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of suspicion of an inherited connective tissue disorder 
by their primary physician. Molecular lesions included 
variants in the previously published disease genes 
B3GALT6, GORAB, ZNF469, B3GAT3, ALDH18A1, 
FKBP14, PYCR1, CHST14 and SPARC with interest-
ing variations on the published clinical phenotypes. We 
also describe the first recessive EDS-like condition to 
be caused by a recessive COL1A1 variant. In addition, 
exome capture in a familial case identified a homozy-
gous truncating variant in a novel and compelling can-
didate gene, AEBP1. Finally, we also describe a distinct 
novel clinical syndrome of cutis laxa and marked facial 
features and propose ATP6V1E1 and ATP6V0D2 (two 
subunits of vacuolar ATPase) as likely candidate genes 
based on whole-genome and whole-exome sequencing of 
the two families with this new clinical entity. Our study 
expands the clinical spectrum of hereditary disorders of 
connective tissue and adds three novel candidate genes 
including two that are associated with a highly distinct 
syndrome.

Abstract Ehlers–Danlos syndrome (EDS) describes a 
group of clinical entities in which the connective tissue, 
primarily that of the skin, joint and vessels, is abnormal, 
although the resulting clinical manifestations can vary 
widely between the different historical subtypes. Many 
cases of hereditary disorders of connective tissue that do 
not seem to fit these historical subtypes exist. The aim 
of this study is to describe a large series of patients with 
inherited connective tissue disorders evaluated by our 
clinical genetics service and for whom a likely causal 
variant was identified. In addition to clinical phenotyp-
ing, patients underwent various genetic tests including 
molecular karyotyping, candidate gene analysis, autozy-
gome analysis, and whole-exome and whole-genome 
sequencing as appropriate. We describe a cohort of 69 
individuals representing 40 families, all referred because 
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Introduction

Ehlers–Danlos syndrome (EDS) is a term that encompasses 
a wide range of clinical disorders in which defective con-
nective tissue manifests as joint hypermobility and skin and 
vascular fragility, in addition to a variety of associated clin-
ical features (Beighton 1993; Malfait and De Paepe 2014). 
Attempts to produce sets of consensus-derived criteria for 
the broad differential diagnoses that were emerging for 
individuals presenting with features suggestive of altered 
connective tissue go back to the Berlin nosology of 1986 
(Beighton et al. 1988). The highly variable clinical pres-
entation prompted an effort to classify patients with EDS 
into more homogeneous groups that can aid in diagnosis 
and management, and this resulted in the establishment of 
six major types: classical (Types I, II), hypermobility (Type 
III), vascular (Type IV), kyphoscoliotic (Type VI), arthro-
chalasia (Types VIIA, VIIB) and dermatosparaxis (Type 
VII-C) (Beighton et al. 1998). This classification acknowl-
edges the presence of “others” including “unspecified” 
forms making it clear that the clinical (and indeed genetic, 
as subsequently revealed) heterogeneity of EDS could 
not be fully captured by that classification (De Paepe and 
Malfait 2012). Indeed, there have been numerous reports 
of patients with hereditary disorders of connective tissue, 
who have overlapping clinical manifestations of EDS, but 
do not meet the diagnostic criteria set forth by the nosol-
ogy. For decades, the genetic basis of heritable disorders of 
connective tissue had remained largely unknown. The rise 
of molecular genetics and its advances in next-generation 
sequencing unlocked doors that continue to lead to major 
advances in understanding the molecular pathogenesis of 
this clinically heterogeneous group of disorders. None-
theless, much remains to be determined, clinically and 
molecularly, about these conditions, and little has been 
published on EDS-like spectrum of phenotypes (Malfait 
and De Paepe 2014). Furthermore, studies investigating the 
molecular lesions in hereditary disorders of connective tis-
sue have each almost always described the genetic analysis 
of one particular condition (Gardeitchik et al. 2014). Thus, 
there is a need for clinically well-phenotyped cohorts of 
patients with inherited connective tissue disorders under-
going detailed molecular studies, to provide data that can 
guide clinical geneticists who are frequently referred such 
cases. In an attempt to address this, we describe the larg-
est series to date of patients who were all referred with a 
clinical suspicion of an inherited connective tissue disorder 
based primarily on joint and skin manifestations. Our com-
prehensive genomic analysis revealed a striking degree of 
genetic heterogeneity that enabled us to expand previously 
established links between genes and certain inherited con-
nective tissue disorder subtypes. In addition, we describe 

three novel candidate disease genes, two of which appear to 
underlie an apparently novel and recognizable syndrome.

Subjects and methods

Human subjects

All subjects were referred to the clinical genetics service 
with the clinical suspicion of an inherited connective tis-
sue disorder because of joint laxity, with or without skin 
findings in the form of hyperelasticity or excessive wrin-
kling. Full clinical genetics evaluation was performed on 
all subjects. Subjects and available family members were 
enrolled after signing a written informed consent as part of 
an IRB-approved research protocol (KFSHRC RAC# 2080 
006 and 2090 035). Venous blood was collected in EDTA 
and, as appropriate, in Na-heparin tubes for DNA extrac-
tion and establishment of EBV-transformed lymphoblas-
toid cells, respectively. Those whose clinical photographs 
are shown have specifically signed a patient photograph 
release form.

Gene mapping

Determination of the full set of autozygous blocks per 
genome (autozygome) was as described before (Alkuraya 
2012). Briefly, genome-wide genotyping using the Axiom 
platform was followed by identification of runs of homozy-
gosity >1 Mb as surrogates of autozygosity using AutoS-
NPa v4. Autozygome was used to either guide candidate 
gene sequencing by Sanger or to filter the variants gen-
erated by whole-exome and whole-genome sequenc-
ing. Exome capture was performed using TruSeq Exome 
Enrichment kit (Illumina) following the manufacturer’s 
protocol. Samples were prepared as an Illumina sequenc-
ing library, and in the second step the sequencing librar-
ies were enriched for the desired target using the Illumina 
Exome Enrichment protocol. The captured libraries were 
sequenced using Illumina HiSeq 2000 Sequencer. The 
reads were mapped against UCSC hg19 (http://genome.
ucsc.edu/) by BWA (http://bio-bwa.sourceforge.net/). The 
SNPs and Indels were detected by SAMTOOLS (http://
samtools.sourceforge.net/).

For whole genome sequencing, amplification free Illu-
mina TrueSeq libraries were prepared, pooled and then 
sequenced on six different Illumina HiSeq runs. Full-length 
paired-end reads were aligned using BWA MEM to Homo 
sapiens GRCh37 reference sequence (1000 Genomes pro-
ject phase 2; ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
technical/reference/human_g1k_v37.fasta.gz) with default 
parameters. BWA output was directly BAM converted 

http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://bio-bwa.sourceforge.net/
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
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and genomic coordinate sorted, then subjected to a GATK 
insertion/deletion realignment process. We obtained aver-
age genome coverage of 12–17×. Variants were called 
using both GATK’s UnifiedGenoTyper 3.2-2 and Haplo-
typeCaller 3.2-2. Both sets were filtered to remove variants 
that were present in more than 50 % of individuals, those 
with less than three reads coverage and those with above 
2.5 % minor allele frequency in 1000 Genomes phase 3 
release or the Exome Sequencing Project.

For both whole-exome and whole-genome sequencing, 
the candidacy of the resulting variants was based on their 
physical location within the autozygome of the affected 
individual, their population frequency and predicted 
effect on the protein as described before (Alkuraya 2013) 
(Figs. 2d, 4c).

Molecular karyotyping

Among the molecular lesions identified in our patients 
was a de novo 6q24.3-25.2 deletion revealed by molecu-
lar karyotyping. The CytoScan HD (Affymetrix) array 
was used. This array platform contains 2.6 million mark-
ers for CNV detection (Affymetrix), of which 750,000 
are genotype SNPs and 1.9 million are nonpolymorphic 
probes, for the whole genome coverage. The analysis was 
performed using the Chromosome Analysis Suite version 
Cyto 2.0.0.195(r5758). Oligonucleotide probe information 
is based on build 37 of the UCSC Genome Browser (http://
genome.ucsc.edu/cgi-bin/hgGateway, GRCh37/hg19).

Briefly, 250 ng of genomic DNA was digested with the 
restriction enzyme NspI and then ligated to an adapter, 
followed by polymerase chain reaction (PCR) amplifi-
cation using a single pair of primers that recognized the 
adapter sequence. The PCR products were run on a 2 % 
Tris–borate-EDTA (TBE) gel to confirm that the major-
ity of products were between 150 and 2000 bp in length. 
To obtain a sufficient quantity of PCR product for further 
analysis, all products from each sample were combined 
and purified using magnetic beads (Agencourt AMPure, 
Beckman Coulter, Beverly, MA, USA). The purified PCR 
products were fragmented using DNase I and visualized on 
a 4 % TBE agarose gel to confirm that the fragment sizes 
ranged from 25 to 125 bp. The fragmented PCR products 
were subsequently end labeled with biotin and hybrid-
ized to the array. The arrays were then washed and stained 
using a GeneChip Fluidics Station 450 and scanned using 
an Affymetrix GeneChip Scanner 3000 7G. Scanned data 
files were generated using Affymetrix GeneChip Command 
Console Software (version 1.2) and analyzed with the 
Chromosome Analysis Suite.

The hidden Markov model available within the Chro-
mosome Analysis Suite software package was used to 
determine the copy-number states and their break points. 

Thresholds of log2 ratio ≥0.58 and ≤−1 were used to cat-
egorize altered regions as CNV gains (amplification) and 
copy-number losses (deletions), respectively.

To minimize the detection of false-positive CNVs aris-
ing due to inherent microarray “noise,” only alterations 
that involved at least 50 consecutive probes and that were 
at least 500 kb in size were used to categorize the altered 
regions as CNV gains (amplification), whereas those at 
least 200 kb in size were used to categorize copy-number 
losses (deletions).

We then proceeded to evaluate the CNVs detected in 
our patient based on the ACMG standards and guidelines. 
The genic content in the CNV interval was taken into 
consideration by seeking recent publications to compare 
break points, phenotypes and different sizes of CNVs that 
overlapped. To exclude aberrations representing common 
benign CNVs, all the identified CNVs were compared with 
those reported in the Database of Genomic Variants (http://
projects.tcag.ca/variation/) and in our own database for 
individuals who have been classified as normal.

De novo CNVs that met the size cutoff of 200 kb for 
deletions and 500 kb for duplications (based on the labo-
ratory’s consideration of the performance characteristics of 
the assay used) and were not found in either parent were 
classified as pathogenic. However, this does not eliminate 
the possibility that pathogenic CNVs exhibiting incomplete 
penetrance or variable expressivity can be present in an 
unaffected parent.

Results

Clinical phenotypes

Unpublished cases of inherited connective tissue disorders

Our cohort consists of 69 subjects from 40 families. 
The majority of these presented with reduced elastic-
ity of the skin coupled with joint hyperlaxity (unlike 
EDS, where skin elasticity is increased). This combina-
tion is indicative of cutis laxa and accounted for >90 % 
(n = 66 subjects representing 37 families) of the study 
families. Furthermore, of this cutis laxa cohort many 
(>40 %, n = 28 subjects representing 15 families) had 
a classical geroderma osteodysplasticum (GO) pheno-
type, which combines cutis laxa with osseous changes 
including osteoporosis. This recurrent GO phenotype was 
caused by a previously reported GORAB Saudi founder 
variant detected by autozygosity-guided candidate gene 
sequencing in the first few families and by targeted vari-
ant analysis in the rest (Al-Dosari and Alkuraya 2009). In 
Family 2, the phenotype was not consistent with GO, and 
autozygosity-guided candidate gene analysis led to the 

http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/cgi-bin/hgGateway
http://projects.tcag.ca/variation/
http://projects.tcag.ca/variation/
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identification of a novel variant in ALDH18A1, a known 
cutis laxa disease gene (Bicknell et al. 2008) (Fig. 1:a1–
4). On the other hand, Family 10 presented clinically with 
many of the features of GO including wrinkly skin and 
osteopenia. However, spondyloepimetaphyseal dysplasia 
was diagnosed on skeletal survey. Autozygome analy-
sis did not highlight any of the known cutis laxa genes, 
so we proceeded with whole-exome sequencing, which 
revealed a novel variant in B3GAT3, a gene known to 
cause the syndrome of “Multiple joint dislocations, short 
stature, craniofacial dysmorphism, and congenital heart 
defects” (Baasanjav et al. 2011). Family 11, presenting 
with cutis laxa and hypermobility along with muscular 
dystrophy, was assessed through exome and found to 
contain a missense variant in CAPN3, a gene associated 
with limb girdle muscular dystrophy (Fig. 1: e1, 2). Two 
affected individuals in Family 34 exhibited severe intrau-
terine growth retardation in addition to skin and joint lax-
ity and were found to have a truncating variant in OBSL1, 
a gene implicated in 3-M syndrome. A splice site variant 
in PRDM5, a gene that is known to cause brittle cornea 
syndrome, was found in Family 36 that presented with 
blue sclera in addition to joint laxity (Fig. 1: m1). Fam-
ily 37 includes a previously published case of severe de 
Barsy syndrome in which autozygome-guided candidate 
gene sequencing revealed a variant in PYCR1 (Al-Owain 
et al. 2012a, b).

Family 40 is worth special mention. This girl pre-
sented with short stature and a severe form of cutis laxa. 
Autozygome-guided candidate gene analysis and whole-
exome sequencing did not reveal any likely candidate. 
Because this is a simplex case, we considered the remote 
possibility of a chromosomal aberration despite the nor-
mal cognition and lack of associated congenital mal-
formation. Molecular karyotyping revealed a de novo 
6q24.3-25.2 deletion of 6992 kb (hg18, chr6:146352899-
153345216) involving many genes (GRM1, RAB32, ADGB, 
LOC729176, LOC729178, STXBP5, SAMD5, SASH1, 
UST, LOC100128176, TAB 2, SUMO4, ZC3H12D, PPIL4, 
C6orf72, KATNA1, LATS1, NUP43, PCMT1, LRP11, 
LOC100652739, RAET1E, RAET1G, ULBP2, ULBP1, 
RAET1 K, RAET1L, ULBP3, PPP1R14C, IYD, PLE-
KHG1, MTHFD1L, AKAP12, ZBTB2, RMND1, C6orf211, 
CCDC170, ESR1, SYNE1, MYCT1, VIP, FBXO5, MTRF1L, 
RGS17). One gene, UST, is particularly intriguing since it 
encodes uronyl-2-sulfotransferase, which sulfates iduronyl 
and glucuronyl residues in dermatan/chondroitin sulfate, 
the major components of the connective tissue. Although 
we could not identify a likely pathogenic allele in trans on 
exome sequencing, we cannot exclude the possibility of a 
deep splicing variant that may have caused the phenotype 
recessively as a function of hemizygosity. These cases and 
their molecular findings are summarized in Table 1, and the 

detailed clinical assessment of these patients can be found 
in Supplementary Table 1.

Family 38 consists of two siblings born to consanguin-
eous Sudanese parents who presented with short stature, 
severe joint laxity and scoliosis (Fig. 2a–c). The index case 
presented with progressive scoliosis that started at 2 years 
of age. Upon examination, his growth parameters revealed 
short stature, and he was found to be cognitively normal 
with mild dysmorphic features including short neck, low-
set ears and blue sclera. Examination of his mouth revealed 
a narrow palate, excessive dental caries (brittle teeth) and 
ulcers on the tongue. Moreover, he was found to have pec-
tus excavatum and laxity of all joints (without subluxation). 
His skeletal survey reported diminished bone density. His 
similarly affected 6-year-old sister presented with pro-
gressive scoliosis that also started at 2 years of age. Upon 
examination, she was also cognitively normal with short 
stature, joint laxity (without subluxation) and mild dysmor-
phic features including short neck, low-set ears and blue 
sclera with a narrow palate, excessive dental caries (brittle 
teeth) and ulcers on the tongue. Whole-exome sequenc-
ing data were filtered according to our pipeline (Fig. 2d) 
and revealed a single surviving variant, a homozygous 
splice site alteration immediately downstream of exon 2 

Fig. 1  Clinical features of patients with confirmed molecular find-
ings in known disease genes. Family 2 (ALDH18A1) (a1–a4): 
a1 Image of index case. a2 Facial features. a3 Visible veins of the 
abdomen. a4 Skin laxity. Family 7 (B3GALT6) (b1, b2): b1 facial 
features of the index case; b2 facial features of the affected cousin. 
Family 8 (B3GALT6): c1 facial features of the index case. Family 
9 (B3GALT6) (d1–d5): d1 image of index case showing rhizome-
lia; d2 pectus carinatum; d3 back showing severe kyphoscoliosis; d4 
right hand showing joint laxity; d5 lower limbs showing bilateral tal-
ipes equinovarus. Family 11 (CAPN3) (e1, e2): e1 right hand show-
ing joint laxity at the interphalangeal joints; e2 overriding toes and 
hypoplasia of the nails. Family 12 (CHST14) (f1–f6): f1 facial fea-
tures of the index case; f2 profile of the index case; f3 hands of the 
index case showing arthrogryposis; f4 facial features of the affected 
brother; f5 profile of the affected brother; f6 hands of the affected 
brother showing arthrogryposis. Family 13 (COL1A1) (g1–g4): 
g1 facial features of the index case; g2 left hand showing joint lax-
ity at the wrist; g3 wrinkled skin over the abdomen; g4 joint laxity 
at the ankles demonstrated by exaggerated dorsiflexion of the right 
foot. Family 14 (COL1A1) (h1–h3): h1 facial features of the index 
case; h2 right arm showing joint laxity at the wrist; h3 wrinkled skin 
over the abdomen. Family 15 (COL6A2) (i1, i2): i1 facial features of 
the index case; i2 left hand showing joint laxity at the fifth metacar-
pophalangeal joint. Family 28 (GORAB) (j1–j3): j1 facial features 
of the index case; j2 wrinkled skin over the dorsum of the right hand; 
j3 deep palmar creases. Family 31 (GORAB) (k1–k3): k1 facial fea-
ture of the index case; k2 wrinkled skin over the dorsal aspect of the 
digits; k3 deep palmar creases. Family 35 (PLP1) (l1–l3): l1 facial 
features of index case; l2 right hand showing joint laxity at the third 
metacarpophalangeal joint; l3 right foot showing prominent calca-
neum. Family 36 (PRDM5) (m1): facial features of the index case. 
Family 40 (de novo 6q24.3-25.2 deletion) (n1): right hand showing 
increased joint laxity at the interphalangeal joint

▸
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in SPARC (Fig. 2e). This gene, which encodes a cysteine-
rich matrix-associated protein, was not associated with any 
disease at the time of our exome sequencing, but has since 
been implicated in osteogenesis imperfecta (Mendoza-Lon-
dono et al. 2015). Two patients, both harboring missense 
variants, have been published presenting with severe bone 
fragility, progressive scoliosis and joint hyperlaxity. Teeth 
were indicated as normal. Our patients, who are predicted 
to have null expression of the protein due to exclusion of 
the initiation codon-containing exon 2 (Fig. 2f), have in 

addition blue sclera and brittle teeth, and this may be due to 
the difference in the nature of the genetic variants.

Other previously reported inherited connective tissue 
disorder phenotypes

Family 39 is a previously reported family of five children 
affected with brittle cornea and significant musculoskel-
etal findings primarily in the form of joint hypermobility 

A1

B1 B2 C1 D1

D2 D3 D4 D5

E1 E2

F3 F4 F5 F6

F1 F2

A2 A3 A4
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and severe kyphoscoliosis (Al-Owain et al. 2012a, b). The 
underlying variant was determined by autozygome-guided 
candidate gene sequencing of ZNF469.

Families 13 and 14 belong to the same tribe and had 
a strikingly similar phenotype consisting of distinctive 
facial appearance, joint laxity and recurrent fracture. 
The index of Family 13 was referred at 6 months of age 
with severe joint laxity and hypotonia. He was noted to 
have brachycephaly, a high forehead, blue sclera, mid-
face hypoplasia, saggy cheeks and microstomia. He also 
had wrinkled skin over the abdomen and dorsum of the 

hands and feet (Fig. 1: g1–4). The index of Family 14 
was referred at 7 months of age as a case of craniofa-
cial dysmorphism, cleft palate, severe hypotonia, joint 
hypermobility and kyphoscoliosis. She was noted to 
have a high forehead, blue sclera, mid-face hypoplasia, 
saggy cheeks, and microstomia. In addition to Mongo-
lian spots, she had wrinkled skin over the abdomen, as 
well as the dorsum of her hands and feet (Fig. 1: h1–3). 
The skeletal survey showed generalized osteopenia, sub-
luxation of the hip joint with coxa vara and s-shaped 
scoliosis.

G1 G2 G3

H1

I2

K1

L2 L3 M1 N1

K2 K3 L1

J1 J2 J3

H2 H3 I1

G4

Fig. 1  continued
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Exome sequencing performed by a clinical labora-
tory on probands from Families 13 and 14 revealed the 
same novel homozygous missense variant in COL1A1 
(c.2050G>A, p.Glu684Lys). Although dominant variants 
in COL1A1 and COL1A2 are known to cause EDS pheno-
types, this is the first time COL1A1 is shown to cause EDS 
in a recessive fashion (parents in both families were com-
pletely normal clinically) (Malfait and De Paepe 2014).

Family 33, containing several affected siblings who were 
originally diagnosed as sagittal craniosynostosis, but also 
possessed severe skin and joint laxity, and typical cranioec-
todermal dysplasia facial features. Whole-exome sequenc-
ing revealed a novel variant in the ciliary gene IFT122, and 
primary cilia exhibited reduced frequency and length in 
patient fibroblasts (Alazami et al. 2014).

Family 17 was previously reported and was found to 
have a homozygous truncating variant in FKBP14 (Aldeeri 
et al. 2014), which had not been reported as a disease gene 
at the time of our whole-exome sequencing. Family 12 
consists of two siblings who presented with the unusual 
combination of arthrogryposis, joint laxity and strabismus 
(Fig. 1: f1–6), and although CHST14, a known EDS-like 
disease gene (Miyake et al. 2010), was clearly within the 
shared autozygome of the two individuals, it was missed as 
a good candidate and subsequent whole-exome sequencing 
revealed a novel homozygous truncating variant. Finally, 
we have observed a variable phenotype associated with 
variants in B3GALT6 (Malfait et al. 2013; Nakajima et al. 
2013). Family 9 consisted of consanguineous parents and 
one affected daughter with profound joint laxity and severe 
kyphoscoliosis (Fig. 1: d1–5). Skeletal survey revealed 
spondyloepimetaphyseal dysplasia. Autozygome-guided 
candidate gene sequencing revealed a novel homozygous 
truncating variant in B3GALT6. On the other hand, we 
report three families with a founder missense variant in 
B3GALT6 that had a variable phenotype. The index in Fam-
ily 8 presented as an infant with hip dislocation, joint lax-
ity and arthrogryposis (Fig. 1: c1). However, the probands 
in Family 6 and Family 7 (Fig. 1: b1, 2) presented with 
severe joint laxity, blue sclera, multiple joint dislocation 
and recurrent fractures with severe osteopenia reminiscent 
of osteogenesis imperfecta. The atypical presentation of 
the probands in the three families precluded the identifica-
tion of B3GALT6 as a good candidate in the autozygome-
guided candidate gene analysis stage, so they all underwent 
whole-exome sequencing which revealed the same founder 
variant.

Of note, our cohort included three clinical entities that 
are not typically considered as part of the hereditary dis-
orders of connective tissue spectrum, but highlight the 
extreme heterogeneity of referrals with that diagnosis. Fam-
ily 16 consists of two siblings with marked joint laxity and 
short stature. However, their facial features were typical of 

3M syndrome and were subsequently found to have CUL7 
variant as previously described (Al-Dosari et al. 2012). 
Family 15 consists of the index and two cousins who pre-
sented with microcephaly, global developmental delay and 
profound small joint laxity typical of Ullrich muscular 
dystrophy (Fig. 1: i1, 2). Muscle biopsy confirmed lack of 
staining for collagen 6 and Sanger sequencing of COL6A2 
revealed a novel deep intronic variant that fully segregated 
with the phenotype. Lastly, the two brothers in Family 35 
presented with severe joint laxity and global developmen-
tal delay, but their brain MRI revealed typical white matter 
changes of Pelizaeus–Merzbacher disease and subsequent 
sequencing of PLP1 revealed a novel truncating variant 
(Fig. 1: l1–3). These cases and their molecular findings are 
summarized in Table 1, and the detailed clinical assessment 
of these patients can be found in Supplementary Table 1.

Novel candidate genes for inherited connective tissue 
disorders

Three families in our cohort did not map to any known 
disease gene in the context of EDS phenotype and their 
whole-exome/whole genome sequencing revealed novel 
candidate genes as follows:

Family 1 consists of two siblings born to first cousin 
parents (Fig. 3c). They both presented similarly with severe 
joint and skin laxity, bilateral ptosis, severe osteopenia, 
webbed neck with low posterior hair line and facial dys-
morphism comprising sagged cheeks, large ears, soft and 
redundant skin, narrow palate, abnormal dental alignment 
and dislocated hips, knees and ankles (Fig. 3a, b). Clinical 
whole-exome sequencing revealed only a single variant of 
interest, a homozygous splicing variant located downstream 
of exon 13 in AEBP1 (Fig. 3d), which encodes a member 
of the carboxypeptidase A protein family. RTPCR revealed 
loss of the last 22 bp of exon 13, resulting in frameshift and 
subsequent truncation (Fig. 3e, f).

Family 5 consists of two brothers born to first cousin 
parents (Fig. 4b). Both had a nearly identical phenotype, 
which to our knowledge is novel and highly distinct. 
Pregnancy was complicated by the findings of oligohy-
dramnios, congenital heart disease and hydronephrosis. 
Apgar scores and growth parameters at birth were nor-
mal, but gross dysmorphism was apparent at birth includ-
ing entropion requiring surgical correction with only par-
tial improvement. As neonates, they were found to have 
small PFO, small PDA, mild TR and increased pulmonary 
pressure. They both had hydronephrosis and evidence of 
nephrocalcionsis. They both have good physical growth 
and nearly identical dysmorphic profile consisting of wrin-
kly skin, blepharophimosis, entropion, hypertelorism, 
malar hypoplasia and severe microstomia (Fig. 4a). 
Whole-exome sequencing of both siblings was performed, 
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but did not reveal a good candidate. We therefore pro-
ceeded with whole-genome sequencing and filtered the 
surviving variants according to the pipeline in Fig. 4c. 
Only a single variant remained, a novel missense variant 
in a component of vacuolar ATPase, ATP6V1E1 (Fig. 4d). 
This variant was missed by both exomes due to coverage 
issues. The affected residue in ATP6V1E1 lies in a stretch 
of amino acids that is universally conserved among mam-
mals (Fig. 4e).

Subsequently, in Family 4, we identified a simplex case 
born to first cousin parents, whose presentation nearly 
mirrored that of the above family (Fig. 4f, g). Although 
exome capture resulted in five variants that survived 
our filtering (Fig. 4h), we were intrigued to find that one 
of these was in another component of vacuolar ATPase, 
ATP6V0D2, affecting a residue that is very highly con-
served in mammals (Fig. 4i). The full list of identified 

variants in this case include ATP6V0D2 (NM_152565: 
c.476C>T:p.P159L), MYOM3 (NM_152372: c.554T>C:p.
V185A), ZBTB8OS (NM_178547: c.166G>A:p.A56T), 
TRAPPC12 (NM_016030: c.496C>A:p.R166S), and BAX 
(NM_138763: c.347T>C:p.F116S). These cases and their 
molecular findings are summarized in Table 1, the detailed 
clinical assessments of these patients can be found in Sup-
plementary Table 1.

Discussion

Although inherited connective tissue disorder presentations 
are a common cause of referral to clinical genetics, we are 
not aware of any clinical report comprising all patients 
with this presentation. Such cohorts are especially needed 
in view of the extreme clinical heterogeneity of this group 

Fig. 2  Family 38: loss of function mutation in SPARC causes severe 
joint laxity and scoliosis; a images of the affected siblings; b radi-
ology of the older affected, showing severe kyphoscoliotic deform-
ity of thoracolumbar spine with gibbus formation; c family pedigree 
with the genotypes indicated beneath the individuals who were tested; 

the proband is boxed in red. d Filtering scheme used in assessing the 
exome capture data. e PCR chromatograph for the patient, along with 
RT-PCR results that reveal skipping of exon 2. A schematic of the 
mutation is provided in f, with the blue lines indicating the skipped 
exon. Untranslated regions are in black, and translated regions in red
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of disorders and the recent expansion of genes that have 
been found to be mutated in these patients (De Paepe and 
Malfait 2012; Halper 2014; Malfait and De Paepe 2014). 
The cohort we report in this study represents an attempt to 
not only capture, but also further expand this heterogeneity. 
The molecular characterization of our entire cohort gives 
us a unique opportunity to discuss the clinical phenotype in 
the context of identified molecular lesions.

We emphasize the highly diverse differential diagno-
sis of patients with inherited connective tissue disorders. 
Although EDS and cutis laxa each has a distinct derma-
tological profile, we note that the clinical distinction may 
not always be straightforward not only to the referring 
physician but also to the clinical geneticist. Wrinkly skin, a 
characteristic finding of cutis laxa, was observed in several 
of our patients with variants in genes linked previously to 

inherited connective tissue disorders. Thus, it seems pru-
dent to keep the differential diagnosis open to the possibil-
ity of hereditary disorders of connective tissue even in the 
context of wrinkly skin. Furthermore, our encounter with 
3M syndrome, Ullrich muscular dystrophy and Pelizaeus–
Merzbacher disease highlights the need for a thorough 
assessment of patients with inherited connective tissue dis-
orders, which may reveal dysmorphic and neurogenetic dis-
orders not typically considered in the differential diagnosis.

Our comprehensive genomic approach has also 
allowed us to identify three compelling candidate genes. 
AEBP1 encodes adipocyte enhancer binding protein, 
a secreted protein that binds to the extracellular matrix 
(Layne et al. 2001). It has a similar embryonic expres-
sion pattern as other ECM proteins, including collagens, 
thrombospondin and decorin (Ith et al. 2005; Layne et al. 

Fig. 3  Family 1: Frameshift mutation in AEBP1 causes a syndrome 
of severe joint and skin laxity, severe osteopenia, low posterior hair-
line and facial dysmorphism. Images of the proband are provided, 
indicating facial features (a) and joint laxity (b). c Family pedigree 

with the genotypes listed beneath the individuals who were tested; 
the proband is boxed in red. Chromatographs of the PCR (d) and RT-
PCR (e) data reveal a splice site mutation that results in the skipping 
of the last 22 bp of exon 13, as illustrated in the schematic (f)
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2001). Interestingly, mice that are knocked out for the 
long isoform display ventral wall defects and skin that 
is prone to injuries and has reduced healing capacity 
(Layne et al. 2001). These features are highly suggestive 
that the homozygous truncating variant we identified may 
have caused the phenotype in the two siblings.

The two families with variants in vacuolar ATPase com-
ponent genes represent an apparently novel and clinically 
recognizable syndrome consisting of wrinkly skin, entro-
pion and idiopathic nephrocalcinosis. Another subunit of 
vacuolar ATPase, ATP6V0A2, is known to cause a recog-
nizable form of cutis laxa (Kornak et al. 2008). ATP6V1E1 
is expressed in the developing xenopus skin, but little is 
known about this gene otherwise (Quigley et al. 2011). We 
note that the missense variant we identified in this gene 
fully segregated with the phenotype within the family and 
is not found in any of the public variant databases including 

the 1000 Genomes and the ExAC consortium. It is also 
absent in 573 ethnically matched in-house Saudi exomes. 
Regarding the simplex case in Family 4, although we were 
unable to reduce the number of surviving exome capture 
variants to just one, we note that the missense ATP6V0D2 
variant in our patient may play a role in his nephrocalci-
nosis given its published role in bone biology (Lee et al. 
2006). In addition, the strong phenotypic link between fam-
ilies 4 and 5 and the presence in each family of a variant 
in a vacuolar ATPase component suggest ATP6V0D2 as a 
candidate disease gene for Family 4. However, just as with 
the other novel candidate gene, a definitive causal link will 
require the identification of independent pathogenic alleles 
in other similarly affected patients and we hope our study 
will be an impetus to screen for variants in these genes 
by other investigators who have cohorts with overlapping 
phenotypes.

Fig. 4  A unique syndrome of cutis laxa and distinct facies is 
linked to mutations in the hydrogen-transporting vacuolar ATPase 
(V-ATPase). a Clinical images of both patients from Family 5, along 
with an associated pedigree (b) highlighting the genotypes observed. 
The proband is boxed in red. Exome capture for both sibs failed to 
reveal any candidates (c; only the results for the younger brother 
are shown, with filtration scheme as given for Fig. 2d. CADD com-
bined annotation-dependent depletion). Subsequent whole-genome 

sequencing data were filtered as indicated. d Chromatograph of the 
ATP6V1E1 mutation in this family. The affected residue lies in a 
stretch of amino acids that is universally conserved amongst mam-
mals (e). f Image of the simplex case of Family 4, along with pedi-
gree (g). h Results of the filtering scheme for this patient. A total of 
five variants remain after all filters are applied, including a missense 
in ATP6V0D2. i The affected residue in ATP6V0D2 is very highly 
conserved among mammals
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In conclusion, we report the largest cohort to date on 
inherited connective tissue disorders referred in a clini-
cal setting for evaluation by clinical genetics. Our results 
expand the clinical, allelic and locus heterogeneity of these 
conditions and highlight the need for thorough clinical and 
genomic evaluation, which are likely to have a high yield in 
this patient population.
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