provides higher
sequencing coverage in the targeted regions than WES/WGS.
A comparison of the coverage of the same regions achieved with
v2.0 of our gene panel and a commercially available WES kit
demonstrates that the coverage from WES falls short of the
requirements for confident molecular diagnosis, that is, only
89.09% of targets covered at ≥20× with WES vs 97.23% of
targets covered at ≥20× with our panel (see online supplemen-
tary figure S46 and table S8). Second, due to the smaller
number of variants identified by targeted sequencing (∼2600
variants with our panel vs ∼30 000 with WES), variant inter-
pretation is relatively simpler. This is also true for CNVs—we
were able to detect and validate a single exon deletion in FGF3.
Finally, the cost, amount of time for data analysis and interpret-
ation, and data storage requirements are lower with targeted
NGS than with WES/WGS approaches, making it an attractive
alternative for clinical implementation. Alternatively, our assay
could serve as a primary mutation-screening tool to exclude
mutations in known genes before performing WES/WGS.

We expected that the inclusion of candidate genes selected
based on their expression in developing mouse teeth50 and their
implication in animal models of orodental disorders would permit
the identification of novel genes mutated in these disorders. In
order to identify potentially novel genes in patients lacking muta-
tions in known genes, we performed a preliminary analysis focus-
ing on rare loss-of-function variants (nonsense, invariant splice site
and frameshift variants) that were present in the same gene in at
least two independent families with the same phenotype. Such a
strategy was previously used successfully to identify a novel gene,
SETD5, in ID.100 However, this preliminary analysis did not yield
any positive findings. Indeed, this analysis was limited in that it did
not consider missense mutations whose effect is less clear and was
complicated by the lack of information regarding the mode of
inheritance in the majority of cases. Also, in this analysis patients
were regrouped by disease category (all mutation-negative AI
patients, all mutation-negative STHAG patients) without subclassi-
fication based on fine phenotype (eg, hypoplastic vs hypominera-
lised AI and severity of STHAG), which may be important to
include in order to overcome the difficulties posed by genetic het-
erogeneity.101 Furthermore, the rarity of mutations in some genes
may also necessitate much larger cohorts. Indeed, future analyses
of this cohort will try to address these limitations.
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Among the 50 unrelated patients with confirmed isolated AI
in our cohort, we had a molecular diagnosis rate of 27%. This
is slightly lower than the diagnostic rates reported by other
studies that performed candidate gene sequencing in large AI
cohorts. By performing Sanger sequencing of six genes
(FAM83H, ENAM, AMELX, MMP20, KLK4 and WDR72) in 71
families, Wright et al75 identified mutations in 26 families
(37%). By sequencing the same six genes in an independent
cohort of 39 AI kindreds, Chan et al102 identified mutations in
19 kindreds (49%). In the latter study, the diagnostic rate was
shown to be dependent on the mode of transmission:
X-linked>AD>AR>simplex cases. In our study, the majority of
cases were simplex cases (31 cases), which may explain to a
degree our lower diagnostic rate despite the inclusion of a larger
number of known AI genes. Furthermore, the 50 patients
selected for this study belong to a larger AI cohort of 71
patients, a part of which (including patients in this study) had
been previously sequenced by candidate gene Sanger sequencing
and in which mutations were identified in 11 patients103 (online
supplementary table S3 and unpublished data). Therefore, the
overall diagnostic rate in the 71-patient cohort is 35% (25
patients), which is closer to published diagnostic rates. In
further contrast to the above-mentioned studies where FAM83H
was the most frequently mutated gene in ADAI, COL17A1 was
the most frequently mutated gene in ADAI in our cohort, with
8% of our AI cohort carrying deleterious mutations in
COL17A1. Additionally, we demonstrate that the presence of
unlinked mutations in COL17A1 and LAMA3 can modify the
severity of AI, suggesting a digenic mode of AI inheritance asso-
ciated with mutations in the hemidesmosomal components.
Therefore, our findings are novel in demonstrating the fre-
quency of COL17A1 mutations in ADAI. Finally, the large
number of AI patients without mutations in known genes sug-
gests that the genetic and allelic heterogeneity underlying AI is
yet to be fully unravelled.

The diagnostic rate in syndromic AI was low in our cohort
(7%). This is likely because of the inclusion of patients without
a clear clinical diagnosis. These cases likely represent novel phe-
notypes with mutations in novel genes. Thus, WES may be
better suited for such cases. Yet, the identification of a single de
novo pathogenic mutation in GALNS in patient V2.49 can
inform genetic counselling in this family. Similarly, the identifi-
cation of one pathogenic and one potentially pathogenic muta-
tion in GALNS in patient V2.15 permits an evidence-based
investigation of MPS IVA by assaying leucocyte GALNS activ-
ity.104 Therefore, although sequencing did not provide a defini-
tive molecular diagnosis in these cases, the results of this assay
can contribute to orienting clinical investigations/counselling.

Among the 21 cases of isolated STHAG, we identified the
causative mutation in 15 (71%). This diagnostic rate is compar-
able to that reported in the literature. By screening WNT10A,
MSX1, PAX9, IRF6 and AXIN2 by Sanger sequencing in 34
patients with isolated hypodontia, van den Boogaard et al77

were able to identify the underlying mutation in 71% of cases.
Similar to other reports, WNT10A accounted for the majority of
mutations in our cohort (52%) and were also associated with
ectodermal dysplasia (patient V2.54), with F228I, similar to
other reports, being the most commonly mutated allele in our
cohort, consistent with its population frequency (2.4% in
European-Americans) and the prevalence of STHAG in this
population (4.2%).77–79 105 106

In conclusion, we have developed the first targeted NGS gene
panel for the diagnosis and discovery of mutations in genetic
disorders with orodental involvement. This panel can be reliably

used for the molecular diagnosis in known genes of a variety of
genetic disorders and can serve as a primary screening tool
before the application of WES/WGS. Additionally, this panel
also provides the potential for the discovery of novel genes
mutated in orodental disorders.
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Supplementary Table 1. HUGO Gene Nomenclature Committee (HGNC) gene 
symbols of genes included in the targeted next-generation sequencing 
assay 
 

 

Genes included in the diagnostic sub-panel 
AIRE ALPL ALX3 AMBN AMELX AMELY AMTN ANKRD11 ANTXR1 APC ATR AXIN2 BCOR BLM BMP4 
C4ORF26 CA2 CCBE1 CCDC8 CEP152 CFDP1 CHD7 CLCN7 CLDN1 CNNM4 COL17A1 COL1A1 COL1A2 
COL5A1 COL5A2 COL7A1 COL9A1 COL9A2 COX7B CREBBP CRTAP CTNNB1 CTSC CTSK CUL7 
CYP27B1 DLX3 DSP DSPP EDA EDAR EDARADD ELN ENAM EP300 EVC EVC2 EXT1 FAM20A FAM83H 
FERMT3 FGF10 FGF23 FGF3 FGF8 FGFR1 FGFR2 FGFR3 FKBP10 FOXC1 GALNT3 GAS1 GDF5 GJA1 
GLA GLI2 GNAS GTF2I GTF2IRD1 IFT43 IKBKG IL11RA IRF6 KAL1 KANSL1 KDM6A KLK4 KMT2D 
KRT14 KRT5 LAMA3 LAMB3 LAMC2 LEF1 LEMD3 LEPRE1 LIMK1 LRP5 LTBP3 MID1 MMP1 MMP20 
MSX1 MSX2 MUTYH NFKBIA NHS NSD1 OBSL1 ODAM OFD1 ORAI1 OSTM1 PAX9 PCNT PHEX PITX2 
PLEC PLEKHM1 PLXNB2 POLR1C POLR1D POLR3A POLR3B PORCN PPIB PRKAR1A PROK2 PROKR2 
PTCH1 PTCH2 PTH1R PVRL1 PVRL4 RAB23 RAI1 RASGRP2 RBBP8 RECQL4 RFC2 ROGDI ROR2 
RUNX2 SALL4 SAT1 SATB2 SEC23A SERPINF1 SERPINH1 SH3BP2 SHH SIX3 SLC24A4 SLC26A2 
SMARCAL1 SMOC2 SP6 SP7 SPARC SPARCL1 SUFU SUMO1 TBX22 TCIRG1 TCOF1 TGIF1 TNFRSF11A 
TNFRSF11B TP63 TRPS1 TSC1 TSC2 TUFT1 UBR1 VDR WDR72 WNT10A WNT5A WRN ZIC2 

Genes included in the discovery sub-panel 
ACVR1 ACVR2A ACVR2B ADAMTS10 ADAMTS2 ADARA AGPAT2 AGXT AHCY AIP ALDH3A2 ALKBH1 
AMER1 ANKH AP2B1 AP3B1 APAF1 APCDD1 ARHGAP6 ARSB ASXL1 ATP6V0A2 ATP7A ATRIP ATRX 
B3GALTL B3GAT3 B4GALT7 BANF1 BARX1 BCL11B BGLAP BGN BMP2 BMP7 BMPR1A BNC2 BOC 
BRAF CACNA1C CARD9 CASK CASP7 CCL2 CD96 CDC42 CDC6 CDH1 CDH23 CDH3 CDKN1A CDKN1C 
CDON CDSN CENPJ CHRD CHST3 CHSY1 CHUK CIB2 CLCN5 CLEC7A COL10A1 COL11A1 COL11A2 
COL2A1 COL3A1 COX4I2 CRISPLD2 CRK CSF1 CTGF DCAF17 DCN DFNB31 DHCR24 DHCR7 DHODH 
DKC1 DKK1 DKK4 DLG1 DLL1 DLX1 DLX2 DLX4 DLX5 DLX6 DMP1 DPYSL4 DSC3 DSG4 EDNRB 
EFNB1 EHMT1 EXT2 EXTL3 EYA1 FAM20C FBN1 FERMT1 FGD1 FGF13 FGF18 FGF20 FGF4 FGF9 
FKBP6 FLNA FLNB FMOD FOS FOXE1 FOXF2 FOXO1 FRAS1 FREM2 FRZB FST FUZ FZD1 FZD2 FZD6 
G6PC3 GAB1 GAD1 GALNS GDNF GJB6 GLB1 GLI1 GLI3 GNPTAB GORAB GPC3 GRB2 GSC GSK3B GUSB 
HAND1 HAND2 HCCS HDAC4 HGSNAT HHAT HOXC13 HOXD13 HR HRAS HYAL IBSP ICAM1 IDS IDUA 
IFT122 IFT88 IGF1 IHH IL17F IL17RA INHBA INHBB INPP5E INSR ISL1 ITGA11 ITGA6 ITGAV ITGB2 
ITGB4 ITGB6 ITGB8 JAG1 JAG2 KAT6B KAZN KCNJ2 KIF7 KISS1 KISS1R KL KRAS KRT1 KRT10 KRT16 
KRT17 KRT6A KRT6B KRT74 KRT83 KRT9 LAMA5 LHX6 LHX8 LIFR LIPH LMNA LOR LPAR6 LRP4 
LRP6 LTBP2 LUM LUZP1 MAP2K1 MAP2K2 MAP3K11 MASP1 MBTPS2 MED12 MED25 MEPE MGP 
MITF MMP14 MMP16 MMP2 MMP3 MMP9 MN1 MNT MSC MVP MYO7A NAGLU NCOA2 NCOR1 NELF 
NF2 NFE2L2 NFIC NIPBL NKX2-3 NKX3-2 NLRP1 NOG NOP10 NOTCH1 NOTCH2 NOTCH3 OCRL ORC1 
OSR2 PAF1 PCDH15 PDGFA PDGFC PDGFRA PDS5A PDS5B PHC1 PIGL PITX1 PKDCC PKP1 PLCD1 PLG 
PLOD1 PLOD3 PLXNA1 PLXNA2 PLXNA3 PLXNA4 PLXNB1 PLXNB3 PLXNC1 PLXND1 POLD1 POSTN 
POU1F1 PRDM1 PRDM16 PRKCI PRRX1 PRRX2 PTHLH PTPN11 PTPRF PTPRS PVRL3 RAPSN RBL1 
RBL2 RBM28 RFNG RGS2 RIN2 RMRP RPS6KA3 RSPO2 RSPO4 SCARF2 SFN SGSH SH3PXD2B SHOX2 
SIM2 SLC20A2 SLC32A1 SLC34A2 SLC35B2 SLC35C1 SLC39A13 SLC4A2 SLC4A4 SLC4A5 SMAD2 
SMAD3 SMAD5 SMG1 SMO SMPD3 SNAI1 SNAI2 SOS1 SOST SOSTDC1 SOX10 SOX11 SOX18 SOX2 SOX3 
SOX5 SP3 SPP1 SPRY2 SPRY4 SQSTM1 SSTR5 ST14 STAG1 STAT1 STAT3 STIM1 SUOX TAB2 TACR3 
TBCE TBX1 TBX10 TBX15 TBX2 TBX3 TCF21 TCP1 TERC TERT TFAP2A TFIP11 TGFA TGFB1 TGFB2 
TGFB3 TGFBR1 TGFBR2 THRA TINF2 TMCO1 TMEM107 TNFRSF19 TNFSF11 TRAF6 TRIM37 TRIP11 
TRPV3 TSHZ1 TWIST1 TWIST2 UBB USH1C USH1G USH2A WDR19 WDR35 WHSC1 
WNT1 WNT10B WNT3 WNT4 WNT6 WNT7B ZEB1 ZEB2 ZMPSTE24 ZNF469 
Genes added to the discovery sub-panel in the screening assay 
ADAM10 AKAP9 ANTXR2 BAZ1B BBX BMP1 CHPF CSRP2BP FAM111A FAM111B FAM73B GALC 
HMX3 IFITM5 IFT20 ITGA3 ITGB1 KDM4B LTBP1 NSUN2 NTRK1 RHOBTB3 SLC25A21 TMEM38B 
UBE3B 



 
Supplementary Table 2. Details of the targeted capture design 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
v1.0 v2.0 

Number of loci 
targeted 

Total 560 585 
Diagnosis sub-

panel 
175 175 

Discovery sub-
panel 

385 410 

Size of targeted 
regions (Mb) 

Total 2.36 2.47 
Diagnosis sub-

panel 
0.81 0.81 

Discovery sub-
panel 

1.5 1.66 



 
 
 
Supplementary Table 3. Known variants in samples V1.01-V1.08 identified with v1.0 of the panel 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

ID Gene Transcript c. p. Inheritance Reference 

V1.01 LTBP3 NM_001130144.2 c.[1531+1G>A];[421C>T] p.[Q141*];[p.0?] AR [1] 
V1.02 FAM20A NM_017565.3 c.[34_35del];[612del] p.[L12Afs*67];[L205Cfs*11] AR [2] 

V1.03 DSPP NM_014208.3 c.[3676del];[=] p.[S1226Afs*88];[=] AD - 

V1.04 AMELX NM_182680.1 c.[11G>A];[0] p.[W4*];[0] X-linked - 
V1.05 ENAM NM_031889.2 c.[588+1del] p.[N197Ifs*81] AD - 
V1.06 CNNM4 NM_020184.3 c.[586T>C];[586T>C] p.[S196P];[S196P] AR [3] 
V1.07 MMP20 NM_004771.3 c.[954-2A>T];[954-2A>T] p.[0?];[0?] AR - 
V1.08 Contiguous 

gene 
deletion 

 hg19 chrX:(?_185958)_(12815845-
?)del [*hg19 chrX:10417360-

8699939del] 

p.[0?];[=] AD - 



Supplementary Table 4. Sequencing statistics from v1.0 of the gene panel on samples V1.01-V1.16 

ID 
Total 

sequenced 
nucleotides 

Total passed 
filter aligned 
nucleotides 

Total passed 
filter aligned 

nucleotides in 
targeted 
regions° 

Mean coverage* % bases ≥ 1X* % bases ≥ 20X* % bases ≥ 50X* % bases ≥ 100X* 

    
Total 

Diag. 
sub-

panel 

Disc. 
sub-

panel 
Total 

Diag. 
sub-

panel 

Disc. 
sub-

panel 
Total 

Diag. 
sub-

panel 

Disc. 
sub-

panel 
Total 

Diag. 
sub-

panel 

Disc. 
sub-

panel 
Total 

Diag. 
sub-

panel 

Disc. 
sub-

panel 

V1.01 2529393600 1935516105 973675975 410.57 443.57 393.18 99.5 99.5 99.6 97.5 98.8 96.8 94.5 97.8 92.8 88.3 95 84.8 

V1.02 2441063200 1869714700 937342410 395.32 433.5 375.19 99.6 99.3 99.7 97.9 98.8 97.5 95.6 98.2 94.3 90.1 95.9 87 

V1.03 2152958600 1631544311 855687555 360.71 400.9 339.54 99.7 99.6 99.8 98.2 99.1 97.7 95.7 98.4 94.3 89.6 96.2 86.2 

V1.04 1703053800 1303350887 686090778 289.28 325.36 270.27 99.6 99.5 99.7 97.7 98.9 97.1 94.4 98 92.5 86.2 94.4 82 

V1.05 1641523000 1195222257 637282471 268.63 298.28 253.01 99.7 99.5 99.7 97.6 98.9 97 93.8 97.9 91.7 84.3 93.2 79.7 

V1.06 2100703400 1579542394 853771624 360.02 398.63 339.67 99.6 99.3 99.8 98.1 98.9 97.6 95.7 98.2 94.4 89.9 96 86.7 

V1.07 2869433600 2167359316 1072784699 452.21 503.56 425.16 99.7 99.4 99.8 98.5 99 98.2 96.9 98.6 96 93.2 97.5 90.9 

V1.08 2550773800 1933898916 1026048161 432.66 472.66 411.58 99.6 99.4 99.7 98.1 98.9 97.7 95.9 98.3 94.7 90.7 96.3 87.8 

V1.09 2354231600 1774468518 909271752 383.38 425.66 361.1 99.7 99.4 99.8 98.2 99 97.9 96.2 98.5 94.9 90.9 96.6 87.9 

V1.10 1713496800 1283336880 691905675 291.67 321.11 276.16 99.7 99.5 99.8 97.6 99 96.9 93.9 97.9 91.8 85.2 93.8 80.7 

V1.11 2530456400 1906056269 1009463211 425.6 476.94 398.54 99.7 99.5 99.8 98.5 99.1 98.1 96.7 98.6 95.6 92.2 97.2 89.6 

V1.12 2486134200 1883955509 1032670398 435.41 491.12 406.05 99.7 99.5 99.8 98.4 99.1 98.1 96.7 98.7 95.7 92.5 97.3 89.9 

V1.13 2182365400 1613504161 835260345 352.15 390.72 331.83 99.7 99.5 99.8 98.1 99 97.6 95.4 98.3 93.8 88.9 95.8 85.3 

V1.14 2284365400 1691327624 866816596 365.33 407.21 343.26 99.7 99.5 99.8 98.3 99.1 97.8 95.9 98.5 94.6 90.2 96.5 86.8 

V1.15 2281142800 1687807698 912197621 384.7 423.73 364.13 99.5 99.3 99.6 97.7 98.7 97.2 95.2 97.9 93.8 89.5 95.3 86.4 

V1.16 1250639000 944935101 538571957 227.08 251.73 214.1 99.6 99.4 99.7 97.2 98.7 96.4 92.5 97.1 90 81.1 90.9 76 

Mean 2191983413 1650096290 864927577 364.67 404.04 343.92 99.64 99.44 99.74 97.98 98.94 97.48 95.31 98.18 93.81 88.93 95.49 85.48 

 
°targeted regions = baited regions + 15 bp on either side, *includes only reads with MQ > 30, Diag. = Diagnostic, Disc. = Discovery 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table 5. Regions with an average per sample coverage <20X in v1.0 of the panel 
 

Chr 
Region 

Start 
Region 

End 
%GC 

Region 
Length 

Average Coverage 
Per Individual 

Gene Position 

Diagnostic sub-panel 

7 74150814 74151053 42.26% 239 0 GTF2I exon18 

7 74163577 74163816 45.61% 239 0 GTF2I exon26 

7 74168150 74168389 48.54% 239 0 GTF2I exon30 

X 153786686 153786925 61.51% 239 0 IKBKG exon4 

X 153788578 153788817 73.22% 239 0 IKBKG exon5 

X 153789831 153790070 59.41% 239 0 IKBKG exon6 

X 153790977 153791216 62.76% 239 0 IKBKG exon7 

X 153791725 153791964 63.18% 239 0 IKBKG exon8 

X 153792115 153792294 63.13% 179 0 IKBKG exon9 

7 74163305 74163484 37.99% 179 0.033170391 GTF2I exon25 

7 74165631 74165810 39.11% 179 0.065293296 GTF2I exon27 

7 74169765 74169944 32.96% 179 0.065293296 GTF2I exon31 

X 153792485 153792724 64.02% 239 0.132583682 IKBKG exon10/3'UTR 

7 74143059 74143298 47.28% 239 0.484309623 GTF2I exon13 

7 74144510 74144689 35.75% 179 0.689944134 GTF2I exon14 

18 59992470 59992709 83.68% 239 0.966788703 TNFRSF11A 5'UTR/exon1 

4 2819914 2820153 85.36% 239 1.021705021 SH3BP2 5'UTR/exon1 

4 5713075 5713314 82.43% 239 2.111140167 EVC 5'UTR/exon1 

11 68080108 68080347 82.01% 239 3.053870293 LRP5 5'UTR/exon1 

17 17713200 17713379 73.74% 179 7.438896648 RAI1 exon6/3'UTR 

9 137533968 137534207 82.01% 239 10.91082636 COL5A1 5'UTR/exon1 

2 220417548 220417787 75.73% 239 13.43122385 OBSL1 exon17 

1 110612916 110613275 78.33% 359 19.7992688 ALX3 5'UTR/exon1 

Discovery sub-panel 

9 140513401 140513580 87.15% 179 0.061103352 EHMT1 5'UTR/exon1 

14 105634635 105634814 86.59% 179 0.274790503 JAG2 5'UTR/exon1 

8 42995507 42995806 81.27% 299 0.327759197 HGSNAT 5'UTR/exon1 

1 15250815 15251114 83.61% 299 0.35451505 KAZN 5'UTR/exon1 

18 72923762 72923941 82.12% 179 0.423882682 TSHZ1 intron1 

9 139440118 139440297 78.21% 179 0.468924581 NOTCH1 5'UTR 

9 101867416 101867655 84.10% 239 0.486401674 TGFBR1 5'UTR/exon1 

X 153784336 153784635 62.54% 299 0.525710702 IKBKG exon3 

12 112856833 112857012 77.10% 179 0.808659218 PTPN11 5'UTR/exon1 

7 150760182 150760361 75.42% 179 0.992667598 SLC4A2 5'UTR/exon1 

5 177027147 177027326 81.56% 179 1.301326816 B4GALT7 5'UTR/exon1 

9 132428096 132428455 82.73% 359 1.313022284 PRRX2 5'UTR/exon1 

9 140353399 140353638 81.17% 239 1.360355649 NSMF 5'UTR/exon1 

1 3310967 3311146 69.83% 179 1.392458101 PRDM16 intron4 

21 38119940 38120419 81.42% 479 1.4375 SIM2 exon11/3'UTR 

3 38495750 38495929 81.56% 179 1.516061453 ACVR2B 5'UTR/exon1 

1 22469257 22469496 82.01% 239 1.531380753 WNT4 5'UTR/exon1 

9 96717167 96717466 78.60% 299 1.567934783 BARX1 5'UTR/exon1 

1 110453575 110453754 83.80% 179 1.930865922 CSF1 5'UTR/exon1 

5 134369367 134369606 76.99% 239 1.947437238 PITX1 5'UTR/exon1 

6 44225052 44225231 78.77% 179 2.208100559 SLC35B2 5'UTR/exon1 

18 10454568 10454747 78.77% 179 2.311452514 APCDD1 5'UTR 

1 120534005 120534184 41.90% 179 2.470670391 NOTCH2 intron4 



Chr 
Region 

Start 
Region 

End 
%GC 

Region 
Length 

Average Coverage 
Per Individual 

Gene Position 

17 78193949 78194188 77.82% 239 2.544979079 SGSH 5'UTR/exon1 

6 132272190 132272369 79.33% 179 2.602304469 CTGF 5'UTR 

20 10654018 10654257 77.41% 239 2.612186192 JAG1 5'UTR/exon1 

4 980832 981071 79.50% 239 2.720188285 IDUA 5'UTR/exon1 

11 130029795 130030034 78.66% 239 2.83289749 ST14 5'UTR/exon1 

17 80009329 80009688 81.34% 359 2.934192201 RFNG 5'UTR/exon1 

5 178772140 178772379 80.75% 239 2.951621339 ADAMTS2 5'UTR/exon1 

11 46939815 46939994 78.21% 179 2.981494413 LRP4 5'UTR/exon2 

19 7293733 7293972 78.66% 239 2.993723849 INSR 5'UTR/exon1 

X 128674346 128674525 76.54% 179 3.069832402 OCRL 5'UTR/exon1 

5 179248469 179248648 70.95% 179 3.455656425 SQSTM1 intron1 

19 5229449 5229748 80.27% 299 3.777801003 PTPRS exon15 

X 20284626 20284805 77.65% 179 4.146997207 RPS6KA3 5'UTR 

6 10412805 10413044 74.48% 239 4.197960251 TFAP2A intron1 

7 558517 558696 75.98% 179 4.499301676 PDGFA 5'UTR/exon1 

17 73749801 73750100 78.93% 299 4.509824415 ITGB4 exon33 

20 60941973 60942332 78.27% 359 4.547179666 LAMA5 5'UTR/exon1 

19 15311541 15311780 80.33% 239 4.950052301 NOTCH3 5'UTR/exon1 

7 74162283 74162522 35.98% 239 4.967573222 GTF2I exon24 

3 184098061 184098300 79.50% 239 5.02248954 CHRD 5'UTR/exon1 

7 559571 559870 77.59% 299 5.138586957 - upstream 

15 68724290 68724469 76.54% 179 5.259078212 ITGA11 5'UTR/exon1 

7 140624315 140624554 77.41% 239 5.379445607 BRAF 5'UTR/exon1 

9 124990858 124991097 77.82% 239 5.442730126 LHX6 5'UTR/exon1 

22 17565931 17566170 77.82% 239 5.686453975 IL17RA 5'UTR/exon1 

17 40688242 40688721 79.12% 479 6.322286013 NAGLU 5'UTR/exon1 

20 30946517 30946696 76.54% 179 6.405726257 ASXL1 5'UTR/exon1 

19 41836916 41837155 74.06% 239 6.517259414 TGFB1 5'UTR/exon1 

3 110790825 110791064 73.64% 239 6.552824268 PVRL3 5'UTR/exon1 

13 31774167 31774346 77.65% 179 6.819832402 B3GALTL 5'UTR/exon1 

7 74157704 74157943 34.73% 239 6.993200837 GTF2I exon20 

14 95235965 95236384 76.85% 419 7.16900358 GSC 5'UTR/exon1 

5 1294845 1295144 79.60% 299 7.27132107 TERT 5'UTR/exon1 

16 18900651 18900950 40.13% 299 7.477842809 SMG1 exon6 

16 68771253 68771432 76.54% 179 7.535963687 CDH1 5'UTR/exon1 

2 172291031 172291270 78.66% 239 7.769089958 DCAF17 5'UTR/exon1 

2 174829087 174829326 73.22% 239 8.390167364 SP3 exon2 

10 134000497 134000676 77.65% 179 8.491620112 DPYSL4 5'UTR/exon1 

10 31608103 31608282 68.72% 179 8.50349162 ZEB1 5'UTR/exon1 

6 132271871 132272170 74.58% 299 8.639423077 CTGF exon2 

2 174828430 174828669 76.99% 239 8.67834728 SP3 exon3 

19 4123707 4123946 77.41% 239 8.754445607 MAP2K2 5'UTR/exon1 

7 100860381 100860620 74.90% 239 8.780857741 PLOD3 5'UTR/exon1 

11 65381392 65381571 73.18% 179 9.057960894 MAP3K11 5'UTR 

19 8649739 8649978 72.38% 239 9.0666841 ADAMTS10 exon25 

9 124989604 124989843 73.22% 239 9.203713389 LHX6 exon2 

3 38070924 38071103 73.74% 179 9.818435754 PLCD1 5'UTR/exon1 

20 60884342 60884581 69.87% 239 9.882060669 LAMA5 exon80 

16 88923106 88923345 76.99% 239 9.935669456 GALNS 5'UTR/exon1 

7 557977 558216 75.73% 239 10.41082636 PDGFA intron1 



Chr 
Region 
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Region 
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%GC 

Region 
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Average Coverage 
Per Individual 

Gene Position 

2 121103719 121104258 75.88% 539 10.43552876 INHBB 5'UTR/exon1 

11 69589473 69589892 77.57% 419 10.58412888 FGF4 5'UTR/exon1 

16 68679476 68679715 69.87% 239 10.76281381 CDH3 exon2 

2 178129192 178129371 74.86% 179 10.77513966 NFE2L2 5'UTR/exon1 

5 78280706 78281125 76.37% 419 10.91139618 ARSB 5'UTR/exon1 

22 20791835 20792074 79.92% 239 11.20737448 SCARF2 5'UTR/exon1 

2 219724681 219724920 76.15% 239 11.67651674 WNT6 5'UTR/exon1 

16 53468439 53468738 73.91% 299 12.00585284 RBL2 5'UTR/exon1 

22 20779637 20780596 76.12% 959 12.44584202 SCARF2 exon11/3'UTR 

3 129159104 129159283 65.36% 179 13.49965084 IFT122 5'UTR/exon1 

7 128828948 128829367 77.33% 419 13.60739857 SMO 5'UTR/exon1 

20 60897644 60897883 69.87% 239 13.80334728 LAMA5 exon46 

X 153991159 153991338 72.07% 179 13.82087989 DKC1 5'UTR/exon1 

20 62680481 62680900 77.33% 419 14.07741647 SOX18 5'UTR/exon1 

7 556959 557198 74.48% 239 14.16971757 PDGFA exon2 

4 996476 997004 78.03% 528 14.34824811 IDUA exon9/10 

22 46367956 46368195 75.31% 239 14.42024059 WNT7B intron1 

20 62679467 62680366 75.97% 899 15.1881257 SOX18 exon2/3'UTR 

X 54521532 54521891 73.61% 359 17.47423398 FGD1 5'UTR/exon1 

17 78187524 78187763 70.29% 239 17.77301255 SGSH exon6 

1 11994755 11994994 74.48% 239 17.78242678 PLOD1 5'UTR/exon1 

18 10454840 10455079 75.00% 239 17.79550209 APCDD1 5'UTR/exon1 

2 42275299 42276018 77.78% 719 17.81389082 PKDCC 5'UTR/exon1 

5 52776544 52776783 72.50% 239 18.40115063 FST 5'UTR/exon1 

19 5250930 5251109 58.89% 179 18.53840782 PTPRS intron 9 

1 2985752 2985931 70.00% 179 18.89385475 PRDM16 5'UTR/exon1 

11 2905860 2906759 77.44% 899 18.92575083 CDKN1C 5'UTR/exon1 

19 3366560 3366739 72.22% 179 19.40851955 NFIC 5'UTR/exon1 

11 65374713 65375012 73.33% 299 19.76066054 MAP3K11 exon5 



Supplementary Table 6. Variant detection statistics in samples V1.01-V1.16 with v1.0 of the gene panel 
 

ID 

Number 
of 

variants 
identified 

Number 
of SNPs 

Number 
of 

INDELS 

Number of 
filtered* 

variants with 
allele 

frequency < 1% 
in dbSNP137, 

1000G, EVS and 
in-house 
database  

Number of 
filtered 
variants 

annotated as 
missense 

Number of 
filtered 
variants 

annotated as 
frameshift 

Number of 
filtered 
variants 

annotate as 
nonsense 

Number of 
filtered 
variants 

annotated as 
splice 

mutations 

V1.01 2547 2138 409 74 22 0 1 1 
V1.02 2572 2127 445 64 16 3 0 0 
V1.03 3059 2560 499 180 40 1 0 0 
V1.04 2704 2260 444 68 19 0 1 1 
V1.05 3077 2582 495 189 31 3 0 0 
V1.06 2671 2225 446 79 28 0 0 0 
V1.07 2553 2134 419 77 13 1 0 1 
V1.08 2553 2144 409 72 20 0 0 1 
V1.09 2622 2186 436 70 13 0 1 0 
V1.10 2441 2018 423 69 22 0 0 0 
V1.11 2701 2263 438 81 21 1 1 0 
V1.12 2563 2130 433 69 16 0 0 0 
V1.13 2581 2149 432 90 22 0 0 0 
V1.14 2538 2091 447 76 18 0 1 0 
V1.15 2588 2158 430 59 15 0 0 0 
V1.16 2599 2188 411 72 14 0 1 0 
Mean 2648.06 2209.56 438.50 86.81 20.63 0.56 0.38 0.25 

* filtered: variants that passed the following criteria: allele frequency < 1% in dbSNP137, 1000 genomes, Exome Variant Server, and in-
house database; °includes only reads with MQ > 30 

 
 
 
 
 
 
 
 



 
Supplementary Table 7. Sequencing statistics for patients v2.01-v2.95 sequenced with v2.0 of the gene panel 

ID 
Total 

sequenced 
nucleotides 

Total passed 
filter aligned 
nucleotides 

Total passed 
filter aligned 

nucleotides in 
targeted 
regions 

Mean 
coverage 

% 
bases 
≥ 1X° 

% 
bases 

≥ 
20X° 

% 
bases 

≥ 
50X° 

# 
variants 

# 
SNP 

# 
Indel 

# 
filtered* 
variants  

# 
filtered 

mis-
sense 

# 
filtered 
frame-

shift 

# filtered 
nonsense 

# 
filtered 
splice 

    
Total Total Total Total 

        
V2.01 848050800 736028984 277592817 107.8 99.8 96 81.5 2780 2262 518 70 13 0 0 1 

V2.02 960169200 860522137 327213166 127.05 99.8 96.4 85 2876 2364 512 83 14 3 0 0 

V2.03 747160000 667348632 261857870 101.64 99.8 95.1 78.5 2642 2167 475 65 11 1 0 1 

V2.04 800411200 725089453 282525424 109.54 99.8 95.4 80.3 2869 2349 520 74 11 0 0 0 

V2.05 746819200 684586911 269867229 104.51 99.8 94.2 77.3 2670 2215 455 110 23 3 0 0 

V2.06 692747000 634750100 264984723 102.61 99.7 93.5 75.7 2874 2357 517 128 19 5 1 0 

V2.07 887134800 756202602 284776259 110.64 99.8 95.7 81.5 2726 2208 518 71 12 3 0 2 

V2.08 922939800 823410379 320339971 124.17 99.8 96.2 83.5 2789 2284 505 86 12 0 0 0 

V2.09 776923600 651158111 299181653 115.81 99.8 96 83.1 2741 2227 514 73 6 3 1 1 

V2.10 644774400 545336576 262728853 101.82 99.7 95 79.1 2769 2278 491 72 15 0 0 2 

V2.11 757023200 659217579 313145842 121.23 99.8 96.4 84.7 2790 2280 510 78 13 0 0 1 

V2.12 855912600 779255895 359977159 139.45 99.9 96.9 87.4 2823 2316 507 41 2 0 0 1 

V2.13 1502519800 1282612834 528188469 204.98 99.9 98.2 94 2846 2328 518 82 18 3 0 2 

V2.14 1149269200 1015333953 438537896 169.99 99.8 97.8 91.6 2738 2234 504 77 15 0 0 2 

V2.15 1004121800 895602006 407007571 157.78 99.9 97.6 90.3 2766 2265 501 71 13 3 0 1 

V2.16 958794200 806152575 341959344 132.41 99.8 96.5 85.4 2759 2260 499 90 23 2 0 1 

V2.17 2123494400 1875903407 809214774 313.75 99.9 98.9 96.4 3745 3122 623 128 26 0 0 2 

V2.18 1048638000 926159642 403679470 156.47 99.9 97.5 89.4 2766 2271 495 70 19 0 1 0 

V2.19 1059056800 945324906 402670360 156.13 99.8 97.1 88.6 2889 2366 523 71 14 0 0 1 

V2.20 895689600 814345529 372856997 144.44 99.8 97.2 88.7 2802 2296 506 64 13 4 1 1 

V2.21 2664350600 2397448572 1007063992 390.46 99.9 99.1 97.4 3725 3090 635 169 34 3 1 1 

V2.22 1935887200 1685866367 758461285 293.93 99.9 98.9 96.7 3641 3018 623 101 17 2 0 1 

V2.23 1188179000 1077109416 459677384 178.31 99.9 97.5 90.7 2792 2278 514 66 10 3 0 1 

V2.24 1398400200 1213462486 510731305 198.47 99.9 98.3 94.2 2801 2288 513 87 19 3 0 1 

V2.25 1495761200 1364107809 591255764 229.51 99.9 98.4 94.9 2722 2204 518 85 9 0 0 1 

V2.26 988928400 870596072 399228912 154.73 99.9 97.5 89.6 2805 2286 519 73 9 0 1 3 

V2.27 568525800 457626650 227965737 88.22 99.8 93.9 74.1 2673 2194 479 68 10 0 0 1 

V2.28 1046138800 946606434 446714024 172.78 99.9 97.9 91.7 2781 2273 508 78 10 3 1 3 

V2.29 574351000 513661968 244780596 94.79 99.8 95.2 78 2744 2251 493 70 11 3 0 1 

V2.30 2313111600 2007376602 880783599 340.92 100 99 97 3792 3153 639 173 38 0 1 2 

V2.31 773530600 681983651 334742156 129.78 99.8 97.1 88.2 2824 2294 530 56 8 0 0 1 



ID 
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sequenced 
nucleotides 

Total passed 
filter aligned 
nucleotides 

Total passed 
filter aligned 

nucleotides in 
targeted 
regions 

Mean 
coverage 

% 
bases 
≥ 1X° 

% 
bases 

≥ 
20X° 

% 
bases 

≥ 
50X° 

# 
variants 

# 
SNP 

# 
Indel 

# 
filtered* 
variants  

# 
filtered 

mis-
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# 
filtered 
frame-

shift 

# filtered 
nonsense 

# 
filtered 
splice 

V2.32 1107243800 952873442 432500622 167.53 99.8 97.7 91.3 2773 2251 522 78 15 3 0 2 

V2.33 1262394400 1126406753 433938620 168.63 99.9 97.6 90.8 2868 2357 511 76 20 3 0 1 

V2.34 729711600 644240049 262838572 102.14 99.8 95 78.8 2770 2256 514 77 21 0 0 1 

V2.35 1088653800 995478858 399149335 154.88 99.8 97.2 89.1 2660 2153 507 66 14 1 0 1 

V2.36 1402971000 1257523339 482424435 187.65 99.9 98 92.4 2942 2410 532 114 22 4 0 1 

V2.37 1432402000 1286637761 483808260 188.06 99.8 97.9 92.5 2753 2249 504 78 13 3 0 1 

V2.38 1185778400 1072343725 422060643 163.82 99.8 97.5 90.4 2842 2339 503 84 8 0 2 1 

V2.39 798479800 710469922 311345177 120.66 99.9 96.3 83.8 2763 2267 496 65 11 1 0 1 

V2.40 1501506200 1374930437 542011393 210.45 99.9 98.2 93.8 2825 2289 536 74 7 0 0 1 

V2.41 755312000 668403887 283829802 110.19 99.7 94.9 80.1 2803 2277 526 76 15 0 1 1 

V2.42 955305400 817563816 354413159 137.59 99.8 97.2 88.1 2894 2359 535 74 10 1 0 1 

V2.43 960359000 871557783 371634147 144.17 99.8 97.1 88.1 2725 2243 482 63 9 0 0 1 

V2.44 1504276200 1303262139 515070393 200.06 99.9 98.2 93.2 2772 2268 504 77 13 3 0 2 

V2.45 1061382400 924381441 402600639 156.27 99.8 97.5 90 2695 2181 514 80 16 0 0 1 

V2.46 1040252400 925302762 380872541 148.02 99.8 97.5 89.9 2768 2261 507 74 7 4 1 2 

V2.47 1291747800 1145317180 447396501 173.76 99.8 97.8 91.7 2817 2303 514 91 15 3 0 4 

V2.48 1333586800 1140100684 481154521 185.91 99.8 97.7 92.1 2784 2269 515 72 15 3 1 1 

V2.49 1343604200 1196406787 480490318 186 99.8 97.9 92.7 2754 2230 524 79 15 0 1 1 

V2.50 1026321600 910914613 390514110 151.06 99.9 97.3 89.2 2756 2253 503 88 17 1 0 2 

V2.51 1084525800 921482358 387228819 149.66 99.8 97.4 89.9 2743 2238 505 84 21 2 0 1 

V2.52 893392400 766979835 339596355 131.15 99.8 96.2 85.3 2748 2289 459 69 9 0 0 3 

V2.53 1397405400 1283250012 519754347 201.22 99.8 97.6 92.2 2905 2383 522 73 16 0 0 1 

V2.54 1619633800 1496266236 613038295 236.97 99.9 98.4 94.9 2771 2260 511 79 18 0 0 1 

V2.55 1525109600 1409329796 565809153 218.73 99.8 98 93.7 2793 2301 492 69 10 1 0 1 

V2.56 1080181600 963545575 407219662 157.32 99.8 97.4 90.2 2873 2386 487 62 12 0 0 1 

V2.57 1719283000 1516114039 573781112 222.16 99.8 98.2 94.2 2784 2267 517 87 16 3 0 1 

V2.58 1291547200 1099723443 446787037 172.49 99.9 97.8 91.5 2691 2220 471 81 14 1 1 1 

V2.59 1056774800 958828432 402546525 155.55 99.8 97.5 90.6 2665 2172 493 68 16 2 0 1 

V2.60 1386210000 1231985409 485313286 187.5 99.8 97.9 92.7 3061 2524 537 111 21 0 0 0 

V2.61 1434162600 1325855516 508545342 196.55 99.8 97.6 92.5 3292 2734 558 230 40 3 0 1 

V2.62 1311658400 1164036368 448507877 173.73 99.8 97.8 92.2 2842 2338 504 78 12 0 0 2 

V2.63 784783800 612917519 276014895 106.25 99.8 93.8 77 2662 2214 448 85 23 0 1 0 

V2.64 1477661800 1260260874 548548734 211.77 99.9 97.7 92.8 2822 2330 492 108 26 2 0 1 

V2.65 1507305000 1331063062 558019554 216.29 99.8 97.8 93.2 2599 2161 438 56 10 2 1 1 



ID 
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sequenced 
nucleotides 

Total passed 
filter aligned 
nucleotides 

Total passed 
filter aligned 

nucleotides in 
targeted 
regions 
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% 
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% 
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≥ 
20X° 

% 
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≥ 
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# 
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# 
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# 
Indel 

# 
filtered* 
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# 
filtered 

mis-
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# 
filtered 
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# filtered 
nonsense 

# 
filtered 
splice 

V2.66 1561032200 1301266158 553784231 213.92 99.8 97.5 92.3 2749 2285 464 42 9 2 0 1 

V2.67 1845095000 1618692423 627804999 243.04 99.9 98 93.7 2801 2340 461 61 17 2 0 1 

V2.68 2211562400 1953015892 735168165 285.02 99.9 98.5 95.8 2729 2229 500 55 4 3 0 1 

V2.69 1365493200 1159701682 507692366 196.28 99.9 97.8 92.1 2641 2165 476 80 16 2 0 1 

V2.70 2452899800 2205738567 871452465 337.39 99.9 98.3 95.7 2768 2294 474 62 9 2 1 1 

V2.71 2757139800 2381482082 995840560 384.73 99.9 98.6 96.2 2808 2336 472 58 14 0 0 3 

V2.72 722424400 644206852 295660531 114.65 99.8 95.3 81.4 2838 2370 468 78 18 2 0 1 

V2.73 1041247000 935138556 401389849 155.98 99.8 97.2 89.4 2675 2219 456 49 12 1 0 1 

V2.74 817505800 747780422 330902440 128.37 99.8 96.3 85 2667 2197 470 57 8 2 0 1 

V2.75 1044084000 932546469 410852215 159.53 99.8 97 89.1 2677 2232 445 79 20 2 0 1 

V2.76 1097412400 1007856644 411589046 159.73 99.8 97.4 89.6 2811 2330 481 63 14 2 0 1 

V2.77 887949600 819098704 369027076 143.13 99.8 96.8 87.7 2725 2265 460 50 9 2 0 1 

V2.78 1149476000 1036810860 452316293 175.16 99.8 97.4 90.9 2660 2206 454 56 14 0 0 1 

V2.79 553319000 493066518 241368038 93.42 99.8 94.1 75.6 2647 2200 447 59 15 1 1 1 

V2.80 1209526800 999910832 436988783 169.13 99.8 97.4 90.6 2568 2129 439 39 2 2 0 1 

V2.81 848366200 739270269 340597891 132 99.8 96.9 87.2 2893 2410 483 72 15 1 2 2 

V2.82 952025200 842805360 391452746 151.82 99.7 97 89.2 3263 2741 522 125 18 6 0 2 

V2.83 1281135400 1159643658 485024670 188.02 99.8 97.4 91.2 2576 2143 433 49 16 3 0 1 

V2.84 1642417600 1457576294 591501793 229.36 99.9 98.4 94.8 2755 2256 499 57 17 2 0 2 

V2.85 1391188600 1239369834 534937296 207.52 99.8 98.1 93.9 2802 2334 468 80 11 0 0 1 

V2.86 1498139000 1280633352 550946548 213.44 99.8 98 93.9 2780 2312 468 83 23 2 1 1 

V2.87 2070727600 1871514233 738939121 286.94 99.9 98.6 95.9 2733 2255 478 63 13 3 1 1 

V2.88 2083217200 1871302407 781453864 302.93 99.9 98.6 96.2 2825 2358 467 87 16 2 0 1 

V2.89 1101851800 939454646 425625286 165.26 99.8 97.9 91.8 2835 2328 507 79 16 3 0 1 

V2.90 1384881400 1233825394 538855687 208.95 99.9 98.2 93.7 2676 2220 456 68 18 2 1 2 

V2.91 1933795600 1759986293 759672348 294.62 99.8 98.5 95.9 2598 2160 438 62 20 4 0 1 

V2.92 1122398800 999746160 452635262 175.43 99.9 97.9 91.7 2783 2313 470 55 12 0 0 1 

V2.93 901247800 798025190 378901767 146.81 99.9 97.1 88.4 2728 2259 469 64 15 3 1 1 

V2.94 1181614200 1040532507 455503452 176.51 99.9 97.7 91.3 2703 2228 475 47 12 2 0 1 

V2.95 1935740600 1749394743 743850497 288.45 99.9 98.6 96 2811 2317 494 52 11 0 0 1 

*filtered: variants that passed the following criteria: allele frequency < 1% in dbSNP137, 1000 genomes, Exome Variant Server, and in-
house database; °includes only reads with MQ > 30  



Supplementary Table 8. Comparison of sequence coverage of the targeted regions 
achieved with v2.0 of our NGS gene panel and that of the same regions achieved by 
whole exome sequencing in 8 random samples with a similar capture/sequencing 
protocol and bioinformatics pipeline 

 

 
 

Targeted NGS gene panel 
(v2.0) 

V5 

Mean coverage (X) Overall 178.90 100.84 

 
Diagnosis 
sub-panel 

211.17 102.62 

 
Discovery 
sub-panel 

175.35 99.97 

% reads >= 20X Overall 97.23 89.09 

 
Diagnosis 
sub-panel 

99.41 89.14 

 
Discovery 
sub-panel 

96.65 89.06 

% reads >= 50X Overall 89.39 70.25 

 
Diagnosis 
sub-panel 

97.01 70.96 

 
Discovery 
sub-panel 

87.63 69.91 

Coverage calculations include only high-quality mapped reads (MQ > 30); V5: Agilent 
SureSelect V5 (Agilent, Santa Clara, USA) 
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Mutation Polyphen[1] SIFT[2] MutationTaster[3] 1000G[4] EVS[5] ExAC[6] Grantham 
Score 

p.H61R Probably 
damaging 

Deleterious Disease-causing Absent Absent Absent 29 

p.W272X - - - Absent Absent Absent - 

 
Supplementary Figure 1. Two novel mutations in WDR72 in patient V1.14 
A) Family pedigree showing segregation of the two mutations. The mutated nucleotides are 
indicated by a red arrow. B) Location of the two mutations in the protein. Image adapted from 
[7]. C) Multi-species sequence conservation around amino acid 61 (Alamut v2.6.2). The p.H61R 
(*) mutation affects a conserved nucleotide in a functional WD40 domain. D) Table showing the 
predicted effects of the missense mutation and the frequency of both mutations in public 
databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 2. Novel homozygous mutation in CNNM4 in patient V2.05 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated by 
a red arrow. B) Location of the mutation in the protein. Image adapted from [8]. C) Multi-species 
sequence conservation of amino acid 499 (Alamut v2.6.2). The p.V499M (*) mutation affects a 
conserved nucleotide in a core functional CBS domain. CBS: cystathionine beta-synthase, core 
domain; DUF21: domain of unknown function DUF21. D) Table showing the predicted effects of 
the missense mutation and the frequency of the mutation in public databases. EVS: Exome 
Variant Server; ExAC: Exome aggregation consortium server. E-F) Results from a full-field 
electroretinography (ERG) exam[9] in patient V2.05; E) Results from the light-adapted 3 ERG 
protocol showing a marked loss of cone response; F) Results from the dark-adapted 0.01 
protocol showing a less severe reduction in rod response.  
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Mutation Database of Genomic Variants[10] 

c.(1537+1_1538-1)_(*67_?)del 
 

Absent 

 
Supplementary Figure 3. Homozygous deletion in SLC24A4 in patient V2.08 
A) Family pedigree showing segregation of the deletions. Shown is a screen shot of the bam file 
as visualised by Integrated Genomics Viewer. There is a lack of reads overlapping the last 3 exons 
of the gene. B) Quantitative PCR (qPCR) validation of the homozygous deletion in the patient and 
the heterozygous deletion in each parent.  
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Supplementary Figure 4. Heterozygous nonsense mutation in COL17A1 in patient V2.09 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the protein. Image adapted from [11]. C) 
Table showing the frequency of the mutation in public databases. EVS: Exome Variant Server; 
ExAC: Exome aggregation consortium server. 
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Supplementary Figure 5. Heterozygous nonsense mutation in LAMB3 in patient V2.18 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the protein. Image adapted from [12]. C) 
Table showing the frequency of the mutation in public databases. EVS: Exome Variant Server; 
ExAC: Exome aggregation consortium server. 
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Supplementary Figure 6. Heterozygous nonsense mutation in FAM83H in patient V2.20 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the gene. Coding exons are represented as 
white rectangles whereas grey rectangles represent non-coding exons. The exons are numbered 
from the 5’ end of the gene. Image adapted from [13]. C) Table showing the frequency of the 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 7. Heterozygous nonsense mutation in FAM83H in patient V2.26 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the gene. Coding exons are represented as 
white rectangles whereas grey rectangles represent non-coding exons. The exons are numbered 
from the 5’ end of the gene. Image adapted from [13]. C) Table showing the frequency of the 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Mutation Polyphen SIFT MutationTaster 1000G EVS ExAC Grantham 
score 

p.P52L Deleterious Deleterious Disease-causing Absent Absent Absent 98 

 
 
Supplementary Figure 8. Heterozygous nonsense mutation in AMELX in patient V2.28 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the protein. Also shown is the p.P52R 
mutation previously reported by [14] that affects the same residue. C) Multi-species sequence 
conservation around amino acid 52 (Alamut v2.6.2). The p.P52R (*) mutation affects a conserved 
nucleotide in a functional domain. D) Table showing the frequency of the mutation in public 
databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 9. Heterozygous splice donor mutation in ENAM in patient V2.30 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table showing bioinformatically predicted effect on splicing and the frequency 
of the mutation in public databases. SSF: Splice Site Finder; EVS: Exome Variant Server; ExAC: 
Exome aggregation consortium server. 
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Supplementary Figure 10. Heterozygous nonsense mutation in COL17A1 in patient V2.48 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the protein. Image adapted from [11]. C) 
Table showing the frequency of both mutations in public databases. EVS: Exome Variant Server; 
ExAC: Exome aggregation consortium server. 
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Supplementary Figure 11. Homozygous splice acceptor mutation in AMBN in patient V2.53 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table showing bioinformatically predicted effect on splicing and the frequency 
of the mutation in public databases. SSF: Splice Site Finder; EVS: Exome Variant Server; ExAC: 
Exome aggregation consortium server. 
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Supplementary Figure 12. Heterozygous nonsense mutation in FAM83H in patient V2.63 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the gene. Coding exons are represented as 
white rectangles whereas grey rectangles represent non-coding exons. The exons are numbered 
from the 5’ end of the gene. Image adapted from [13]. C) Table showing the frequency of the 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 

Mutation 1000G EVS ExAC 

p.Q677* Absent Absent Absent 

 

 

 

I-1 

  
I-2 

  

II-1  

+/c.2029C>T 

       

p.Q677* 

1 4 3 2 5 



A) 
 

 
B) 

 
 
C) 

Mutation 1000G EVS ExAC 

p.R625* Absent Absent 
1/ 121206 

chromosomes 

 
Supplementary Figure 13. Heterozygous nonsense mutation in COL17A1 in patient V2.79 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. DNA was not available from additional members of the family. B) Location of the 
mutated residue in the protein. Image adapted from [11]. C) Table showing the frequency of both 
mutations in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 14. Homozygous frameshift-causing dinucleotide deletion in 
FAM20A in patient V2.06 
A) Family pedigree showing Sanger chromatogram of the mutation. The deletion is indicated. B) 
Table showing the frequency of the mutation in public databases. EVS: Exome Variant Server; 
ExAC: Exome aggregation consortium server. 
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Supplementary Figure 15. Heterozygous missense mutation in WNT10A in patient V1.11 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the missense mutation in the protein. SP: Signal peptide. Image 
based on [18]. C) Table showing the bioinformatically predicted effect of and the frequency of the 
missense mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation 
consortium server. 
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Supplementary Figure 16. Two heterozygous missense mutations in WNT10A in patient 
V1.15 
A) Family pedigree showing segregation of the mutationS. The mutated nucleotide is indicated 
with an arrow. B) Location of the novel mutation in the protein. C) Sequence alignment around 
amino acid 115. The K115Q (*) mutation affects a conserved amino acid in a functional domain. 
D) Table showing the bioinformatically predicted effect and the frequency of the missense 
mutations in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 17. Homozygous missense mutation in WNT10A in patient V2.55 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table showing the frequency of the mutation in public databases. EVS: Exome 
Variant Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 18. Homozygous missense mutation in WNT10A in patient V2.65 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the protein. SP: Signal peptide. Image based on 
[18]. C) Table showing the bioinformatically predicted effect and the frequency of the missense 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure S19. Homozygous missense mutation in WNT10A in patient V2.66 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the protein. SP: Signal peptide. Image based on 
[18]. C) Table showing the bioinformatically predicted effect and the frequency of the missense 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 20. Heterozygous deletion in PAX9 in patient V2.67 
A) Family pedigree. B) Quantitative PCR (qPCR) validation of the deletion in the family.  
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Supplementary Figure 21. Heterozygous missense mutation in WNT10A in patient V2.69 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the protein. C) Sequence alignment around amino 
acid 213. The G213S (*) mutation affects a conserved amino acid in a functional domain. D) Table 
showing the bioinformatically predicted effect and the frequency of the missense mutation in 
public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 22. Complex heterozygous missense mutation in WNT10A in patient 
V.71 
A) Family pedigree showing segregation of the mutation. The mutated nucleotides are indicated 
with arrows. B) Table showing the bioinformatically predicted effect and the frequency of the 
mutations in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 23. Two heterozygous missense mutations in WNT10A in patient 
V.72 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. Both mutations are known pathogenic mutations. B) Table showing the 
bioinformatically predicted effect and the frequency of the mutations in public databases. EVS: 
Exome Variant Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 24. Homozygous missense mutation in WNT10A in patient V2.74 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. The mutation is known pathogenic. B) Table showing the bioinformatically 
predicted effect and the frequency of the mutation in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 25. Homozygous missense mutation in WNT10A in patient V2.76 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table showing the bioinformatically predicted effect and the frequency of the 
mutation in public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
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Supplementary Figure 26. Heterozygous de novo mutation in EDA in patient V2.78 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table indicating the bioinformatically predicted effect of the missense 
mutation and its frequency in publicly available databases. EVS: Exome Variant Server; ExAC: 
Exome Aggregation Consortium. 
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Supplementary Figure 27. Heterozygous frameshift inducing deletion mutation in MSX1 in 
patient V2.91 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table indicating the frequency of the mutation in publicly available databases. 
EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium. 
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Supplementary Figure 28. Heterozygous missense mutation in WNT10A in patient V2.92 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. This mutation is known to show sex-biased manifestations in males in the 
heterozygous state [18].  
  

Mutation Polyphen SIFT MutationTaster 1000G EVS ExAC Grantham 
score 

p.F228I Deleterious Deleterious Disease-causing 30/4978 
chromosomes 

241/13000 
chromosomes 

1499/117764 
chromosomes 

21 
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II-1  

+/c.682T>A 

+/c.682T>A +/+ 



 
A) 

 
 
B) 

 
Supplementary Figure 29. Homozygous missense mutation in WNT10A in patient V2.93 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow.  
  

Mutation Polyphen SIFT MutationTaster 1000G EVS ExAC Grantham 
score 

p.F228I Deleterious Deleterious Disease-causing 30/4978 
chromosomes 

241/13000 
chromosomes 
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chromosomes 
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Supplementary Figure 30. Two heterozygous missense mutations in WNT10A in patient 
2.54 
A) Family pedigree showing segregation of the mutations. The mutated nucleotides are indicated 
with an arrow. B) Location of the novel mutation in the protein. C) Sequence alignment around 
amino acid 139 (Alamut v2.6.2). The A139V (*) mutation affects a well-conserved amino acid in a 
functional domain. D) Table showing the bioinformatically predicted effect and the frequency of 
the missense mutations in public databases. EVS: Exome Variant Server; ExAC: Exome  
  

Mutation Polyphen SIFT MutationTaster 1000G EVS ExAC Grantham 
Score 

p.F228I Deleterious Delterious Disease-causing 30/4978 
chromosomes 

241/13000 
chromosomes 

1499/117764 
chromosomes 

21 

p.A139V Deleterious Deleterious Disease-causing Absent Absent Absent 64 

  

I-1 

  
I-2 

  

II-1  

 

+/c.682T>A +/c.416C>T 

 SP Wnt domain 

p.A139V 

* 
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Supplementary Figure 31. Heterozygous single nucleotide insertion in CTNNB1 in patient 
V2.87 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the protein. Blue boxes represent armadillo 
repeats. Image adapted from [19]. C) Table showing the frequency of the missense mutations in 
public databases. EVS: Exome Variant Server; ExAC: Exome aggregation consortium server. 

Mutation 1000G EVS ExAC 

p.Tyr333* Absent Absent Absent 

            aa1 aa781 

p.Y333* 

 

 

 

I-1 

  
I-2 

  

II-1  

+/c.998dup 



A) 
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Supplementary Figure 32. Heterozygous single nucleotide deletion in DSPP in patients 
V1.09 and V1.10 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the gene. White boxes represent non-coding exons 
whereas grey boxes represent coding sequences. The exons are numbered from 5’ to 3’. Below, 
the amino acids that contribute to the different proteins encoded by the transcript are shown. 
DSP: dentin sialoprotein; DGP: Dentin glycoprotein; DPP: Dentin phosphoprotein. C) Table 
showing the frequency of the missense mutations in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 
  

Mutation 1000G EVS ExAC 

p.S1160Rfs*154 Absent Absent Absent 

  

I-1 

  

I-2 

II-1  (Patient V1.09) 

+/c.3480del 

STRBG20

 

+/+ 

  
I-1 

  
I-2 

  

II-1 (Patient V1.10)   

+/c.3480del 

 
+/+ 

+/c.3480delT 

1 2 3 4 5   

(1-17) (18-45) (46-374) (375-1253) 

Signal Peptide (1-17); DSP (16-382); DGP (383-462); DPP (463-1253) 

c.3480del 
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C) 
 
 

Supplementary Figure 33. Heterozygous dinucleotide deletion in DSPP in patient V.36 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the gene. White boxes represent non-coding exons 
whereas grey boxes represent coding sequences. The exons are numbered from 5’ to 3’. Below, 
the amino acids that contribute to the different proteins encoded by the transcript are shown. 
DSP: dentin sialoprotein; DGP: Dentin glycoprotein; DPP: Dentin phosphoprotein. C) Table 
showing the frequency of the missense mutations in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 
  

Mutation 1000G EVS ExAC 

p.Asn1179Thrfs*136 Absent Absent Absent 
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II-1  

+/c.3533_3534insTA 

1 2 3 4 5   

(1-17) (18-45) (46-374) (375-1253) 

Signal Peptide (1-17); DSP (16-382); DGP (383-462); DPP (463-1253) 

c.3533_3534insTA 
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Supplementary Figure 34. Heterozygous missense mutation in DSPP in patient V2.55 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the gene. White boxes represent non-coding exons 
whereas grey boxes represent coding sequences. The exons are numbered from 5’ to 3’. Below, 
the amino acids that contribute to the different proteins encoded by the transcript are shown. 
DSP: dentin sialoprotein; DGP: Dentin glycoprotein; DPP: Dentin phosphoprotein. C) Table 
showing the frequency of the missense mutations in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 

Mutation 1000G EVS ExAC Grantham 
Score 

p.V18F Absent Absent Absent 50 
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II-1 (patient V2.56) 
  

+/c.52G>T 

 
+/c.52G>T 

1 2 3 4 5   

(1-17) (18-45) (46-374) (375-1253) 

Signal Peptide (1-17); DSP (16-382); DGP (383-462); DPP (463-1253) 

c.3533_3534insTA 
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C) 
 
 
 

Supplementary Figure 35. Heterozygous dinucleotide deletion in DSPP in patient V2.57 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the gene. White boxes represent non-coding exons 
whereas grey boxes represent coding sequences. The exons are numbered from 5’ to 3’. Below, 
the amino acids that contribute to the different proteins encoded by the transcript are shown. 
DSP: dentin sialoprotein; DGP: Dentin glycoprotein; DPP: Dentin phosphoprotein. C) Table 
showing the frequency of the missense mutations in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 
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Supplementary Figure 36. Heterozygous dinucleotide deletion in DSPP in patient V2.59 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutation in the gene. White boxes represent non-coding exons 
whereas grey boxes represent coding sequences. The exons are numbered from 5’ to 3’. Below, 
the amino acids that contribute to the different proteins encoded by the transcript are shown. 
DSP: dentin sialoprotein; DGP: Dentin glycoprotein; DPP: Dentin phosphoprotein. C) Table 
showing the frequency of the missense mutations in public databases. EVS: Exome Variant 
Server; ExAC: Exome aggregation consortium server. 
  

Mutation 1000G EVS ExAC 

p.Ser1228* Absent Absent Absent 
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+/c.3682_3686del 
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Signal Peptide (1-17); DSP (16-382); DGP (383-462); DPP (463-1253) 
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Supplementary Figure 37. Heterozygous deletion in COL1A1 in patient V2.58 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. The phenotype in II-2 is less severe than that of I-1 and II-1 and thus may have a 
distinct aetiology. B) Table showing the frequency of the mutation in public databases. EVS: 
Exome Variant Server; ExAC: Exome aggregation consortium server. 
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 Supplementary Figure 38. Heterozygous deletion in FGF3 in patient V2.03 
A) Family pedigree. B) Quantitative PCR (qPCR) validation of the deletion in the family.  
  

 I-1 Control II-1 

 

 

 

I-1 
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II-1  (Patient V2.03)  

+/c.(?_-3)_(220+1_221-1)del  

+/c.(?_-3)_(220+1_221-1)del  
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B) 

Supplementary Figure 39. Hemizygous missense mutation in EDA in patient V1.12 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Table showing the bioinformatically predicted effect on splicing and the 
frequency of the missense mutation in public databases. SSF: Splice Site Finder; GS: Gene Splicer; 
HSF: Human Splice Finder; EVS: Exome Variant Server; ExAC: Exome aggregation consortium 
server. 
 
  

Mutation SSF MaxEntScan NNSplice GS[20] HSF[15] 1000G EVS ExAc 

c.396+5G>A -12.7% -38.2% -2.8% -36.9% -12.3% Absent Absent Absent 
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II-1  

c.396+5G>A/Y  

 

+/c.396+5G>A  
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Supplementary Figure 40. Complex heterozygous mutations in MMP20 in patient V2.07 
A) Family pedigree showing segregation of the mutations. The mutated nucleotides are indicated 
with an arrow. B) Location of the two mutations in the gene. White rectangles represented 
coding exons whereas black rectangles represent non-coding regions. The exons are numbered 
from 5’ to 3’. C) Table showing bioinformatically predicted effect on splicing and the frequency of 
the c.126+6T>G mutation in public databases. SSF: Splice Site Finder; GS: GeneSplicer; HSF: 
Human Splice Finder; EVS: Exome Variant Server; ExAC: Exome aggregation consortium server. 
 
 
 
 
  

Mutation SSF MaxEntScan NNSplice GS HSF 1000G EVS ExAc 

c.126+6T>G -6.3% -24.3% -13.3% -100% -2.2% Absent Absent Absent 

 1 2 3 4 5 6 7 8 9 10  

c.954-2A>T c.126+6T>G  

+/c.954-2A>T                                     
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+/c.126+6T>G 
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Supplementary Figure 41. Two heterozygous mutations in MMP20 in patient V2.13 
A) Family pedigree showing segregation of the mutations. The mutated nucleotides are indicated 
with an arrow. B) Location of the two mutations in the gene. White rectangles represent coding 
exons whereas black rectangles represent non-coding regions. The exons are numbered from 5’ 
to 3’. C) Table showing bioinformatically predicted effect on splicing and the frequency of the 
mutation in public databases. The synonymous variant is predicted to destroy an exonic splice 
enhancer. ESE: exonic splice enhancer; EVS: Exome Variant Server; ExAC: Exome aggregation 
consortium server. 
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Rescue 
ESE[22] 
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SF2/ 
ASF 

SF2/ASF 
(IgM-

BRCA1) 
SC35 

 
   

c.103A>C -100% -100% = -100% Absent Absent 
20/121092 

chromosomes 

 1 2 3 4 5 6 7 8 9 10  

c.954-2A>T c.103A>C  
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I-2 

  

II-1  

+/c.954-2A>T 

+/c.954-2A>T 

+/c.103A>C 



A) 

 
B) 

 
Supplementary Figure 42. Complex heterozygous mutations in GALNS in patient V2.15 
A) Family pedigree showing segregation of the mutations. The mutated nucleotides are indicated 
with an arrow. B) Table showing bioinformatically predicted effect on splicing and the frequency 
of the intronic mutation in public databases. The intronic variant is predicted to create an 
intronic splice enhancer that may disrupt normal splicing. ESE: exonic splice enhancer; EVS: 
Exome Variant Server; ExAC: Exome aggregation consortium server. 
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SF2/ 
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SF2/ASF 
(IgM-

BRCA1) 
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c.121-31T>C +100% +62% +100% Absent Absent 
2/113108 

chromosomes 
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II-1  

  

+/c.935C>G 

+/c.935C>G 

+/c.121-31T>C 

+/c.121-31T>C 

 



A) 

 
 
B) 

 
 
 
C) 

 
 
D) 

Supplementary Figure 43. Three heterozygous mutations in FAM20A in patient V2.32 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the missense mutation in the protein. Image adapted from [23]. C) 
Multi-species sequence conservation around amino acid 432 (Alamut v2.6.2). The p.A432T 
mutation affects a well-conserved residue (marked by an asterisk) in a functional WD40 domain. 
D) Table showing the bioinformatically predicted effect of and the frequency of the missense 
mutation in public databases. SSF: Splice Site Finder; EVS: Exome Variant Server; ExAC: Exome 
aggregation consortium server. The phase of the mutations could not be established as the 
c.1294G>A mutation is de novo and is 16 kb away from the splice site mutations.   
  

Mutation Polyphen SIFT MutationTaster 1000G EVS ExAC 

c.590-3C>A - - - Absent Absent 1/120086 
chromosome 

p.A432T Deleterious Deleterious Disease-causing Absent Absent 5/119942 
chromosomes 

  

I-1 

  
I-2 

  

II-1  

 

+/c.590-2A>G;590-3C>A +/c.1294G>A  

+/c.590-2A>G;590-3C>A +/+  +/+  

 
SP Kinase domain aa542 aa1 

p.A432T 

* 



A) 
 

 
B) 
 

 
C) 
 

Mutation 1000G EVS ExAC 

p.R635* Absent 7/130006 
chromosomes 

92/121034 
chromosomes 

Supplementary Figure 44. Heterozygous nonsense mutation in LAMB3 in patient V2.86 – 
Incomplete penetrance or variable expressivity in the mother? 
A) Family pedigree showing segregation of the mutation. The mutated nucleotide is indicated 
with an arrow. B) Location of the mutated residue in the protein. Image adapted from [12]. C) 
Table showing the frequency of the mutation in public databases. EVS: Exome Variant Server; 
ExAC: Exome aggregation consortium server. The mother was noted as unaffected in the 
preliminary dental examination. She was not available for examination after obtaining the 
genotyping results. However, there is evidence of variable expressivity of LAMB3 mutations.[24] 
Given the known role of heterozygous LAMB3 nonsense mutations in bacteria and the frequency 
of this mutation in the general population [Freq = .00076 in ExAC, .0014 < freq of AI < 
.00007[25]], it is likely that this mutation is associated with a variably expressed enamel 
phenotype.  Additional investigations such as a re-analysis of the mother’s dental phenotype, 
inclusion of additional family members who may be carriers of the mutation, and ascertainment 
and dental examination of additional families segregating this mutation will be necessary in 
order to conclusively determine the pathogenicity of this variant.  
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Supplementary Figure 45. Enamel phenotype seen in patients V2.15 and V2.49 in the 
context of GALNS mutations.  
A) Dental photograph and panoramic radiograph of patient V2.15. B) Dental photograph of 
patient V2.49.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 46. Comparison of sequencing coverage of the targeted regions 
achieved with v2.0 of the gene panel and with whole exome sequencing  
The percentage of the targeted regions in the v2.0 panel as well as the two sub-panels covered at 
different thresholds is shown. V5: Agilent SureSelect V5. Coverage calculations included only 
high-quality uniquely mapped reads (MQ > 30). The values for the V5-Overall and V5-Discovery 
sub-panels are close, such that the two lines overlap.    
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