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Abstract

KBG syndrome (KBGS) is characterized by distinctive facial gestalt, short stature and variable clinical findings. With ageing, some
features become more recognizable, allowing a differential diagnosis. We aimed to better characterize natural history of KBGS. In the
context of a European collaborative study, we collected the largest cohort of KBGS patients (49). A combined array- based Comparative
Genomic Hybridization and next generation sequencing (NGS) approach investigated both genomic Copy Number Variants and SNVs.
Intellectual disability (ID) (82%) ranged from mild to moderate with severe ID identified in two patients. Epilepsy was present in 26.5%.
Short stature was consistent over time, while occipitofrontal circumference (median value: −0.88 SD at birth) normalized over years.
Cerebral anomalies, were identified in 56% of patients and thus represented the second most relevant clinical feature reinforcing
clinical suspicion in the paediatric age when short stature and vertebral/dental anomalies are vague. Macrodontia, oligodontia and
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dental agenesis (53%) were almost as frequent as skeletal anomalies, such as brachydactyly, short fifth finger, fifth finger clinodactyly,
pectus excavatum/carinatum, delayed bone age. In 28.5% of individuals, prenatal ultrasound anomalies were reported. Except for three
splicing variants, leading to a premature termination, variants were almost all frameshift. Our results, broadening the spectrum of
KBGS phenotype progression, provide useful tools to facilitate differential diagnosis and improve clinical management. We suggest
to consider a wider range of dental anomalies before excluding diagnosis and to perform a careful odontoiatric/ear-nose-throat (ENT)
evaluation in order to look for even submucosal palate cleft given the high percentage of palate abnormalities. NGS approaches,
following evidence of antenatal ultrasound anomalies, should include ANKRD11.

Introduction
KBG syndrome (KBGS) (OMIM#148050) was firstly
described in 1975 by Hermann et al. (1) who reported
many family members with a distinct phenotype. KBGS
is a pan-ethnic syndrome presenting with variable
clinical expressivity even across single families and for
which an incomplete penetrance has been previously
hypothesized (2–5). The prevalence of KBGS is currently
unknown and about 200 patients have been described up
to date, with male patients generally being more severely
affected (2,3,6).

Classical clinical features include macrodontia of the
upper central incisors, distinctive craniofacial findings,
short stature, skeletal anomalies and neurologic involve-
ment encompassing global developmental delay, elec-
troencephalographic anomalies with or without seizures
and intellectual disability (ID) (2). Uncommon clinical
features, reported in sporadic reports, include juvenile
idiopathic arthritis, dysfunctional dysphonia, multiple
dental agenesis, oral frenula, idiopathic precocious the-
larche, motor tics, lipoma of the corpus callosum, pilo-
matrixoma and endothelial corneal polymorphic dystro-
phy (7).

Monoallelic variants in ANKRD11 and deletions
encompassing ANKRD11 cause KBGS (8,9). ANKRD11 is
located on chromosome 16, has 13 exons and encodes
ankyrin repeat domain 11 (10). Sequencing of ANKRD11
allows the resolution of more than half of the individuals
clinically diagnosed with KBGS (5,8,11–13). Most of the
pathogenic variants are truncating, whereas missense
variants are rare; plenty of them cluster in exon 10, the
largest exon of ANKRD11 (14). Genomic rearrangements
of the 16q24.3 chromosomal region, including ANKRD11,
have also been detected in KBGS patients leading to
variable phenotypes depending on the contribution of
other genes involved in the rearrangement (9,15).

ANKRD11 is a chromatin regulator of the neural stem
cell fate through histone acetylation (16). Mice with het-
erozygous deletion of ANKRD11 (17) in neural crest cells
present with mild midfacial hypoplasia (reduced midfa-
cial width and a persistent open fontanelle), reproducing
the human facial phenotype (16). Mice with homozygous
mutations in neural crest cells are not vital at birth
(18). ANKRD11 expression levels reflect the development
of the bony structures during craniofacial development,
strongly regulating intramembranous ossification and
palate development (18). Interestingly, ANKRD11 is fre-
quently affected by loss of heterozygosity in cancer, and
it is supposed to enhance the tumour-suppressive func-

tion of TP53 oncogene (19). It has been speculated that
ANKRD11 haploinsufficiency may lead to an increased
cancer risk in KBGS patients but only one patient with a
16p24.3 deletion involving ANKRD11 developed a parat-
esticular rhabdoid tumour (12).

Although broader availability of whole exome sequenc-
ing (WES) is increasing the diagnostic rate, a high
percentage of KBGS cases remain undiagnosed due to
the lack of specific diagnostic clues or mild clinical
presentation, except for a recurrent facial gestalt (8,20).
In children, younger than 6 years of age, in particular,
a clinical diagnosis of KBGS may not be obvious since
facial features are subtler and part of the physical
characteristics become distinguishable only with age
progression. Indeed, an age-dependent evolution of
the facial features from Cornelia de Lange (CdLS) to
KBGS, from infancy to adolescence, has been previously
highlighted (3). Nevertheless, a clinical overlap with the
Aarskog, CdLS, Kabuki, Filippi, Silver-Russell and Cohen
syndromes has been noted (2,21–23). In milder affected
individuals, the short stature and the triangular shape
of the face in late childhood could pose a differential
diagnosis with Noonan syndrome (24).

In the context of a European collaborative study,
we employed a combined array-based Comparative
Genomic Hybridization (array-CGH), gene panel analysis
and exome sequencing approach on the largest cohort of
KBGS patients currently available (n = 49) to establish
new genotype–phenotype correlations, define novel
clinical signs and characterize the clinical evolution of
KBGS with ageing.

Results
We analysed a cohort of 49 individuals affected by
KBGS with an equal distribution of male and female
patients (25/24) (Supplementary Material, Table S1). We
divided the cohort into four age-groups (0–4, 5–10, 11–20,
≥21 years) differentiated for the gender (Supplementary
Material, Fig. S1).

Molecular characterization
Detection of ANKRD11 variants was obtained by a com-
bined exome sequencing, gene panel analyses and array-
CGH. In most patients, we detected alterations only in
the ANKRD11 gene. In two patients genetic defects in
additional genes were detected. All patients carried con-
stitutive variants except for patient 22, who was found to
carry the variant in a mosaic state.
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Figure 1. ANKRD11 variants localization and genomic rearrangements (A) Genetic pathogenic variants identified in our study in the ANKRD11 protein,
with a schematic representation of its domains (ANK: Ankyrin repeats (p.126–295); RD1 Repression domain 1 (p.318–611); ad: Activation domain
(p.2076–2145); RD2: Repression domain 2 (p.2369–2663)). The novel mutations identified in the patients described in this study are indicated in red.
(B) Genomic coordinates of the microdeletions (highlighted with red dashed lines) as identified by array-CGH in two KBGS patients.

Five patients inherited the alteration from an affected
parent, whereas in 35 patients the variants were de novo.
In nine patients segregation analysis of the variants was
not available. Two twins shared the same pathogenic
variant. We detected 36 different variants: one missense
variant, indeed lying at the −1 position of the 5′ splice
site and thus able to affect splicing, two splice site vari-
ants, 29 frameshift and four nonsense variants (Supple-
mentary Material, Table S1 and Supplementary Material,
Table S2). In 35 patients out of 49, variants were located in
exon 10. Among the detected variants, 17 have been pre-
viously reported, whereas 19 are unpublished (Fig. 1A).
We did not detect any specific genotype–phenotype cor-
relation. Furthermore, array-CGH analysis revealed two
microdeletions extending to the neighbouring Zinc Fin-
ger 778 gene (ZNF778), one segregating in an affected
mother and her three affected children (patient 8, 9, 10),
and another arising de novo in patient 6 (Fig. 1B).

Clinical features prevalence
The prevalence of the main clinical features is sum-
marized in Figure 2. As expected, the most prevalent
feature was mild ID. However, cerebral anomalies were
found in 56% of patients (18/32) who underwent brain
magnetic resonance imaging (MRI). Skeletal and dental
anomalies were also frequent. Congenital heart defects
were reported in 16.3% of cases.

Growth
At birth, all growth parameters tended to be lower than
average; weight at birth had a median of −0.81 SD, length
had a median of −0.65 SD and occipitofrontal circum-
ference (OFC) had a median of −0.88 SD. With ageing,
all auxological parameters, except for height, tended to
normalize (Fig. 3). Weight reached a median of −0.645
SD between 11 and 21 years of age, and − 0.48 SD above
20 years. OFC also increased to a median of +0.03 SD
and + 0.62 SD over time, with values in the range of
normality above 21 years of age (P-value = 0.04 in the
range ≥ 21 years versus 5–10 years). Persistent micro-
cephaly was detected in 12% (6/49) of patients. Height
did not improve with ageing with a deflection in the
growth curve around the age of 10 and a median of −1.54
SD in the cohort above 21 years of age. The difference
of the median height SD for patients ≥21 years versus
the median length SD at birth was statistically signifi-
cantly different (P-value = 0.0268). Delayed bone matura-
tion was reported in five cases (patients 5, 17, 41, 48 and
49).

Dysmorphic features
In all patients, a typical facial gestalt was detected
(Fig. 4). The main features include prominent fore-
head, brachycephaly, triangular face, synophrys, hyper-
telorism, long philtrum, thin upper lip, depressed and
wide nasal bridge, anteverted nares and hypertrichosis.
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Figure 2. Clinical features distribution: The horizontal bars represent the different percentages (x axis) of each clinical feature (y axis) as observed in
our KBGS patient cohort.

Facial dysmorphic features are summarized in Supple-
mentary Material, Table S1 and illustrated in Figure 4.

Neurodevelopmental problems
In our cohort of patients, 82% (36/44) presented with
ID which mostly ranged from mild to moderate (72.2%
and 19.4%, respectively) in line with previous reports
(25). Seven patients (patients 7, 8, 9, 13, 20, 26, 38
in Supplementary Material, Table S1) out of the 44
evaluable individuals (15,6%), did not display ID. Severe
ID was identified only in two patients with concomitant
genetic conditions (12,16), namely maternal 15q11.2
deletion and paternal inherited exostosis due to EXT1
mutation, respectively. About 18% of patients presented
hypotonia at birth or at the first evaluation. Epilepsy was
present in 26.5% of patients (13/49) and mostly correlated
with cerebral anomalies at the MRI. Indeed, out of
13 patients who developed seizures, eight presented
brain anomalies, in three of them (12,25,26) no cerebral
alteration was detected by brain imaging and in two of
them no MRI was performed. Electroencephalography
(EEG) often revealed mild non-specific background
abnormalities with modest voltage asymmetry, slow

background activity (patient 2, 8, 47) or an irregular
brain activity during sleeping (patient 41). Generalized
slow spikes and waves, generalized polyspikes and
generalized paroxysmal fast activity during sleep were
only registered in patient 12, a 34-year-old male, who
displayed a refractory Lennox–Gastaut syndrome with
severe ID and who indeed harboured a deletion of the
15q11.2 region including TUBGCP5, CYFIP1, NIPA1, NIPA2.
In patient 45 slight pointed plurifocal anomalies in
the left hemispheric area were already registered at
1 month of age. Behavioural problems were detected
in 65% of individuals (32/49) with Autism spectrum
disorder (ASD) or attention deficit hyperactivity disorder
(ADHD) reported in 30% of patients (15/49), tantrums and
aggressive behaviour in 20% of patients (10/49), anxiety
in 6% (3/49), emotional lability and shyness in 8.1% of
individuals (4/48).

Cerebral anomalies
Cerebral abnormalities were identified in 56% of patients
(18/32) who underwent brain MRI. Enlarged cisterna
magna (including mega cisterna magna) was the most
shared clinical finding among affected individuals being
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Figure 3. Auxological parameters distribution over time: Standard deviations for auxological parameters divided into age groups (0–4 years old, 5–
10 years old, 11–20 years old and ≥21 years old). The statistically significant differences (P-value < 0.05) of the median standard deviations for the
auxological parameters for the different demographic classes are indicated on the box plots.

detected by MRI in 23% of patients (6/32). Common
clinical findings were also arachnoid cysts. Other brain
anomalies include periventricular nodular heterotopia
(PNH) (patients 10 and 13), short and thin corpus
callosum (patients 26, 27 and 45), microcephaly (22% of
patients, 11/49), cortical atrophy and dysplasia (patients
2 and 10), trigonocephaly (patient 17) (Fig. 6).

Dental and skeletal anomalies
A wide range of dental defects were observed in 53%
(26/49) of cases: macrodontia, oligodontia, dental fusion,
dental crowding and dental agenesis. Delayed dental
eruption was observed in two patients. Patient 16 dis-
played macrodontia with a fusion of the maxillary lat-
eral. Microdontia was observed in one patient. In 10%
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Figure 4. Patient’s clinical features: Clinical features of patients at different ages (A:18, B:15, C:42, D:13, E:48, F–G:9, H–I:14, J–K:44, L:40, M–N:33, O–P:36).
Common clinical features are triangular face, long philtrum, depressed and wide nasal bridge, anteverted nares.

of patients, micrognathia was present, while only one
patient presented macrognathia. Palatal anomalies were
detected in 20% of cases (10/49) with 12% of patients
(6/49) presenting with a highly arched palate. Cleft soft
palate was described in one patient (patient 14) and
velopharyngeal dysfunction in another patient (patient
19).

Skeletal anomalies including pectus excavatum, sco-
liosis, fifth finger clinodactyly, brachydactyly, vertebral
malformations such as malformation of fifth and sixth
thoracic vertebrae, were detected in 89% of cases (44/49).
About 32% of patients (16/49) presented with fifth finger
clinodactyly. Short fifth finger was also common (12%,
6/49), along with brachydactyly (24.4%, 12/49) and pectus
excavatum/carinatum (12%, 6/49). Kyphotic posture was
described in three patients (6%). Delayed bone matura-
tion was reported in five cases (patients 5, 17, 41, 48 and
49). In patient 45 a reduced development of the growth
nuclei of the bones and absence of the growth nucleus of
the radius was observed. Large anterior fontanelle were
detected in 10% of cases.

Hearing loss and recurrent otitis
Hearing loss was found in 30% (15/49) of patients in
accordance with previous reports (5). Conductive hearing
loss was present in nine of them, mixed hearing loss was
found in two, one patient didn’t pass otoacoustic emis-
sions (OAE) and only in one case sensorineural hearing
loss was reported (patient 2). In patient 29 conductive
hearing loss in his left ear and sensorineural hearing loss

in his right ear coexisted. Only three patients presented
unilateral hearing loss (patient 6, 25 and 35).

Recurrent otitis were found in 26% (13/49) of patients.
Of the 15 patients that presented hearing loss only half
of them presented recurrent otitis (7/15, 46%).

Additional congenital anomalies
Anomalies of palmar creases were found in 12% of
patients and they included decreased palmar creases
in two cases (patients 2 and 6), deeper palmar crease
in one case (patient 4) and a single palmar fold in
three cases (patients 5, 40 and 45). Persistence of
foetal pads was noted in 8% of cases (patient 4, 14, 16
and 28).

About 16% of patients (8/49) displayed heart defects
including ASD, ventricular septal defects, atrioventricu-
lar defect and valve insufficiency. Bilateral or unilateral
cryptorchidism was detected in 28% of patients (7/25).
Vesicoureteral reflux was reported in patients 31, 32
and 48. About 8% of patients had strabismus (4/49).
Hydrocele and double spleen were found, respectively,
in patients 29 and 42. Anteriorly placed anus and
anal atresia were detected in patient 9, two fistulas in
the anal region emerged in patient 36 (Fig. 5). Lingual
frenulum alterations were observed in four patients with
one of them presenting longer than normal frenulum
and the other three presenting shorter frenulum (two
of them needed surgery). Feeding difficulties were
present in 13/49 patients (26%) mostly consisting of low
feeding activity, unable to breastfeed, discoordinated
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Figure 5. Other Clinical features: Brachydactyly patients 48 (A), 42 (B–C), 13 (D) and 44 (E), dental anomalies patients 16 (F) and 44 (G), mild eruption
delay of permanent first molars and small size of the inferior lateral left incisor and of the superior lateral right incisor in patient 49 (H) and anal fistula
patient 36 (I).

sucking-swallowing-breathing rhythm, difficulty in
chewing or swallowing.

Antenatal ultrasound anomalies
In 28.5% of individuals (14/49), antenatal ultrasound
anomalies were reported namely increased nuchal
translucency, polyhydramnios and intrauterine growth
restriction (IUGR).

Coexistence of two conditions
In patient 12, a maternal 15q11.2 microdeletion including
TUBGCP5, CYFIP1, NIPA1 and NIPA2 genes was also
detected. He presented with severe ID and major
behavioural disorder. He also suffered from Lennox–
Gastaut syndrome from age 5. At 33 years of age,
language was limited to a few words.

In patient 16 a previously described pathogenic variant
in EXT1 gene was also identified. His skeletal phenotype
was indeed more complex. He presented multiple exos-
toses in the context of a Madelung deformity, curved
forearms and short upper limbs. He also presented with
a severe ID. Considering that mutations of EXT1 gene are
not associated with ID, his more severe cognitive pheno-
type is probably a random association. In conclusion, the
only two severe ID individuals collected in this study had
a coexistence of KBGS with a second unrelated condition.

Discussion
Short stature, macrodontia and distinctive facial fea-
tures are the most common clinical traits in KBGS (2).
Even if none of the individual symptoms identified so
far is a KBGS diagnostic requisite, the combination of
them can lead to disease suspicion. In line with previ-
ous reports, our study reinforces the concept that gen-
eral clinical features, which justify genetic investigation
for KBGS, are developmental delay, recognizable facial

gestalt (becoming more apparent with ageing) and skele-
tal/dental anomalies. In accordance with previous stud-
ies (5) hearing loss was present in about 30% of patients
and feeding difficulties in about 26% (5). Height below
average was present in 20/49 patients, while short stature
(height <−2SD) was detected in 5/49 individuals. ID gen-
erally ranges from mild to moderate in line with previous
reports (27) and seizures generally correlated with cere-
bral anomalies. The occurrence of cerebral anomalies
suggests that performing a brain MRI might help reach-
ing a diagnosis of KBGS. In contrast with previous reports
(13), we did not find a correlation between ID severity and
location of the ANKRD11 variants because both mild and
moderate ID were observed in patients with variants in
the RD2 domain as well as in patients with variants lying
in the region between RD1 and ad domains. We found
only two individuals with severe ID that both presented
with a concomitant genetic condition. Most of the adult
patients with mild ID (26/49, 53% of cases) were able
to attend high school with teaching aid. One of them
is a kindergarten teacher and one patient is currently
attending university. Behavioural issues were present in
65% of individuals with ASD and ADHD being the most
prevalent finding followed by aggressive behaviour.

The finding of distinctive dysmorphisms is generally
suggestive of a KBGS even if making a definitive diagnosis
early in life is challenging because of milder features and
the lack of some clinical signs such as dental anomalies
and short stature (2). In order to provide useful criteria
for clinical diagnosis, a presumptive scheme of KBGS
natural history, showing the natural evolution of the
major clinical findings over time, is provided in Figure 7.
As recently underlined, atypical findings such as a
wide anterior fontanelle accompanied by minor facial
features, can be the only presenting features of KBGS in
children (28). Enlarged fontanelles are mostly caused by
a slow or incomplete closure of the skull bones (29). This
finding, which we detected in about 10% of patients, is
in line with the reports about ANKRD11 role in mice in
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Figure 6. Brain MRI images. (A–B) Megacisterna Magna (patient 46); (C–E) Frontal heterotopy in the white matter near the lateral ventricles and in the
temporo-basal region. T2 signal intensity suggestive of cortical dysplasia (patient 10); (F): Subarachnoid cyst (patient 16); (G) Retro-cerebellar cisterna
expansion (patient 15).

which heterozygous deletion of ANKRD11 in neural crest
cells leads to reduced midfacial width and persistent
open fontanelle (16).

Various brain abnormalities including cerebellar ver-
mis hypoplasia (30), enlarged cisterna magna, Chiari I
malformation, PNH, pineal cyst, dysgenesis of the corpus
callosum, arachnoid cysts have been previously reported
as single case reports. However, the frequency of brain
malformations was not known because brain MRI has not
been previously performed in large cohorts of affected
individuals. Notably, being detected in more than 50%
of the 32 patients who underwent brain MRI, our cohort
suggests that cerebral anomalies are far more frequent in
KBGS than previously estimated. We found an enlarged
or a mega cisterna magna (greater than 10 mm) in 23% of
patients. Furthermore, we report a series of unique clin-
ical features such as trigonocephaly, small hypophysis
and hypotrophy of the optic nerve, broadening the cere-
bral phenotypic spectrum of KBGS. Nevertheless, accord-
ing to our data, we suggest considering a wider range
of dental anomalies including microdontia before ruling
out KBGS diagnosis. This clinical finding has been pre-
viously reported in another patient displaying maxillary
canine microdontia (31). We also highlight the impor-
tance of performing a careful dental/ENT evaluation to
look for even submucosal cleft palate given the high
frequency of palate abnormalities.

In conclusion, broadening the diagnostic criteria can
help the ascertainment of KBGS with an improvement of
the clinical management and can facilitate differential
diagnosis (25). In some individuals, KBGS symptoms over-
lap with other syndromes leading to a misdiagnosis. In
patients 11 and 16, CdLS was suspected in the first years

of life. A clinical diagnosis of Nicolaides–Baraitser syn-
drome was proposed for patient 14. Thus, consistent with
previous reports, our study supports an age-dependent
phenotypic evolution going from Coffin-Siris/Nicolaides
Baraitser or CdLS to KBGS from infancy to adolescence.
This also highlights the importance of clinical follow-ups
to achieve the proper diagnosis (3). Differential diagnosis
with RASopathies spectrum disorders is often raised as
well, due to some common features, namely short stature
and triangular shape of the face. Notably, an increased
nuchal translucency, often observed in RASopathies, has
been reported in the prenatal era in some of our KBGS
patients, thus highlighting the importance of a wider
targeted panel approach which should include ANKRD11
in the context of prenatal diagnosis.

None of our patients developed cancer and thus
we were not able to establish a correlation between
ANKRD11 loss of function variants and cancer predis-
position, as postulated in previous studies (12). However,
as the eldest patient in our cohort is 41 years old, we
cannot exclude that KBGS patients have an increased
cancer risk in adulthood. Notably, in patient 16 we
were not able to establish the maternal origin for the
pathogenic variant since the mother died in her forties
due to myeloid acute leukaemia, a kind of tumour
often related to TP53 pathway dysregulation. However,
available iconographic documents strongly suggest that
she also carried a pathogenic variant in ANKRD11. Thus,
although at the moment no specific measures for cancer
surveillance need to be recommended for KBGS patients,
a systematic follow-up is necessary to collect additional
useful information to clarify if there is a cancer risk
in KBGS.
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Figure 7. Natural history of KBGS phenotype: Graphic representation of the major clinical findings over time. Our cohort was divided into age groups.
Clinical findings spanning all age groups are listed below the main figure. Clinical signs typical of each age group are indicated in red above the main
figure.

According to previous studies, pathogenic ANKRD11
variants were almost all exclusively frameshift, followed
by rare reports of more rarely nonsense variants, con-
firming the haploinsufficiency as disease mechanism.
Interestingly, in our cohort, the only apparent missense
mutation lies at −1 position of the 5′ splice site that can
affect mRNA processing (14). This finding emphasizes the
importance of careful evaluation of ANKRD11 missense
variants as causative of KBGS and highlights that a
splicing effect should be considered when clinical diag-
nosis is convincing. We cannot indeed exclude though
that ANKRD11 missense variants could be responsible
for a distinct phenotype. In our cohort, we detected a
251 kb microdeletion involving the ANKRD11 and ZNF778
genes, segregating in a family with a phenotype partially
distinct from KBGS. Recently, a microdeletion, causing
haploinsufficiency of the ANKRD11-flanking genes, has
been found in patients with a 16q24.3 microdeletion

syndrome (32,33). Our patients presented KBGS-like
features that overlapped with those of the 16q24.3
microdeletion syndrome (dyslalia, strabismus, mild ID
and heterotopy), defining a ‘KBGS plus phenotype’. We
identified a mosaic ANKRD11 variant in patient 22.
A mosaic state has been established for a previously
reported patient with a mild phenotype (26). Our
patient with mosaic KBGS presented mild ID, ASD and
minor facial dysmorphisms confirming that a milder
phenotype is likely associated with ANKRD11 mosaic
variants.

In conclusion, our results demonstrate that the com-
bined use of exome sequencing analysis and array-CGH
can result in the diagnosis of KBGS, particularly in pae-
diatric patients with immature clinical findings (34,35).
Furthermore, our data underline the importance of con-
sidering additional signs, such as cerebral anomalies
and suggest that anamnestic obstetric history, positive
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for IUGR and/or increased nuchal translucency, supports
KBGS diagnosis in the paediatric age.

Materials and Methods
Selection of patients and DNA samples’
preparation
For each patient clinical evaluation and genetic coun-
selling was performed in order to collect family history
and better define facial and physical characteristics. In
all patients audiological examination was performed to
check for hearing loss as well as EEG to look for parossis-
tic activities. ENT evaluation followed the suspicion of
palatal anomalies and/or velopharyngeal dysfunction,
brain MRI was performed in 32/49 patients (65%). All
patients or their parents gave their written informed
consent to the study that was carried out according to
the Declaration of Helsinki.

Genomic DNA was extracted, for some samples, from
EDTA peripheral blood samples using MagCore HF16
(Diatech Lab Line), according to the manufacturer’s
instructions. The DNA quantity was estimated using
the NanoDropTM 2000/2000c Spectrophotometer (Ther-
moFisher Scientific, Waltham, MA, USA).

For other samples DNA was extracted from periph-
eral blood using the standard salting out method or the
QiaSymphony DSP DNA midi kit. The DNA quantity was
estimated using the NanoDropTM 1000 Spectrophotome-
ter (Thermo Fisher Scientific).

Whole-Genome array-CGH
High-resolution whole-genome (array-CGH) analysis was
performed on genomic DNA of patients 6, 8, 9, 10 in
Supplementary Material, Table S1, using the SurePrint G3
Human CGH Microarray 8 × 60 k (Agilent Technologies,
Santa Clara, CA, USA), a dual-colour array containing
60-mer high-quality probes with 41 Kb genome-wide
median probe spacing. Copy Number Variants (CNVs)
were analysed and mapped using the Human Genome
Assembly GRCh37/hg19.

Slides were scanned using an Agilent G2565CA
Microarray Scanner (Agilent Technologies, Santa Clara,
CA, USA) and processed using Feature Extraction
software (v10.5.1.1). Results were analysed using Agilent
CytoGenomics software (v5.1) with default settings. The
results included imbalances with at least three consec-
utive probes with abnormal log2 ratios. The Database
of Genome Variants (DGV- http://dgv.tcag.ca/dgv/app/
home;), DECIPHER (DatabasE of Chromosomal Imbal-
ances and Phenotypes using Ensembl Resources- https://
www.deciphergenomics.org/), PubMed (https://pubmed.
ncbi.nlm.nih.gov;), UCSC genome browser (https://
genome.ucsc.edu;), Database of Human CNVs (http://
gvarianti.homelinux.net/gvariantib37/index.php;), SFARI
(Simon’s Foundation Autism Research Initiative) Gene
Database (https://gene.sfari.org;) and OMIM (Online
Mendelian Inheritance in Man- https://www.omim.org/;)
databases were used for the interpretation of the results.

Each DNA sample was analysed twice through array-
CGH, in order to confirm the result.

Exome sequencing and data analysis
For most patients, exome sequencing was performed
using the Life Technologies Ion Proton sequencer (Life
Technologies, Carlsbad, CA, USA) on genomic DNA sam-
ples of proband and parents, when available. This system
enables >92% of bases covered 20X. Sample prepara-
tion and sequencing were performed with AmpliSeq™Ex-
ome strategy, following the manufacturer’s protocol (Life
Technologies). The library preparation was performed
using the Ion AmpliSeq™Exome Kit (Life Technologies),
which allows us to target ∼33 Mb of coding exons plus
15 Mb of flanking regions for a total of ∼58 Mb, in
total more than 97% of the coding regions described by
Consensus Coding Sequences (CCDS) annotation. In total
12 primer pools for highly specific enrichment of exons
within the human genome were used. Taking advan-
tage of a barcode system, three samples were loaded
together in a single run and sequenced. Data analysis
was performed with Torrent Suite™ Software v3.6.2 (Life
Technologies). The provider generated at least 30 effec-
tive mean depths per sample. Using specific parame-
ters, we were able to remove the adaptors’ contami-
nation and low-quality sequences, so the total amount
of clean data was mapped to the UCSC/hg19 reference
genome. Indel and variant calls were made using GATK
version 2.7 (Broad Institute, Cambridge, MA, USA) (and its
recommended parameters) and then the variants were
also annotated against external datasets, including 1000
genomes and dbSNP (36).

For Finnish patients an NGS-based clinical trio exome
was performed with Sophia Genetics custom clinical
exome solution and Illumina sequencing. Variant anno-
tation and filtering were performed with Sophia DDM™
and visualized with IGV (Broad Institute).

Prioritization of the variants was obtained excluding
polymorphisms (minor allele frequency, MAF < 0,01),
synonymous variants, variants classified as benign
or likely benign. Frameshift, stopgain and splice site
variants were prioritized as pathogenic. The potential
impact of variants on splicing was evaluated using
Alamut® Visual software—version 2.11–0 (Interactive
Biosoftware, France), which employs five different algo-
rithms: SpliceSiteFinder-like, MaxEntScan, NNSPLICE,
GeneSplicer and HumanSplicingFinder.

The following public databases were used for the
interpretation of the variants: ClinVar (https://www.ncbi.
nlm.nih.gov/clinvar/), LOVD (https://databases.lovd.nl/
shared/genes), the Human Genome Mutation Database
(HGMD, http://www.hgmd.cf.ac.uk/ac). Each disease-
candidate variant was confirmed by Sanger sequencing.

Additional genetic tests
Estonian patients (Supplementary Material, Table S1
patients 29–40) were investigated by TruSight One (TSO)
and TruSight One Expanded (TSOE) panels (Illumina
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Inc., San Diego, California). These panels cover ∼4800
and ∼6700 genes associated with known genetic disor-
ders or clinical phenotypes. A detailed description of
the method was published earlier (37). Detected variants
were validated by Sanger sequencing.

In patients 17 and 18 in Supplementary Material, Table
S1, a targeted panel approach including ANKRD11 was
employed to ascertain the disease. The targeted panel
was realized via Next Generation Sequencing on the
454 Junior platform (Roche) with specific amplification.
Analysis was carried out using the GS Amplicon Variant
Analyzer (AVA) application version 2.9 (Roche). In alter-
native amplification and high-throughput sequencing of
ANKRD11 coding regions and exon-intron junctions was
obtained by the NimbleGen SeqCapEZ Custom Enrich-
ment Kit (Roche) and Illumina platform Nextseq550 (sen-
sitivity >99%). Results interpretation focused on exonic
regions with a read depth >20X.

Informed Consent Statement
The patients/participants or their parents provided their
written informed consent to participate in this study.
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Supplementary Material is available at HMG online.
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