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Abstract

Rare heterozygous variants in SMAD6 have been identified as a significant genetic contributor to bicuspid aortic valve-
associated thoracic aortic aneurysm on one hand and non-syndromic midline craniosynostosis on the other. In this study, we
report two individuals with biallelic missense variants in SMADG6 and a complex cardiac phenotype. Trio exome sequenc-
ing in Proband 1, a male who had aortic isthmus stenosis, revealed the homozygous SMAD6 variant p.(Ile466Thr). He also
had mild intellectual disability and radio-ulnar synostosis. Proband 2 is a female who presented with a more severe cardiac
phenotype with a dysplastic and stenotic pulmonary valve and dilated cardiomyopathy. In addition, she had vascular anoma-
lies, including a stenotic left main coronary artery requiring a bypass procedure, narrowing of the proximal left pulmonary
artery and a venous anomaly in the brain. Proband 2 has compound heterozygous SMAD6 missense variants, p.(Phe357Ile)
and p.(Ser483Pro). Absence of these SMADG variants in the general population and high pathogenicity prediction scores
suggest that these variants caused the probands’ phenotypes. This is further corroborated by cardiovascular anomalies and
appendicular skeletal defects in Smad6-deficient mice. SMADG acts as an inhibitory SMAD and preferentially inhibits bone
morphogenetic protein (BMP)-induced signaling. Our data suggest that biallelic variants in SMAD6 may affect the inhibi-
tory activity of SMADG6 and cause enhanced BMP signaling underlying the cardiovascular anomalies and possibly other
clinical features in the two probands.

Introduction

Bicuspid aortic valve (BAV) is the most common form of
congenital heart disease, affecting 0.5-2% of the general
adult population (Braverman et al. 2005; Friedman et al.
2008; Gillis et al. 2017; Malcic et al. 2015), although nec-
ropsy studies suggest the true incidence of BAV may still
D<0 Kerstin Kutsche be underestimated in the general population (Girdauskas

kkutsche @uke.de and Borger 2013). BAV describes an anatomical anomaly
of the aortic valve which is formed of two cusps instead
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as an isolated finding or with additional cardiovascular
anomalies, including NOTCHI, SMAD6, and MAT2A
(Garg et al. 2005; Gillis et al. 2017; Guo et al. 2015;
Tan et al. 2012). The recent identification of heterozy-
gous SMADG6 missense and frameshift variants and one
in-frame deletion suggested a significant contribution of
loss-of-function (LOF) variants in this gene to the BAV/
TAA phenotype. SMAD6 encodes a member of the inhibi-
tory SMADs (I-SMAD); SMADG6 preferentially inhibits
SMAD signaling by bone morphogenetic protein (BMP)
type I receptors (Goto et al. 2007). Pathogenic amino acid
substitutions are located in the functionally important
MHI1 or MH2 domain of SMADG6 (Gillis et al. 2017; Tan
et al. 2012). The MH1 domain has been shown to bind to
DNA (Bai and Cao 2002). In addition to SMADG6’s abil-
ity to directly bind to DNA, interaction of SMAD6 with
transcriptional co-repressors and transcription factors in
the nucleus indicates a function of this I-SMAD in an
antagonistic feedback loop of the BMP signaling pathway
(Bai et al. 2000; Lin et al. 2003; Miyazawa and Miyazono
2017).

Interestingly, another set of rare heterozygous LOF and
missense variants in SMADG6 has been detected in patients
with isolated midline craniosynostosis (Timberlake et al.
2016, 2017). Penetrance of about 60% in individuals car-
rying a SMADG6 variant revealed that additional risk fac-
tors must contribute to the development of this condition.
A common variant near BMP2 together with the SMAD6
variant were found to account for cases with craniosynosto-
sis and suggested a two-locus inheritance of this congenital
malformation (Timberlake et al. 2016). Overall, these data
imply that the SMADG6 alleles associated with BAV/TAA
in combination with other (common) variants produce the
genotypes with high penetrance in this cohort of patients
with cardiovascular complications. Of note, overlapping
skeletal and cardiac phenotypes have not yet been reported.

In this study, we report two patients harboring biallelic
variants in SMADG identified by trio exome sequencing.
Both presented with congenital heart and vascular defects
affecting the cardiac valves, the aorta, cerebral and/or coro-
nary vessels as well as facial dysmorphism.

Materials and methods
Study approval

Informed consent for genetic analyses was obtained from the
two subjects, and genetic studies were performed clinically
or as approved by the Hamburg Medical Chamber (reference
number PV3802). Permission to publish photographs was
provided for both probands.
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Exome sequencing, data analysis, and variant
validation

Genomic DNA was extracted from peripheral blood
samples using standard procedures. Trio whole-exome
sequencing (trio WES) with DNA samples of Proband
1 and both healthy parents was performed as described
before (Hempel et al. 2015; Rauch et al. 2012). Briefly,
coding DNA fragments were enriched with the SureSe-
lect Human All Exon 50MbVS5 Kit (Agilent), and cap-
tured libraries were then loaded and sequenced on the
HiSeq2500 platform (Illumina). Reads were aligned to the
human reference genome (UCSC GRCh37/hg19) using the
Burrows—Wheeler Aligner (BWA, v.0.5.87.5), and detec-
tion of genetic variation was performed with SAMtools
(v.0.1.18), PINDEL (v. 0.2.4t), and ExomeDepth (v.1.0.0).

Sequence validation and segregation analysis of all
candidate variants in Proband 1 and his parents were per-
formed by Sanger sequencing. Primer pairs designed to
amplify selected coding exons of SMADG6 and PCR condi-
tions are available on request. Amplicons were directly
sequenced using the ABI BigDye Terminator Sequenc-
ing kit (Applied Biosystems) and an automated capillary
sequencer (ABI 3500, Applied Biosystems). Sequence
electropherograms were analyzed using the Sequence Pilot
software (JSI Medical Systems).

Using genomic DNA from Proband 2 and parents, the
exonic regions and flanking splice junctions of the genome
were captured using the SureSelect Human All Exon V4
Kit (50 Mb). Massively parallel (NextGen) sequencing
was done on an Illumina system with 100 bp or greater
paired-end reads. Reads were aligned to human genome
build GRCh37/UCSC hg19 and analyzed for sequence var-
iants using a custom-developed analysis tool. Additional
sequencing technology and variant interpretation protocol
have been previously described (Retterer et al. 2016). The
general assertion criteria for variant classification are pub-
licly available on the GeneDx ClinVar submission page
(http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/).

RNA isolation, cDNA synthesis, cloning and colony
PCR

Total RNA was extracted (PAXgene Blood RNA kit, Pre-
AnalytiX) from a PAXgene blood sample of Proband 2
according to the manufacturer’s instructions. 1 ug total
RNA was reverse transcribed (Superscript™ IIT RT,
ThermoFisher) using random hexamers as primers, and
1 pl of the reverse transcription reaction was utilized to
amplify a 693-bp SMAD6 cDNA fragment encompassing
the c.1069T > A and ¢.1447T > C variants (forward primer
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[located in exon 1]: 5'-TGCAACCCCTACCACTTCAG-3’;
reverse primer [located in exon 4]: 5'-GAGGATCTCCAG
CCAGCAG-3"). The PCR product was cloned into the
pCR2.1 TOPO TA Cloning Vector (ThermoFisher). Indi-
vidual E. coli clones were subjected to colony PCR fol-
lowed by Sanger sequencing for haplotype determination.

Results
Clinical reports
Proband 1

The German proband is the first child of healthy, consan-
guineous South Asian parents (cousins 1°). Family history
was unremarkable except for his 3-year-old brother who
presented with mild speech delay. Clinical data are sum-
marized in Table 1. The pregnancy had been complicated by
maternal hypertension. Prenatal ultrasound revealed [UGR,
abnormal head shape and suspicion of a subependymal hem-
orrhage. He was born via cesarean section at 35 weeks and
4 days. Measurements at birth were unremarkable: weight
2.140 g (—1.39 z), length 44 cm (— 1.72 z), head circum-
ference 31 cm (— 1.56 7). Postnatally, he presented with
muscular hypotonia and recurrent hypoglycemic episodes.
An echocardiogram showed mild aortic isthmus stenosis,
and ultrasound of the abdomen revealed unilateral renal
hypoplasia. X-ray confirmed a radio-ulnar synostosis and
bilateral syndactyly of toes II/III. Facial dysmorphism and
hirsutism were noted. His motor development was slightly
delayed (sitting at 8 months, crawling at 10 months, walk-
ing at 19 months), and he started to speak at 24 months.
His teething, hearing and vision were unremarkable. At last
follow-up, he was 6 years old and had normal measurements:
weight 21 kg (—0.46 z), length 122 cm (+0.26 z), head
circumference 50 cm (—1.76 z). He had mild to moderate
development delay. Cardiac MRI showed an aortic isthmus
stenosis with a suspected tricuspid aortic valve. He also has
intermittent (extra-)ventricular systoles. EEG revealed a dys-
rhythmic pattern without seizure activity. Craniofacial dys-
morphism included deep-set and slightly posteriorly rotated
ears, bushy eyebrows, downslanting palpebral fissures, long
nasal bridge and prominent columella (Fig. 1a, b). Brain
MRI was normal and previous genetic testing including rou-
tine karyotyping and chromosome microarray analysis was
unremarkable.

Proband 2
The American proband is the first child of healthy non-

consanguineous Caucasian parents. Her family history was
unremarkable. Clinical data are summarized in Table 1.

Pregnancy was uneventful, and she was born at term. Her
birth measurements were normal: weight 3.465 g (—0.02 z)
and length 49.5 cm (-1 z) (head circumference not docu-
mented). Postnatally, she presented with a patent urachus
that closed spontaneously. She had a heart murmur due to
pulmonary valve stenosis diagnosed by echocardiogram. She
required a balloon valvuloplasty at 6 months of age. She had
a small to moderate secundum atrial septal defect that closed
spontaneously. She developed evidence of a dilated cardio-
myopathy with dilated left ventricle and mildly decreased
systolic function for several years after that, and she was
treated with the ACE inhibitor enalapril, but this gradually
improved and medication was discontinued at age 7 years.

Her motor and speech development was unremarkable
(sitting at 6 months, crawling at 10 months, walking at
15 months); her cognitive function is normal. She has never
had seizures and no EEG was recorded. She has complained
of headaches. Brain MRI showed enlargement and engorge-
ment of some internal cerebral veins and sinuses. MR angio-
gram showed a persistent fetal/embryonic venous channel
extending from the superior to the inferior sagittal sinus,
but there was no evidence of a vascular malformation. Her
hearing and vision are normal and an abdominal ultrasound
was unremarkable. Laboratory studies revealed neutropenia
and hypogammaglobulinemia, but additional immunologi-
cal studies were normal, and the abnormalities eventually
normalized. She had obstructive sleep apnea that improved
following tonsillectomy and adenoidectomy.

At 10 years of age, she presented with a 6-month history
of worsening chest pain, dyspnea on exertion and exercise
intolerance. On cardiac catheterization, she was found to
have severe left main coronary artery stenosis (99% occlu-
sion with collateralization). Cardiac MRI reported a dysplas-
tic pulmonic valve and mild narrowing of the proximal left
pulmonary artery at the bifurcation. The left main coronary
artery was severely narrowed and arose from the posterior
aspect of the left coronary cusp before taking an acute angle
with a slit-like configuration. She underwent an unsuccess-
ful attempt to stent the artery and then required one vessel
coronary artery bypass surgery with a left internal mammary
artery to left anterior descending artery graft. Because of
persistent exercise symptoms and a nuclear stress test which
demonstrated severe ischemia, she returned to the cardiac
catheterization laboratory and had successful stenting of the
left main coronary artery. Intravascular ultrasound during
this procedure demonstrated an intramural course of the left
coronary artery.

No renal, skeletal or dermatological abnormalities were
reported. Her facial features include bitemporal narrowing,
low frontal hairline, short upslanting palpebral fissures,
prominent nose, short neck, prominent occiput and low-set,
posteriorly rotated ears (Fig. lc, d). She had a superior pec-
tus carinatum and inferior pectus excavatum.
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Table 1 Clinical features of the two probands with biallelic SMADG variants

Proband 1 Proband 2
Gene SMAD6 SMADG6
Mutation and zygosity p.(Ile466Thr)—homozygous p-(Phe357Ile) and p.(Ser483Pro)—compound heterozy-
gous
Ethnicity South Asian Caucasian
Family history Younger brother with mild speech development delay Healthy younger brother and sister
Consanguinity Yes No
Gender Male Female
Pregnancy Complicated (IUGR, intraventricular bleeding) Normal
Birth (weeks) 35+4 40
Birth measurements Weight 2.140 g (— 1.39 z), length 44 cm (— 1.72 ), Weight 3.465 g (—0.02 z), length 49.5 cm (-1 z), OFC
OFC 31 cm (—1.56 2) n/a

Postnatal course

Age at last follow-up 6 years

Measurements at last exam
50 cm (—1.76 2)

Hypoglycemia, muscular hypotonia, 5 weeks in NICU

Weight 21 kg (— 0.46 z), length 122 cm (+0.26 z), OFC

Patent urachus, heart murmur due to pulmonary valve
stenosis
10 years

Weight 37.1 kg (+ 1.01 z), length 134 cm (—0.27 z), OFC
51.1cm (=0.97 )

Global DD Present Absent

ID Yes No

Speech delay Slightly impaired (speaks 3—4 word sentences, uses No

fantasy language)

Milestones Delayed Normal

Seizures No No

EEG Dysrhythmic EEG without seizure activity Not performed

cranial MRI Normal A cerebral angiogram showed persistent fetal/embryonic
venous channel extending from the superior to the infe-
rior sagittal sinus, but there is no evidence of vascular
malformation

Vision Normal Normal

Hearing Normal Normal

Facial dysmorphism

bridge, prominent columella
Cardiac anomalies

Renal anomalies Unilateral renal hypoplasia

Microcephaly, deep-set and slightly rotated ears, bushy
eyebrows, downslanting palpebral fissures, long nasal

Aortic isthmus stenosis, suspected tricuspid aortic valve

Bitemporal narrowing, low frontal hairline, short upslant-
ing palpebral fissures, prominent nose, short neck,
prominent occiput and low-set, posteriorly rotated ears

Dysplastic and stenotic pulmonic valve, severe left main
coronary artery stenosis, mild left pulmonary artery
narrowing, dilated cardiomyopathy

None, normal abdominal ultrasound

Skeletal anomalies Bilateral radio-ulnar synostosis None
Skin Bilateral toe 2/3 syndactyly, very dry and scaly skin Normal
Other Hirsutism on the back Transient neutropenia, hypogammaglobulinemia

DD developmental delay, EEG electroencephalogram, ID intellectual disability, /UGR intrauterine growth retardation, n/a not available, NICU

neonatal intensive care unit, OFC occipital frontal head circumference

Prior to undergoing WES, she had a normal chromosome
microarray analysis and a normal RASopathy gene panel
including sequencing of BRAF, HRAS, KRAS, PTPNI1,
SOSI, MAP2KI1, MAP2K2, SHOC2 and RAFI.

Genetic findings
We performed trio or duo WES in a total of 420 pediatric

subjects with a neurodevelopmental disorder as described
previously (Harms et al. 2018; Hempel et al. 2015). Analysis
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of WES data was performed according to X-linked, autoso-
mal recessive, and autosomal-dominant inheritance models,
the latter with a de novo mutation in the affected child. In a
male patient (Proband 1), we identified a homozygous vari-
ant in SMADG [with minor allele frequency (MAF) <0.1%
in population databases (dbSNP138, 1000 Genomes Project,
Exome Variant Server, EXAC and gnomAD browsers) and
no homozygous carriers in the EXAC and gnomAD brows-
ers]: c.1397T > C/p.(Ile466Thr) (Fig. 2a and Table 2). We
confirmed the variant in Proband 1 in the homozygous and
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Fig. 1 Facial phenotype of the two probands with biallelic SMAD6
mutations. Top: Proband 1 at age 5 years, a frontal, b profile; bottom:
Proband 2 at age 4 years, c frontal, d profile

in his parents in the heterozygous state (data not shown);
it was absent in the proband’s 3-year-old brother (data not
shown) who presented with speech delay.

Through GeneMatcher we identified a second patient
(Proband 2) with two heterozygous missense vari-
ants in SMADG6. Proband 2 carried the de novo variant
c.1069T > A/p.(Phe3571le) and the maternally inherited
variant c.1447T > C/p.(Ser483Pro) (Fig. 2a and Table 2).
To analyze if the two SMADG variants are present in cis or
trans in Proband 2, we used leukocyte-derived RNA and
generated an RT-PCR product spanning SMADG6 exons 1-4.
Direct sequencing of the amplicon confirmed expression of
SMADSG transcripts with the c.1069T > A variant and those
with the ¢.1447T > C variant in blood (Fig. 2b). Cloning of
the RT-PCR product and direct sequencing of a total of six
clones revealed two different SMADG transcripts: two cloned
mRNAs had the ¢.1069T > A variant in combination with
the wild-type thymine at position c.1447, and four mRNAs
showed the normal T allele at ¢.1069 together with the vari-
ant ¢.1447T > C (Fig. 2c). Together, haplotype determina-
tion revealed that the de novo ¢.1069T > A variant and the
maternally inherited variant c¢.1447T > C were in trans in
Proband 2.

The SMADG variants p.(Phe3571le), p.(Ile466Thr) and
p-(Ser483Pro) were predicted to impact protein function

by three in silico tools combining previous pathogenicity
scores, with exceptionally high scores; the variants were
absent in EXAC and gnomAD browsers (Table 2). The three
amino acid substitutions affect residues highly conserved
through evolution and invariant among orthologs; they clus-
ter in the functionally important MH2 domain (aa 331-496;
Fig. 2a), which is important for binding to activated type I
receptors to inhibit TGF-f and BMP signaling (Hanyu et al.
2001). Together, these data suggest that the biallelic SMAD6
variants detected in Probands 1 and 2 are likely pathogenic
and underlie their phenotypes.

Discussion

We report two subjects with biallelic missense variants in
SMADG and a complex cardiac phenotype. Proband 1 with
the homozygous SMAD6 variant p.(Ile466Thr) had aor-
tic isthmus stenosis, while the Proband 2 showed a more
severe cardiovascular phenotype with a dysplastic and sten-
otic pulmonary valve, dilated cardiomyopathy, narrowing
of the proximal left pulmonary artery and stenosis of the
left main coronary artery leading to ischemia and requir-
ing bypass surgery. Proband 2 carried the compound het-
erozygous SMAD6 missense variants p.(Phe3571le) and
p-(Serd483Pro). The mutated serine 483 is located in the
L3 loop of SMADG, a 17 amino acid region in the core of
the MH2 domain (Fig. 2a). The L3 loop of I-SMAD:s is
required for interaction with type I receptors and for the
inhibitory effect of -SMADs on this receptor type (Kamiya
et al. 2010). Highly conserved L3 loops are also present in
R-SMADs, such as SMAD?2, and specify the SMAD-recep-
tor interactions (Lo et al. 1998). Substitution of serine 433 in
SMAD?2, corresponding to serine 483 in SMAD®, to alanine
(S433A) in the L3 loop has been shown to inhibit SMAD2’s
association with the receptor (Lo et al. 1998). The data led
us to hypothesize that the p.(Ser483Pro) SMADG6 variant in
Proband 2 may decrease the interaction of SMADG6 with type
I receptors and diminish the ability of this -SMAD to inhibit
type I receptor signaling. On the other hand, the SMAD6
proteins with a mutation in the MH2 domain might retain
certain functions, such as DNA binding.

A role of non-synonymous SMADG variants in cardiovas-
cular disease is further corroborated by three carriers of a
heterozygous SMAD6 mutation who presented with mild to
moderate aortic stenosis or coarctation in addition to BAV/
TAA (Gillis et al. 2017; Tan et al. 2012). Moreover, mice
deficient in Smad6 have cardiovascular anomalies, such as
hyperplastic thickening of the valves, elevated blood pres-
sure and perturbed septation of the cardiac outflow tract with
for example a narrow ascending aorta and a large pulmo-
nary trunk. Expression of Smad6 has been demonstrated
in the outflow tract and atrioventricular cushion regions of
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A 357 446 483
H.sapiens 345 RLYAVYDQAVSIFYDLPQGSGFCLG 369 456 DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLNNPR 496
P.troglodytes 345  RLYAVYDQAVSIFYDLPQGSGFCLG 369 456  DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLNNPR 496
M.mulatta 312  RLYAVYDQAVSIFYDLPQGSGFCLG 336 423  DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLNNPR 463
C.lupus 346  RLYAVYDQAVSIFYDLPQGSGFCLG 370 459  DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEVLLNNHR 499
B. taurus 345 RLYAVYDQAVSIFYDLPQGSGFCLG 369 457 DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLNNHR 497
M.musculus 346 RLYAVYDQAVSIFYDLPQGSGFCLG 370 455 HGPYDPHSVRISFAKGWGPCYSRQFITSCPCWLEILLNNHR 495
R.norvegicus 346 RLYAVYDQAVSIFYDLPQGSGFCLG 370 455 HGPL 458
G.gallus 279 RLYTVYEQSVSIFYDLPQGNGFEFCLG 303 391 DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLSNNR 431
D.rerio 334 RLYTVYQPAVSIFYDLPQGTGFEFCLG 358 446 DGPYDPNSVRISFAKGWGPCYSRQFITSCPCWLEILLNNHR 486
C-terminal Mad Homology 2 (MH2) domain
B C
SMADEG transcript analysis
c.1069T>A €.14477>C clone c.1069T>A c.1447T>C

1 T C

2 T C

3 T C

Proband 2
4 A T
5 T C
4 +
6 A T

Fig.2 Localization of SMAD6 mutations in the MH2 domain
and SMADG6 transcript analysis in Proband 2. a Partial amino
acid sequence alignments of the human SMAD6 MH2 domain
(NP_005576.3) showing evolutionary conservation of the mutated
amino acids phenylalanine 357, isoleucine 446 and serine 483
(highlighted in red) between species. Multiple alignments were
gathered  from  https://www.ncbi.nlm.nih.gov/homologene/4079.
Amino acids forming the L3 loop, a highly conserved core region in
the MH2 domain, are shaded in yellow. b Partial sequence electro-

tion ¢.1069T > A (left) and ¢.1447T > C (right) in leukocyte-derived
cDNA of Proband 2. Arrows point to the position of the mutation.
¢ RT-PCR, cloning of cDNA-derived amplicons harboring both
mutations and sequencing of single colonies were used to determine
SMADG6 haplotypes in Proband 2. Sequence analysis of six cloned
PCR products revealed that the proband carries the SMAD6 muta-
tions in frans. A red letter indicates the presence of the mutation in
the transcript, and a black letter the wild-type base at the respective
position (color figure online)

pherograms show the presence of SMADG transcripts with the muta-

Table 2 In silico pathogenicity prediction and minor allele frequency of biallelic SMADG variants in Probands 1 and 2

Proband Chr. Genomic Nucleotide Amino acid SMADG6 gnomAD CADD REVEL M-CAP
position change (zygo- alteration domain browser: (>20) (>0.6) (>0.025)
sity) (NM_005585.5) MAF
15 67,073,779  ¢.1397T>C (hom) p.(Ile466Thr) MH2 0 28.8 0.973 0.606
15 67,073,451  ¢.1069T > A (het) p.(Phe3571le) MH2 0 31.0 0.940 0.511
15 67,073,829  ¢.1447T>C (het) p-(Ser483Pro) MH2 0 28.9 0.924 0.500

Trio exome data were filtered for potentially pathogenic de novo variants absent in the general population (dbSNP138, 100 Genomes Project,
Exome Variant Server, EXAC Browser, and gnomAD Browser) and rare biallelic variants with minor allele frequency (MAF)<0.1% and no
homozygous carriers in the aforementioned databases. The functional impact of the identified variants was predicted by the Combined Annota-
tion Dependent Depletion (CADD) tool, the Rare Exome Variant Ensemble Learner (REVEL) scoring system, and the Mendelian Clinically
Applicable Pathogenicity (M-CAP) Score. CADD is a framework that integrates multiple annotations in one metric by contrasting variants that
survived natural selection with simulated mutations. Reported CADD scores are phred-like rank scores based on the rank of that variant’s score
among all possible single nucleotide variants of hg19, with 10 corresponding to the top 10%, 20 at the top 1% and 30 at the top 0.1%. The larger
the score, the more likely does the variant have deleterious effects; the score range observed here is strongly supportive of pathogenicity, with
all observed variants ranking above ~99% of all variants in a typical genome and scoring similarly to variants reported in ClinVar as pathogenic
(~85% of which score>15) (Kircher et al. 2014). REVEL is an ensemble method predicting the pathogenicity of missense variants with a
strength for distinguishing pathogenic from rare neutral variants with a score ranging from O to 1. The higher the score, the more likely is the
variant pathogenic (Ioannidis et al. 2016). M-CARP is a classifier for rare missense variants in the human genome, which combines previous path-
ogenicity scores (including SIFT, Polyphen-2, and CADD), amino acid conservation features and computed scores trained on mutations linked
to Mendelian diseases. The recommended pathogenicity threshold is >0.025 (Jagadeesh et al. 2016)

Chr. chromosome, het heterozygous, hom homozygous, MAF minor allele frequency, MH2 MAD homology 2
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the heart in the developing mouse (Galvin et al. 2000). Pre-
weaning loss of Smad6-deficient mice has been noted (Gal-
vin et al. 2000) and was confirmed by others (Estrada et al.
2011; Wylie et al. 2018). Mutant embryos displayed multiple
vascular hemorrhages suggesting compromised blood ves-
sel stability that likely accounted for increased embryonic
lethality (Wylie et al. 2018). Together, overlapping cardiac
abnormalities in Smad6 knockout mice and individuals with
biallelic SMADG variants suggest a role for SMADG in the
development of the cardiovascular system and develop-
mental angiogenesis. Involvement of Smad6 in angiogenic
sprouting and vessel stability (Wylie et al. 2018) might hint
at the morphological abnormalities observed in Proband 2,
such as the venous anomaly, stenosis of the coronary artery
and narrowing of the pulmonary artery. The parents of
Probands 1 and 2, who are heterozygous for a pathogenic
SMADG variant, are at risk for developing TAA and should
be screened regularly for cardiovascular complications.

A two-locus model of inheritance, i.e., the combination
of a rare SMADG variant with the C allele of the common
SNP rs1884302, has been proposed to explain incomplete
penetrance of non-syndromic craniosynostosis in carriers
of a SMADG variant (Timberlake et al. 2016, 2017). Thus,
epistatic interactions between rare SMAD6 mutations and
a common risk allele have been proposed to account for a
significant proportion of individuals with non-syndromic
midline craniosynostosis (Timberlake et al. 2016, 2017).
The heterozygous SMADG6 variant p.(Ile466Phe) has been
detected in an individual with metopic craniosynostosis.
A parametric two-locus model was more likely to explain
craniosynostosis in this kindred than the one-locus model
(see Table S9 in Timberlake et al. 2017). Interestingly, the
homozygous variant p.(Ile466Thr) identified in Proband 1
in this study affects the same SMADG6 residue, but causes
another amino acid change. Occurrence of two SMADG6 vari-
ants affecting the same codon in individuals with a disease
phenotype provides further evidence for pathogenic rel-
evance of these amino acid substitutions. Probands 1 and
2 and their parents did not have craniosynostosis. However,
careful examination revealed microcephaly with a flattened
forehead in Proband 1 as well as bitemporal narrowing with
triangular shape of the forehead and low-set ears in Proband
2 that resemble signs of mild craniosynostosis (Garza and
Khosla 2012; Kajdic et al. 2018; Sharma 2013; Twigg and
Wilkie 2015). To check for a two-locus model of inherit-
ance, we genotyped the SNP rs/884302 in Proband 1’s fam-
ily and found the father to be homozygous for the T allele,
the mother homozygous for the common risk allele (C) and
Proband 1 heterozygous for the risk allele (C/T) (Suppl.
Figure 1). Thus, although Proband 1 carried the SMAD6
variant p.(Ile466Phe) in the homozygous and his mother in
the heterozygous state, none of the two individuals who are
carriers of the risk allele near BMP2 had developed typical

craniosynostosis. This finding suggests that beside the two-
locus pathogenesis, additional genetic and environmental
factors likely contribute to the occurrence of non-syndromic
craniosynostosis.

Neurodevelopmental evaluation in subjects with cranio-
synostosis and rare damaging SMADG6 variants revealed a
developmental delay in 73%, suggesting that SMAD6 muta-
tions may also contribute to neurodevelopmental outcome
in heterozygous carriers (Timberlake et al. 2016). Proband
2 in this study showed normal neurodevelopment, whereas
Proband 1 presented with mild developmental delay.
Although analysis of trio exome data did not reveal any vari-
ant that could underlie Proband 1’s global developmental
delay and mild intellectual disability, we cannot exclude that
a second (homozygous) variant could be causal or contrib-
uted to his neurological abnormalities.

SMADSG acts as an inhibitory SMAD and preferentially
inhibits BMP signaling. Activation of BMP receptors leads
to phosphorylation of the receptor-regulated (R) SMADs
1, 5 and 8, and these R-SMADs form heteromeric com-
plexes with the common-partner SMADA4, translocate to
the nucleus and regulate expression of specific target genes
(Miyazawa and Miyazono 2017). SMADG6 negatively reg-
ulates BMP and also TGF-f signaling in multiple ways
(Gomez-Puerto et al. 2019; Wu et al. 2016). BMP signaling
is not only important in vascular development and angiogen-
esis (see above and Cai et al. 2012; Goumans et al. 2018),
but also in osteoblast and chondrocyte differentiation (Wu
et al. 2016). Chondrocyte-specific expression of Smad6 in
mice resulted in postnatal dwarfism and osteopenia. The sig-
nificantly delayed chondrocyte hypertrophy after birth has
been related to impaired bone growth and formation (Horiki
et al. 2004). Mice deficient in Smad6 exhibited defects in
craniofacial, axial and appendicular skeletal development
(Estrada et al. 2011). Together, the data indicate an impor-
tant role of Smad6 in endochondral bone formation (Estrada
et al. 2011; Horiki et al. 2004; Wu et al. 2016). We specu-
late that compromised SMADG6 function due to mono- or
biallelic SMAD6 mutations may impair inhibition of BMP
signaling and result in high osteogenic activity predispos-
ing to craniosynostosis (as suggested by Timberlake et al.
2018). Interestingly, the combination of cardiovascular fea-
tures and bone overgrowth (e.g. craniosynostosis) has been
observed in individuals with autosomal dominant mutations
in TGFBRI1, TGFBR2, SMAD3 or SKI, all encoding compo-
nents of the TGF-f signaling pathway and associated with
Loeys—Dietz or Shprintzen—Goldberg syndrome (Cannaerts
et al. 2015; Loeys and Dietz 1993; Rodrigues et al. 2009;
Schepers et al. 2018). These data suggest that dysregulated
TGF-f or BMP signaling due to mutations in components
of these pathways can contribute to both cardiovascular
and skeletal anomalies in the affected individuals (Kruithof
et al. 2012; Wu et al. 2016). Thus, the yet unrecognized

@ Springer



632

Human Genetics (2019) 138:625-634

co-occurrence of cardiovascular and craniofacial/skeletal
features in individuals with a heterozygous SMAD6 muta-
tion was likely due to ascertainment bias and suggests that
anyone with mono- or biallelic variants in this gene should
be screened for both types of disease carefully.

In conclusion, we report two patients with a complex
phenotype with overlapping features of cardiac involve-
ment who carry biallelic SMAD6 missense variants that
probably represent hypomorphic alleles. The identification
and characterization of more individuals with autosomal
recessively inherited SMADG6 variants are required to define
the associated clinical spectrum as biallelic loss-of-function
variants or those affecting the MH1 domain may produce
similar or a different spectrum of phenotypes. Importantly,
in children with more life-threatening or course-determining
conditions, such as heart malformations, craniosynostosis
is frequently missed. Thus, a more detailed assessment for
craniofacial or skeletal anomalies in patients with mono- or
biallelic SMAD6 mutations and cardiac phenotype might be
warranted.
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