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INTRODUCTION
Ehlers–Danlos syndrome (EDS) is a group of overlap-
ping hereditary disorders of connective tissue (HDCT).1–3 
Predominant clinical phenotypes include skin fragility, easy 
bruising, and joint hypermobility.2 As a result of generalized 
connective-tissue fragility, blood vessels and internal organs 
may also be affected to a variable extent. Vascular EDS patients 
can present as early as the first 2 weeks of life with aneurysm or 
rupture of large blood vessels, or sudden spontaneous rupture 
of the bowel or other intra-abdominal organs.2–4

EDS is classified clinically by the 1997 Villefranche nosology.1 
The three major groups are classical, vascular, and hypermo-
bility-type EDS; others, including kyphoscoliosis, dermato-
sparaxis, and arthrochalasia, are extremely rare.1,2 The central 
pathological abnormality affects collagen packing or stability, 
mechanisms traditionally based on certain microscopic, bio-
chemical, and genetic abnormalities in collagen types I, III, and 

V. Most classical EDS cases are caused by mutations in one of 
two genes encoding collagen type V (COL5A1, COL5A2); vas-
cular EDS is caused largely by mutations in COL3A1, encoding 
collagen type III, and the genetics of hypermobility-type EDS 
remains largely unresolved and is predicted to be heteroge-
neous.2,4 A number of other genes encoding extracellular matrix 
proteins (PLOD1, CHST14, FKBP14; RIN2; PRDM5, ZNF469, 
B4GALT7, SLC39A13) have been reported as causes of addi-
tional very rare EDS presentations.2,4 Because of phenotypic 
heterogeneity and clinical overlap between EDS types, clinical 
evaluation alone is often not definitive, and even after genetic 
testing the majority of EDS cases remain without a molecular 
diagnosis.1,2

Next-generation sequencing (NGS) technologies offer the 
potential for genetic testing in a variety of disorders, including 
EDS.5 Using a newly developed NGS-based panel, we screened 
a mixed cohort of EDS patients for variants in key collagen 
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Purpose: Ehlers–Danlos syndrome (EDS) comprises a group of 
overlapping hereditary disorders of connective tissue with significant 
morbidity and mortality, including major vascular complications. We 
sought to identify the diagnostic utility of a next-generation sequenc-
ing (NGS) panel in a mixed EDS cohort.
Methods: We developed and applied PCR-based NGS assays for 
targeted, unbiased sequencing of 12 collagen and aortopathy genes to 
a cohort of 177 unrelated EDS patients. Variants were scored blind to 
previous genetic testing and then compared with results of previous 
Sanger sequencing.

Results: Twenty-eight pathogenic variants in COL5A1/2, COL3A1, 
FBN1, and COL1A1 and four likely pathogenic variants in COL1A1, 
TGFBR1/2, and SMAD3 were identified by the NGS assays. These 
included all previously detected single-nucleotide and other short 

pathogenic variants in these genes, and seven newly detected patho-
genic or likely pathogenic variants leading to clinically significant 
diagnostic revisions. Twenty-two variants of uncertain significance 
were identified, seven of which were in aortopathy genes and required 
clinical follow-up.
Conclusion: Unbiased NGS-based sequencing made new molecular 
diagnoses outside the expected EDS genotype–phenotype relation-
ship and identified previously undetected clinically actionable vari-
ants in aortopathy susceptibility genes. These data may be of value in 
guiding future clinical pathways for genetic diagnosis in EDS.
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genes and certain other genes known to cause EDS or related 
connective-tissue disorders. We sought to ascertain whether this 
approach would increase the proportion of genetic diagnoses and 
improve understanding of the relationship between genotype and 
phenotype in EDS by comparing the results obtained by NGS with 
previous genetic testing of individual genes by Sanger sequencing.

MATERIALs AND METHODs
selection of EDs cases
One hundred seventy-seven unrelated patients with suspected 
EDS referred by specialist (tertiary) clinicians to the National 
EDS Diagnostic Service (London, UK) were recruited to the 
study. The patients were predominantly female (67%) and 
Caucasian (89%). The mean age of the cohort was 33.6 years 
(range 2–78). Because the service studied complex EDS phe-
notypes, and because of their prognostic importance, patients 
with vascular complications were preferentially recruited to the 
study. Clinical diagnoses upon first interview, based only on 
clinical features, were as follows: classical EDS (or overlapping 
syndrome), 12%; vascular EDS (or overlapping syndrome), 
12%; EDS hypermobility type or benign joint hypermobility 
syndrome (BJHS), 43%; and kyphoscoliotic EDS, 2%. Seven 
percent of cases had a phenotype overlapping multiple EDS 
types not falling into one specific EDS type and are referred to 
hereafter as complex EDS. Twenty-four percent of cases had 
features predominantly outside the EDS spectrum, here called 
“other HDCT.” This term was used for patients with nonspe-
cific features of HDCT, whereby the criteria for a specific EDS 
type were not adequately fulfilled and the patient did not have 
an arterial complication (for example, osteogenesis imperfecta 
and myopathies). Another group not falling into a specific EDS 
type but with a history of arterial complication (defined as one 
or more of aortic or peripheral arterial aneurysm, dissection 
or rupture, cerebral aneurysm/subarachnoid hemorrhage) was 
designated as “other HDCT (vascular).” 

Clinical categorization was based on 1997 Villefranche criteria1 
by specialist EDS clinicians (F.M.P., A.V., N.G., with combined 
experience of 51 years). Seventy-six relatives were phenotyped 
and recruited to the study for segregation analysis. All study 
subjects were recruited according to Ethics Protocol Reference 
11/LO/0883 (West London Research Ethics Committee).

Characterization of clinical, biochemical, histological, and 
ultrastructural phenotype
Phenotypic data were derived from clinical notes, includ-
ing diagnostic scores (according to the Beighton system, 
Villefranche criteria, Ghent nosology, and Sillence criteria),1,6 
light and electron microscopy, and collagen protein analysis 
performed at the National EDS Diagnostic Service, London. 
Genetic testing results (by conventional Sanger sequencing) for 
the UK National Health Service were recorded for comparison.

Skin biopsy specimens taken from patients’ upper inner 
arm were used for collagen protein analysis and microscopy. 
Fibroblasts were cultured from skin biopsy specimens, with col-
lagen labeling and sodium dodecyl sulfate polyacrylamide gel 

electrophoresis analysis performed as described.7 During light 
microscopy, dermal tissue blocks stained with hematoxylin and 
eosin/elastin Van Gieson were assessed to determine changes 
in dermal thickness and collagen:elastin ratio. During electron 
microscopy, skin biopsy specimens were placed directly into 
4% glutaraldehyde in 0.1 mol/l phosphate buffer and processed 
for routine electron microscopy as described previously. 8 Thin 
sections (stained with uranyl acetate and lead citrate) were 
examined for ultrastructural abnormalities of collagen fibril 
size and arrangement and appearance of fibroblast endoplas-
mic reticulum.

DNA extraction and targeted exon sequencing
Saliva samples were collected using the Oragene DNA kit 
(Genotek, Ontario, Canada). DNA from whole-blood samples 
was extracted using the QIAamp DNA Blood Midi kit (Qiagen, 
Venlo, The Netherlands). Two NGS assays were designed to 
sequence the exons and exon–intron boundaries of genes 
commonly associated with EDS and overlapping phenotypes: 
(i) collagen NGS panel, with 375 primer pairs for COL1A1, 
COL1A2, COL3A1, COL5A1, and COL5A2, and (ii) aortopathy 
NGS panel, with 363 primer pairs for FBN1, TGFBR1, TGFBR2, 
MYH11, ACTA2, SMAD3, and MYLK (see Supplementary 
Tables S1 and S2 online; Supplementary Materials online). 
Both NGS panels were used for every patient.

Multiplex PCR was performed using the Access Array 
(Fluidigm, South San Francisco, CA) in batches of 47 test sam-
ples and 1 negative control (water blank) as described.9 Ninety-
six purified samples were pooled and sequenced on the MiSeq 
sequencer (Illumina, San Diego, CA) generating 150-bp paired-
end reads.

Read mapping, variant calling, and annotation
The quality of sequencing reads was assessed with FastQC.10 
Reads were mapped to the GRCh37/hg19 human reference 
sequence using BWA-MEM v0.7.2.11 Sequence reads were 
realigned around insertions/deletions and base call quality 
scores were recalibrated with GATK v2.6-5.12 Single-nucleotide 
variants and short insertions/deletions (up to 20 nucleotides) 
were called with GATK UnifiedGenotyper. Variants were hard-
filtered to achieve minimum coverage at a variant of ≥100 reads 
and allele balance of >0.25. Variant annotation was performed 
with ANNOVAR version 2013Aug23.13 Reference transcripts of 
genes are shown in Supplementary Table S3 online.

Pathogenicity assignment
Synonymous variants, intronic variants located outside exon/
intron boundaries, and SNVs with minor allele frequency 
>0.1% in the 1000 Genomes Project (phase II release) or the 
NHLBI exome sequencing project data sets (as available in 
the 2013Aug23 version of Annovar) were excluded from fur-
ther analysis. Splice site–disrupting variants and nonsense and 
frameshift coding variants with allele frequency <0.1% were con-
sidered pathogenic. Substitutions of glycine residues at GlyXY 
repeats within collagen triple helical domains were considered 
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pathogenic, as were other variants previously reported as patho-
genic, in established variant databases (LOVD14 and HGMD15) 
unless biochemical (collagen protein analysis), phenotype, and/
or segregation data suggested otherwise. Missense variants were 
classified according to American College of Medical Genetics 
and Genomics (ACMG) guidelines,16 with the special additional 
case of glycine substitutions in collagen helical domains, which 
have the effect of disrupting helix formation and are therefore 
generally considered to be pathogenic because of loss of func-
tion conferred by these variants. All other variants were classi-
fied as variants of uncertain significance (VUS) and were further 
categorized based on available evidence according to ACMG 
criteria. 16 Filtered variants were validated by Sanger sequenc-
ing and submitted to the LOVD database.14 A single false-pos-
itive variant was found in exon 1 of SMAD3 (ID 382) and was 
removed from further analysis.

statistical analysis
χ2 and Fisher’s exact tests were used to test for significant differ-
ences in categorical variables between individuals in different 
genotype or phenotype groups. The Mann–Whitney test was used 
to assess statistical differences between in silico prediction scores.

REsULTs
Clinical phenotype
Table 1 summarizes the clinical phenotype spectrum tabulated 
by initial clinical diagnosis. There was wide phenotypic hetero-
geneity within each diagnostic group, with patients frequently 
possessing overlapping Villefranche criteria suggestive of more 
than one diagnostic category. Eighteen patients distributed 
across diagnostic groups had marfanoid features (of which two 
had Ghent Marfan systemic scores ≥7). Four patients diag-
nosed as “other HDCT” had signs consistent with osteogenesis 
imperfecta or an overlapping phenotype.

Results of previous genetic testing by sanger sequencing
The traditional route to genetic testing by Sanger sequencing is 
phenotype-driven, usually by sequencing one or two of the most 
likely causative genes, based on clinical and laboratory data.

The frequency of a detected pathogenic variant in the antici-
pated gene was 33% for cases initially diagnosed as classi-
cal EDS or an overlapping phenotype (7 pathogenic variants 
in COL5A1/2 of 21 patients tested), although the frequency 
increased to 58% if those with overlapping classical/hypermo-
bility phenotypes were excluded. The frequency of pathogenic 
variants in COL3A1 in patients initially diagnosed with vascular 
EDS was 50% (11 of 22 patients tested). In the four patients with 
a clinical phenotype of EDS/OI, the frequency of COL1A1/2 
pathogenic variants was 75% (Table 2). Outside of the antici-
pated gene, further testing revealed a specific pathogenic DNA 
variant in only 7.8% (12/155). In addition to short variants 
(SNVs and short indels) in collagen genes that were considered 
pathogenic, a complex rearrangement was identified causing 
complete allelic loss of COL3A1 and COL5A2 (ID 444), and 
pathogenic variants were identified in TNXB (ID 67), FBN2 (ID 
1125), and FKBP14 (homozygous, ID 822) (see Supplementary 
Table S4 online). Pathogenic or likely pathogenic variants were 
also identified in three other patients: in FBN1 (ID 66), TGFBR1 
(ID 706), and SMAD3 (ID 382) (see Supplementary Table S4 
online). Several incidental genetic abnormalities not thought to 
be contributory to EDS phenotype were also observed: a hetero-
zygote VUS in TNXB (ID 79), an FLNA variant (ID 538), and 
a 0.1-Mb polymorphic deletion identified by karyotyping (ID 
801) (see Supplementary Table S4 online).

Targeted NGs sequencing
Amplicons of the collagen panel achieved a mean coverage of 
602× with 95.0% bases covered above 100×, whereas those of 
the aortopathy panel achieved a mean coverage of 926× per 
amplicon with 97.4% targeted bases covered by 100 reads or 
more.

NGS sequence data were analyzed blind to previous genetic 
testing. The mean numbers of variants called per sample were 
12.7 (range 5–25) and 28.7 (range 9–51) with the collagen and 
aortopathy NGS panels, respectively. After variants were fil-
tered by allele frequency and variant type, a total of 28 patho-
genic variants, 4 likely pathogenic variants, and 22 VUS were 
identified (Tables 3 and 4).

Table 1 Clinical spectrum of the cohort

Initial clinical 
diagnosisa

Number  
of cases

Mean age 
(range)

Mean  
Beighton  

score

Number (%) meeting Villefranche EDs criteriac

Arterial  
complicationdClassical Vascular Hypermobility KPs

Classicala 21 34.8 (19–78) 7.3 21 (100%) 3 (14%) 15 (71%) 0 2 (10%)

Vasculara 22 30.7 (6–48) 4.8 5 (23%) 21 (95%) 10 (45%) 0 11 (50%)e

Hypermobility 76 32.7 (2–67) 5.8 21 (28%) 14 (18%) 73 (96%) 8 (11%) 14 (20%)

Rare and complex EDSb 16 22 (2–55) 6.2 7 (44%) 4 (25%) 7 (44%) 6 (38%) 0

Other HDCT 11 32.6 (4–52) 6.0 5 (45%) 1 (9%) 8 (73%) 3 (27%) 0

Other HDCT (vascular) 31 43.4 (8–72) 4.5 11 (35%) 18 (58%) 22 (71%) 1 (3%) 31 (100%)

EDS, Ehlers–Danlos syndrome; HDCT, hereditary disorder of connective tissue (phenotypes further elaborated in supplementary Table s3 online); KPS, kyphoscoliosis type 
of EDS.
aInitial clinical diagnosis refers to most applicable classification at first specialist EDS consultation: classical cases included nine cases of classical/hypermobility-type overlap 
and vascular cases included three vascular/hypermobile and two vascular/classical overlap. bRare EDS refers to EDS types outside classical, vascular, and hypermobility types. 
cVillefranche classification: numbers (percentages) indicate the number (percent) of patients in each group meeting at least one major criterion for each EDS type. dArterial 
complication: history of one or more of aortic or peripheral arterial aneurysm, dissection or rupture, or cerebral aneurysm/subarachnoid hemorrhage at first EDS consultation. 
eP = 0.002 (vascular versus other EDS).
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Pathogenic variants identified by NGs
In the 21 cases categorized initially as classical EDS or over-
lapping phenotypes, we identified pathogenic variants in nine 
cases (41%): seven in the COL5A1 or COL5A2 genes and two 
in COL3A1 (Table 3). The first of these two (ID 417) had over-
lapping features of classical, hypermobility, and vascular EDS; 
the second (ID 636) had convincing clinical features entirely 
consistent with classical EDS (see Supplementary Table S5 
online). In the 22 patients initially diagnosed with vascular 
EDS, 11 had pathogenic variants in COL3A1, and 1 with over-
lapping features of vascular and classical EDS had a patho-
genic variant in COL5A1 (functional corroboration was not 
possible because the patient declined skin biopsy—ID 1088; 
see Supplementary Table S5 online). One of the patients 
with an initial diagnosis of hypermobility-type EDS (ID 
824) carried a pathogenic COL5A1 variant (Table 3 and see 
Supplementary Table S5 online). Of the patients with an ini-
tial diagnosis of other HDCT, three had pathogenic variants in 
COL1A1 (all three diagnosed clinically with EDS/OI overlap) 
and another three had pathogenic variants in FBN1 (Table 3; 
see Supplementary Tables S5 and S6 online). Supplementary 
Table S7 online shows the phenotype details of cases with no 
identified variants.

Likely pathogenic variants and VUs identified by NGs
Of the 26 VUS identified, 22 were dispersed among either 
hypermobile or other HDCT patients (Table 4). These included 
variants in COL1A1, TGFBR1, TGFBR2, and SMAD3, which we 
categorized as likely pathogenic (Table 4 and see Supplementary 
Table S6 online). One of these patients (ID 893) carried a helical 
domain Arg>Cys variant in COL1A1, a number of which have 
been shown to be pathogenic in previous reports.23

Although two particular variants had previously been 
reported as pathogenic, we classified these as VUS in our 
patients (Table  4 and see Supplementary Table S5 online): a 
COL1A2 variant17 (ID 629) due to nonsegregation in first-degree 
relatives and a COL3A1 C-propeptide variant18 (ID 655) because 
of lack of clinical or biochemical corroboration in the index case 
or her first-degree relative who also carried the variant. Each of 

two hypermobility EDS patients was found to have two separate 
VUS: ID 38 in COL3A1 and COL5A2 and ID 39 in COL1A2 and 
COL3A1 (Table 4; and see Supplementary Table S4 online). 
One patient initially categorized clinically as having classical 
EDS (ID 636) carried an intronic VUS in COL5A2 as well as a 
pathogenic COL3A1 variant (see Supplementary Tables S4 and 
S5 online).

In silico predictions of missense variants detected by NGs
The majority of missense pathogenic variants detected by NGS 
had in silico predictive scores of, or close to, 1.0, whereas the 
scores for VUS were more variable and lower (mean score = 0.70, 
P < 0.0001 for SIFT; 0.67, P = 0.0005 for Polyphen2; 0.89, P = 0.006 
for MutationTaster; 0.60, P < 0.0001 for MutationAssessor); 
a similar pattern was observed for predictions of evolutionary 
conservation (see Supplementary Table S8 online). The two 
variants that were previously reported as pathogenic but that we 
classified as VUS (IDs 629 and 655) had high in silico prediction 
scores (see Supplementary Table S8 online) but lacked patho-
logical or segregation data to support pathogenicity. A helical 
Arg>Cys variant in COL1A2 (ID 1151) and three other VUS 
in COL1A1, COL3A1, and COL5A1 (IDs 39, 824, and 828) also 
had high in silico predictions (see Supplementary Tables  S5 
online). In the aortopathy panel, three variants—in SMAD3 (ID 
382), TGFBR2 (ID 814), and TGFBR1 (ID 706)—also had high 
in silico predictive scores; these three variants were in function-
ally important domains and the clinical phenotypes of these 
patients strongly suggested pathogenicity of the variants (see 
Supplementary Tables S6 and S8 online).

Clinical, genetic, and pathological correlates of collagen 
gene variants
Most pathogenic DNA variants in collagen genes were asso-
ciated with a corresponding collagen protein abnormality on 
SDS-PAGE, but protein abnormalities were much less com-
mon in VUS (81.8% vs. 11.1%; P = 0.006). A similar difference 
in light and electron microscopy abnormalities was observed 
when pathogenic variants were compared with VUS (76.9 vs. 
21.1%; P = 0.02). There was no significant difference (P > 0.05) 

Table 2 Previously identified genetic and pathological abnormalities

Initial clinical diagnosisa

Number of 
cases

 Gene affectedb

Collagen 
abnormalityc

LM/EM 
abnormality

COL1A1 
COL1A2 COL3A1

COL5A1 
COL5A2 Other

Classical 21 0/3 1/7 7/11 1/2 1/9 (11%) 11/15 (73%)d

Vascular 22 0/1 11/17 0/1 2/8 7/11 (64%) 9/13 (69%)

Hypermobility 76 0/6 0/24 0/11 0/5 0/21 6/22 (27%)

Rare and complex EDS 16 0/2 0/6 0/3 1/1 0/1 3/7 (43%)

Other HDCT 11 3/6 0/1 0/0 0/2 3/5 (60%)e 5/6 (83%)

Other HDCT (vascular) 31 0/4 0/23 0/5 3/16 3/9 (33%)f 9/18 (50%)

EDS, Ehlers–Danlos syndrome; EM, electron microscopy; HDCT, hereditary disorder of connective tissue; LM, light microscopy.
aInitial clinical diagnosis refers to most applicable classification at first specialist EDS consultation (as in Table 1). bPathogenic variants identified by Sanger sequencing 
(numerator, number of pathogenic variants; denominator, number of separate genetic tests performed in each category). cAbnormality of the corresponding collagen type 
on SDS-PAGE. dFour of these cases had collagen rosettes on EM. eThese three patients had abnormalities of collagen I and had phenotypes overlapping with osteogenesis 
imperfecta; two had pathogenic variants in COL1A1/COL1A2. fTwo of these three cases had collagen III deficiency; the third case had collagen I deficiency; none had rare 
variants in the corresponding genes.
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in the frequency of presenting vascular complications between 
pathogenic COL3A1 variants (38%) and those with variants of 
other genes or when compared with mutation-negative cases 
(31%) (see Supplementary Table S9 online). There was also no 
significant difference in Beighton score based on gene or vari-
ant type (P > 0.05).

Comparison with sanger sequencing
All of the 22 short pathogenic variants in the collagen genes 
and the pathogenic variants in FBN1 and SMAD3 that were 
identified by previous Sanger sequencing were also identified 
by the NGS panels (Figure 1a). Furthermore, the NGS panels 
newly identified seven pathogenic or likely pathogenic variants 
and 18 VUS that had not been detected by phenotype-guided 
Sanger sequencing (Tables 3 and 4; Figure 1a). The collagen 

NGS panel identified four unexpected pathogenic or likely 
pathogenic variants in genes that had not been selected for 
Sanger sequencing: (i) a COL3A1 variant (ID 636) in a patient 
previously diagnosed with classical EDS on the basis of clinical 
phenotype and the presence of an intronic, possible splice-dis-
rupting COL5A2 variant (c.1402-10T>G); (ii) a loss-of-func-
tion COL5A1 variant in a patient with overlapping features of 
vascular and classical EDS phenotype (ID 1088) for whom only 
COL3A1 sequencing had been undertaken; (iii) an Arg>Cys 
variant in the helical domain of COL1A1 in a patient with a pre-
dominant hypermobility trait with fractures (ID 893); and (iv) 
a helical glycine disrupting COL5A1 variant in a patient with a 
predominant hypermobility trait (Beighton score 9/9) but min-
imal skin hyperextensibility (ID 824) (for details see Table 3 
and Supplementary Table S5 online). In addition, six missense 

Table 3 Pathogenic variants identified by the collagen and aortopathy NGS panels
Initial clinical 
diagnosisa ID Gene affected Variant

Functional 
category

Novel/reported: 
phenotype

sanger 
detectedb

Classical 636 COL3A1 c.2329G>C: p.Gly777Arg Missense Novel N

Classical 417 COL3A1 c.1922_1923 + 2delAAGT Splice site Reported: vascular EDSc Y

Classical 582 COL5A1 c. 2034 + 1G>T Splice site Novel Y

Classical 31 COL5A1 c.2903delC: p.Pro968LeufsX106 Frameshift Novel Y

Classical 429 COL5A1 c.757C>T: p.Gln253X Stop gain Novel Y

Classical 581 COL5A1 c.4552C>T: p.Gln1518X Stop gain Reported: classical EDSd Y

Classical 627 COL5A1 c.831C>A: p.Tyr277X Stop gain Novel Y

Classical 1129 COL5A1 c.1670dupT: p.Leu557fsX? Frameshift Novel Y

Classical 62 COL5A2 c.3445G>T: p.Gly1149Cys Missense GlyXY Novel Y

Vascular 448 COL3A1 c.4319C>T: p.Pro1440Leu Missense Reported: vascular EDSe Y

Vascular 765 COL3A1 c.1662 + 1G>A Splice site Reported: vascular EDSd Y

Vascular 37 COL3A1 c.2564G>A: p.Gly855Asp Missense GlyXY Reported: vascular EDSd Y

Vascular 42 COL3A1 c.2417C>T: p.Pro806Leu Missense Novel Y

Vascular 46 COL3A1 c.1771G>C: p.Gly591Arg Missense GlyXY Novel Y

Vascular 76 COL3A1 c.2771G>A: p.Gly924Asp Missense GlyXY Reported: vascular EDSd Y

Vascular 405 COL3A1 c.1662 + 1G>A Splice site Reported: vascular EDSd Y

Vascular 483 COL3A1 c.2553 + 1G>A Splice site Reported: vascular EDSd Y

Vascular 733 COL3A1 c.2816G>A: p.Gly939Asp Missense GlyXY Reported: vascular EDSd Y

Vascular 420 COL3A1 c.1150-2A>T Splice site Novel Y

Vascular 443 COL3A1 c.3525 + 1G>A Splice site Novel Y

Vascular 1088 COL5A1 c.3164T>A: p.Leu1055X Stop gain Novel N

Hypermobility 824 COL5A1 c.4564G>T: p.Gly1522Cys Missense Novel N

Other HDCT (OI/EDS) 527 COL1A1 c.1265delG: p.Gly422AlafsX119 Frameshift Novel Y

Other HDCT (OI/EDS) 36 COL1A1 c.643G>A: p.Gly215Ser Missense GlyXY Reported: OI/OI-EDSg Y

Other HDCT (OI/EDS) 559 COL1A1 c.662G>C: p.Gly221Ala Missense GlyXY Novel Y

Other HDCT 
(vascular)

66 FBN1 c.3781T>A: p.Tyr1261Asn Missense Reported: Marfanf Y

Other HDCT 
(vascular)

378 FBN1 c.1775G>A: p.Gly592Asp Missense Reported: Marfanh N

Other HDCT 
(vascular)

766 FBN1 c.3373C>T: p.Arg1125X Stop gain Reported: Marfani N

EDS, Ehlers–Danlos syndrome; HDCT, hereditary disorder of connective tissue (phenotypes further elaborated in supplementary Table s4 online); missense GlyXY, 
substitution of a Gly residue in the helical domain of the corresponding collagen subtype; OI, osteogenesis imperfecta.
aInitial clinical diagnosis refers to the most applicable EDS type at first specialist EDS consultation (although some cases overlap multiple EDS types). bVariants detected (Y) or 
not detected (N) by previous clinical diagnostic testing (Sanger method). cc.1923 + 2_+5delTAAG reported pathogenic in LOVD. dLOVD. ePro1440Ser reported as pathogenic 
in LOVD (Morissette et al.,32) and Pro1440Leu pathogenicity supported by structural prediction (Vandersteen, unpublished). fY1261C (HGMD CM990591), Y1261D (HGMD 
CM547000). gVandersteen et al.,33. hHGMD CM013919. iHGMD CM055245.
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variants were identified with maximal or near-maximal in silico 
prediction scores for pathogenicity (see Supplementary Table 
S8 online). Because these variants did not meet ACMG criteria 
for pathogenicity or likely pathogenicity, they were classified as 
VUS. The aortopathy NGS panel identified four new variants 
not previously detected by clinical or genetic investigation, in 
FBN1, TGFBR1, and TGFBR2; two were pathogenic variants 
of FBN1 (IDs 766 and 378, both with initial diagnosis of other 
HDCT); one was a likely pathogenic variant (TGFBR2, ID 814, 
with an initial clinical phenotype of hypermobility-type EDS); 
and the fourth variant was classified as uncertain significance 
(TGFBR1, ID 475, with an initial clinical phenotype of other 
HDCT) (see Supplementary Table S6 online).

DIsCUssION
To our knowledge, this is the first report of the use of NGS 
to sequence a panel of relevant collagen and aortopathy genes 
in a large mixed cohort of patients with EDS or overlapping 
HDCT.

Our NGS panel was able to detect all previously identified 
short pathogenic variants in collagen and aortopathy genes 
and, in addition, seven newly identified pathogenic or likely 
pathogenic variants in COL1A1, COL3A1, COL5A1 (two cases), 
TGFBR2, and FBN1 (two cases), leading to new diagnoses in 
these patients. Of 18 newly detected VUS, a significant pro-
portion had partial evidence of pathogenicity, based on previ-
ous reports, clinical phenotype, and in silico prediction score, 
including three in aortopathy genes (TGFBR1 and TGFBR2) and 
four in COL3A1, which, if shown to be pathogenic, alter clinical 
prognosis and management because of the associated high risk 
of arterial aneurysm, rupture, and/or bowel perforation.

Pathogenic collagen variants did not always correlate with 
the expected phenotype. In two patients we found pathogenic 
COL3A1 variants associated with a clinical phenotype of classi-
cal or overlapping classical EDS, one of whom (ID 636) also had 
an intronic COL5A2 variant, possibly splice site–disrupting, 
which could also contribute to his phenotype. Classical EDS is 
usually associated with pathogenic variants in COL5A1/2, but 

Table 4 Variants of uncertain clinical significance and likely pathogenic variants identified in the collagen and aortopathy 
NGS panels
Initial clinical 
diagnosis ID Gene affected Variant

Functional 
category

Novel/reported: 
phenotype

sanger 
detected

Classical 49 COL3A1 c.3511G>A: p.Glu1171Lys Missense Novel N

Classical 636 COL5A2 c.1402-10T>G Intronica Novel Y

Vascular 444 COL1A1 c.3755G>A: p.Arg1252His Missense Novel N

Vascular 384 COL1A1 c.3466A>G: p.Asn1156Asp Missense Novel Y

Hypermobility 893 COL1A1 c.2980C>T: p.Arg994Cys Missense Noveld N

Hypermobility 478 COL1A1 c.4315A>G: p.Ile1439Val Missense Novel N

Hypermobility 828 COL1A1 c.3301G>A: p.Glu1101Lys Missense Novel N

Hypermobility 39 COL1A2 c.2861T>C: p.Ile954Thr Missense Novel N

Hypermobility 558 COL1A2 c.1159G>C: p.Ala387Pro Missense Novel N

Hypermobility 1,151 COL1A2 c.4012C>T: p.Arg1338Cys Missense Novel N

Hypermobility 38 COL3A1 c.198A>G: p.Ile66Met Missense Novel N

Hypermobility 39 COL3A1 c.2044G>A: p.Glu682Lys Missense Novel N

Hypermobility 655 COL3A1 c.3938A>G: p.Lys1313Arg Missense Reported: Vascular EDSb Y

Hypermobility 34 COL5A1 c.4068G>A: p.Ala1356Ala Predicted splice  
site disruption

Novel N

Hypermobility 66 COL5A1 c.805G>A: p.Glu269Lys Missense Novel N

Hypermobility 734 COL5A1 c.3257C>T: p.Ala1086Val Missense Novel N

Hypermobility 799 COL5A1 c.2497C>T: p.Pro833Ser Missense Novel N

Hypermobility 38 COL5A2 c.2228A>C: p.Lys743Thr Missense Novel N

Hypermobility 671 COL5A2 c.470C>T: p.Pro157Leu Missense Novel N

Hypermobility 814 TGFBR2 c.1538T>C: p.Val513Ala Missense Noveld N

Other HDCT 475 TGFBR1 c.214A>G: p.Ile72Leu Missense Novel N

Other HDCT 804 COL1A1 c.584C>T: p.Ala195Val Missense Novel N

Other HDCT 629 COL1A2 c.2123G>A: p.Arg708Gl Missense Reported: Marfanoidc Y

Other HDCT 708 COL3A1 c.2002C>A: p.Pro668Thr Missense Novel N

Other HDCT (vascular) 382 SMAD3 c.1218G>C: p.Trp406Cys Missense Noveld Y

Other HDCT (vascular) 706 TGFBR1 c.827T>C:p.Leu276Pro Missense Noveld Y

EDS, Ehlers–Danlos syndrome; HDCT, hereditary disorder of connective tissue (phenotypes further elaborated in supplementary Table s4 online).
aPossible splice site disruption, but this patient also carries a pathogenic COL3A1 variant and his definitive diagnosis was changed to vascular EDS. bLOVD; ExAC database: 
likely benign variant (freq. 1:500). cHGMD CM900074; DBSNP rs72658163. b,cBoth these variants have previously been reported as pathogenic but are classified here as VUS 
(see text). dVariants classified as likely pathogenic; see also supplementary Tables s5 and s6 online.
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has rarely been associated with those in TNXB, COL1A1, or 
COL3A1.19,20 Pathogenic COL3A1 variants are normally consid-
ered diagnostic of vascular EDS, with reduced life expectancy 
from arterial and bowel complications.4,21

Because previous vascular EDS series have been selected 
mostly on the basis of clinical criteria (Villefranche) along with 
collagen type III protein deficiency or pathogenic COL3A1 vari-
ants, the frequency of other connective-tissue gene variants in 

Figure 1 Alternative diagnostic pathways in EDs. (a) Yield of rare variants using traditional Sanger method (left) compared with the NGS panel (right). 
(b) Potential alternative clinical pathway to genetic diagnosis in EDS. Boxed numbers show the number of rare pathogenic variants and VUS identified in each 
group; percentages are the proportion of new pathogenic or likely pathogenic rare variants in our cohort of 177 EDS referrals. “Other” genetic abnormalities 
are those that were thought to underlie the EDS phenotype but are not covered by the NGS panel (three pathogenic variants in TNXB, FBN2, and FKBP14 and 
one large copy number variant; one VUS, a TNXB gene duplication). Dashed arrow indicates the potential for the NGS panel to become accessible to clinicians 
in secondary care. NGS, next-generation sequencing; EDS, Ehlers–Danlos syndrome; VUS, variants of uncertain significance.
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clinical vascular EDS phenotypes is unknown.4,21 One of our 
patients clinically classified as having features predominantly of 
vascular EDS (ID 1088) showed a Leu1055X variant of COL5A1. 
One pedigree with a pathogenic COL5A1 variant segregating 
with a vascular EDS phenotype including arterial ruptures was 
recently reported (LOVD ID AN004203).14,22 Another patient 
(ID 824) for whom a pathogenic COL5A1 variant was found 
had an initial diagnosis of hypermobility-type EDS because of 
extensive hypermobility, soft but not hyperextensible skin, and 
family history of sudden cardiac death in a second-degree rela-
tive; functional corroboration was not possible for this patient 
because of loss to follow-up. As far as we are aware, such a 
phenotypic pattern has not been observed with a pathogenic 
COL5A1 variant, probably because COL5A1 sequencing to date 
has mostly been performed in phenotypically classical cases.2,3,19

Nine VUS with high in silico prediction scores or other evi-
dence for pathogenicity were observed. These included one 
Arg>Cys variant within the helical domain of COL1A2 (ID 
1151, p.Arg1338Cys) (see Supplementary Tables S4 and S5 
online). Arg>Cys variants at helical locations in COL1A1 have 
been reported previously as predisposing to arterial fragility 
and other phenotypes (see Supplementary Table S5 online).23 
Although the COL1A2 variant may be pathogenic, little evi-
dence exists at the present time to establish its pathogenicity.

We also observed four variants in aortopathy genes 
TGFBR1, TGFBR2, and SMAD3 for which there was moderate 
or supporting evidence of pathogenicity (see Supplementary 
Table S6 online). Three of these were considered likely patho-
genic: two in the functionally active kinase domains of TGFBR1 
(ID 706) and TGFBR2 (ID 814) known to be associated with 
the majority of Loeys–Dietz syndrome variants to date24 and 
the third adjacent to the MH2 domain of SMAD3 (ID 382), 
which is known to regulate TGF-β signaling.25 Coronary artery 
dissection (seen in our patient) and other vascular complica-
tions have previously been caused by SMAD3 variants.26 The 
fourth variant, in TGFBR1 (ID 475), was in a patient with 
other HDCT, bone fragility, and a systolic murmur (and nor-
mal COL1A1/2). This variant was reported previously as a 
VUS associated with bicuspid aortic valve,27 and bone fragility 
is a recent addition to the LDS clinical spectrum28; therefore, 
this variant may underlie some of our patient’s features, but the 
evidence is less clear.

We reclassified two variants with high in silico prediction 
scores as VUS, although they were previously reported as patho-
genic. The COL1A2 Arg708Glu variant detected in ID 629 was 
reported previously in a Marfanoid patient,17 but segregation 
analysis revealed hypermobility in all seven of the patients’ off-
spring, hypermobility in her (unrelated) husband, multiple frac-
tures in one of the two offspring who carried the variant, and no 
fractures in the remaining five offspring, leading us to classify this 
variant as a VUS. The COL3A1 p.Lys1313Arg variant detected in 
ID 655 was previously reported in two unrelated patients with 
vascular EDS.18 However, collagen microscopy and biochemis-
try were normal in the patient, and neither the patient nor her 
sister, who also carried the variant, had features of vascular EDS, 

and structural studies indicated that the variant was unlikely to 
impair C-propeptide-mediated helical winding.29,30

Consistent with previous reports, we observed significant 
phenotypic overlap between our EDS diagnostic categories and 
other HDCT, as well as overlap among patients with pathogenic 
variants in individual causative genes.2,3,6,19,20,22,23 These factors 
point to the limitations of phenotype-driven genetic testing of 
individual candidate genes. The NGS approach presented here 
permits wider genetic testing than is possible with traditional 
Sanger sequencing, allowing more comprehensive genetic diag-
nosis. This led to new and revised diagnoses of patients in our 
cohort and widened the phenotypic spectrum ascribed to indi-
vidual genes.

Based on our previous experience, and taking the results from 
this study as a whole, some general recommendations can be 
made. For cases with phenotypes overlapping classical or vas-
cular EDS, the yield of pathogenic variants is high in the nor-
mally associated gene (COL3A1, COL5A1, and COL5A2), and 
occasionally one may identify pathogenic variants in another 
fibrillar collagen gene. Cases of uncomplicated hypermobility-
type EDS with no family history of vascular complication had 
a low yield of pathogenic variants and a large number of VUS 
(most of which will not be fed back); NGS panel testing for such 
cases is unlikely to be diagnostic. Conversely, potential connec-
tive-tissue-disorder patients with a history of vascular com-
plication, marfanoid features, or a significant family history 
should undergo NGS panel testing for collagen and aortopathy 
genes because our results indicate a reasonable likelihood of 
identifying pathogenic variants in one of these genes. Similarly, 
patients with EDS or other HDCT overlapping with osteogen-
esis imperfecta should also undergo collagen gene testing to 
exclude pathogenic COL1A1 or COL1A2 variants.

The interpretation of missense variants includes correla-
tion with the complete clinical phenotype. In keeping with 
ACMG guidelines, we classify variants that are supported by 
some evidence of pathogenicity (e.g., high in silico scores and 
presence in functionally active domains) or associated with 
clinical features such as aortopathy as “likely pathogenic,” and 
we recommend that they be followed clinically with vascular 
imaging, familial segregation studies, and available structural 
or biochemical studies, including electron microscopy or pro-
tein analysis. Initial genetic counseling for such patients should 
point out that the true significance of the variant will not be 
known until these additional tests are complete. Although in 
the short-term some of these VUS may add uncertainty to the 
diagnostic process, we believe this is greatly outweighed by the 
prospect of making specific genetic diagnoses that would other-
wise go undetected and form the basis of preventive screening 
in relatives. In the longer term, assignment of pathogenicity is 
likely to be facilitated by data from ongoing large-scale genome 
sequencing projects in patient and control cohorts.

We used the PCR-based Fluidigm Access Array followed by 
Illumina MiSeq. Mean coverage per amplicon was greater than 
140× for all amplicons, which is comparable to results with pre-
viously reported assays using this methodology.9,31 Although 
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this method is unable to detect large deletions or chromosomal 
rearrangements, these are rare in EDS.2 In addition, although 
false-positive variant calls have previously been reported with 
this approach,31 we detected only a single variant (in exon 1 of 
SMAD3) that could not be confirmed by Sanger sequencing. 
Because NGS methods have higher throughput, achieve greater 
coverage, and may be more cost-efficient than conventional 
Sanger sequencing,31 they may be applicable to wider pheno-
typic groups, for which this study may serve as a guide to future 
genetic testing. We suggest that the higher throughput, lower 
cost, and comparable or greater diagnostic yield of NGS could 
alter the optimal diagnostic pathway such that genetic testing 
with NGS panels can occur earlier in the diagnostic pathway, 
prior to tertiary or quaternary clinical appraisal (Figure 1b).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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