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Purpose: Congenital contractural arachnodactyly (CCA) is an
autosomal dominant connective tissue disorder manifesting joint
contractures, arachnodactyly, crumpled ears, and kyphoscoliosis as
main features. Due to its rarity, rather aspecific clinical presentation,
and overlap with other conditions including Marfan syndrome, the
diagnosis is challenging, but important for prognosis and clinical
management. CCA is caused by pathogenic variants in FBN2,
encoding fibrillin-2, but locus heterogeneity has been suggested. We
designed a clinical scoring system and diagnostic criteria to support
the diagnostic process and guide molecular genetic testing.

Methods: In this retrospective study, we assessed 167 probands
referred for FBN2 analysis and classified them into a FBN2-positive
(n=44) and FBN2-negative group (n=123) following molecular
analysis. We developed a 20-point weighted clinical scoring system
based on the prevalence of ten main clinical characteristics of CCA in
both groups.

INTRODUCTION
Congenital contractural arachnodactyly (CCA) or Beals
syndrome (MIM 121050), is a rare autosomal dominant
connective tissue disorder. The initially reported key clinical
features of CCA are congenital joint contractures, arachno-
dactyly, crumpled ears, and kyphoscoliosis." Further clinical
series additionally reported a tall, slender stature with

Results: The total score was significantly different between the
groups (P<0.001) and was indicative for classifying patients
into unlikely CCA (total score <7) and likely CCA (total score >7)
groups.

Conclusions: Our clinical score is helpful for clinical guidance for
patients suspected to have CCA, and provides a quantitative tool for
phenotyping in research settings.

Genetics in Medicine (2020) 22:124-131; https://doi.org/10.1038/s41436-
019-0609-8

Keywords: congenital contractural —arachnodactyly; Beals

syndrome; fibrillin-2; clinical score; diagnostic criteria

dolichostenomelia, micrognathia, a highly arched palate,
sternal deformities, and muscle hypoplasia.”™

CCA closely relates to Marfan syndrome (MFS) (MIM
154700). Furthermore, some clinical overlap exists with type
VI collagenopathies (Bethlem myopathy [BM; MIM 158810
and 616471] and Ullrich congenital muscular dystrophy
[MIM 254090 and 616470]), as well as with Loeys-Dietz
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syndrome (LDS) (MIM 609192, 610168, 613795, 614816, and
615582) and distal arthrogryposes.®

In contrast to MFS, CCA patients seldom show cardiovas-
cular involvement,' though aortic root dilation has been
observed.*>”” Some reports also suggest an increased
occurrence of mitral valve prolapse, atrial and ventricular
septal defects, and interrupted aortic arch.>>”'""> Ectopia
lentis (EL) was incidentally reported in early series,'®" but
never found in patients with molecularly confirmed CCA.
Other ocular features include keratoconus and myopia.»>'*
Individuals with CCA typically do not present with
intellectual disability (ID), but a delay in motor development
can be present due to joint contractures.”'® The prognosis in
CCA is rather favorable. Aortic root dilatation in CCA is rare
and generally mild or nonprogressive without a high risk for
dissection. Joint contractures usually improve and may even
resolve. However, kyphoscoliosis may be progressive and
eventually require surgical treatment. Ear deformities tend to
become less pronounced over time, evolving to a “tram track”
appearance of the helical and antihelical cruri.’

The clinical overlap between CCA and MEFS reflects
similarity at the pathophysiological level. Shortly after the
identification of pathogenic variants in FBNI (encoding the
extracellular matrix protein fibrillin-1) in MFS,"” FBN2
(encoding the extracellular matrix protein fibrillin-2) was
mapped on chromosome 5 and found mutated in CCA
patients."®'® Most FBN2 pathogenic variants cluster in a
limited region of the FBN2 gene, from exon 24 through 35.
This region is homologous to the region of FBNI that harbors
most pathogenic variants underlying the neonatal MEFS
phenotype, hence called the neonatal region.****~** However,
pathogenic variants outside the neonatal region have been
reported.” Overall, the detection rate of pathogenic variants
remains low in CCA (27-75%), and suggests either locus
heterogeneity or clinical overdiagnosis of CCA.*>*

Over the last decade, next-generation sequencing (NGS) has
allowed faster and less expensive genetic testing. While it was
expected that NGS would facilitate counseling and manage-
ment, and that it would be helpful for determining the
prognosis, the identification of variants of unknown sig-
nificance (VUS) and incompletely understood molecular
heterogeneity mitigate the straightforward use of molecular
testing in clinical practice. To address these challenges, we
developed a clinical scoring system and clinical criteria to
support the diagnostic process in CCA and guide molecular
genetic testing. Furthermore, the classification may prove
beneficial for defining patient inclusion criteria in research.

MATERIALS AND METHODS

Patients and clinical data
We performed a retrospective analysis in a large cohort of
clinically diagnosed CCA probands, referred to our laboratory
for molecular analysis of FBN2.

For all probands, we listed the presence or absence of the ten
main clinical characteristics of CCA: crumpled ears, arachno-
dactyly, contractures of digits, contractures of large joints,
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pectus deformity, dolichostenomelia (arm span to height ratio
>1.05), (kypho)scoliosis (scoliosis is diagnosed clinically if a
vertical difference of at least 1.5 cm between the ribs of the left
and right hemithorax is observed upon bending forward or if a
Cobb angle of at least 20° is seen on radiographs, in the
presence of a horizontal upper lining of the sacrum; increased
thoracolumbar kyphosis is attributed clinically by the presence
of an exaggerated sagittal curvature), muscular hypoplasia,
highly arched palate, and micrognathia. We further recorded
the age at time of clinical assessment to evaluate age-related
changes to the clinical phenotype, and cardiovascular and
ophthalmological features. Probands with EL and/or ID were
excluded, as these features suggest alternative diagnoses.

The clinical data were gathered from clinical checklists
completed by the referring physician at the time of referral.
When available, clinical pictures were used to evaluate the
presence or absence of clinical features. Where there were
missing data, additional information was requested from the
referring physicians.

Molecular analysis

FBN2 analysis was performed using Sanger sequencing or
polymerase chain reaction (PCR)-based NGS (Miseq, Illu-
mina, San Diego, CA, USA). Sequences were compared with
the wild-type sequence NM_001999.3 (Ensembl accession
number ENST00000262464.8). Nucleotides were numbered
starting from the first base of the initiation codon (ATG) of
the complementary DNA (cDNA) reference sequence. Amino
acid residues were numbered from the first methionine
residue of the reference sequence.

Based on the molecular results, probands were divided into
two groups: probands with a FBN2 pathogenic variant (FBN2-
positive) and probands without a FBN2 pathogenic variant
(FBN2-negative). The interpretation of the pathogenicity of
the identified variants was based on the integration of the
results of population frequencies and in silico prediction tools
using the Alamut Visual decision-support software applica-
tion and the Combined Annotation Dependent Depletion
(CADD) framework.”® Patients with a VUS were excluded
from the study.

To identify FBN2 multiexon deletions, we used a custom-
made 60K connective tissue array (Agilent SureDesign array
8 x 60K) (Agilent Technologies, Santa Clara, CA, USA),
comprising probes for known genes involved in heritable
connective tissue syndromes. Array comparative genomic
hybridization (arrayCGH) analysis of this 60K connective
tissue array was performed as previously described.”” Data
analysis was executed with the in-house developed software
ViVar.*®

The stability of the messenger RNA (mRNA) of the mutant
transcripts was confirmed using cDNA. Total RNA was
extracted from fibroblasts using automated Maxwell Rapid
Sample Concentrator (Promega). cDNA was prepared using
iScript™ c¢DNA synthesis kit (Bio-Rad Laboratories, Her-
cules, CA, USA), and amplified and sequenced using standard
PCR and Sanger sequencing.
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Clinical score and statistical analysis

To design the clinical scoring system, we compared the
occurrence of each of the ten clinical features in the FBN2-
positive and the FBN2-negative patient groups using the Chi-
square test or Fisher's exact test. We calculated the sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV), and accuracy for each clinical characteristic. Based
on these results, we allocated a weighted clinical score to each of
the ten clinical features, with the maximum clinical score being
20 points (when all features are present).

The total clinical score was calculated for each patient. The
distribution of the total clinical scores of the FBN2-positive
and FBN2-negative patient group was compared using the
Mann-Whitney U test. The influence of age on the total score
was estimated by calculation of the coefficient of determina-
tion by simple linear regression. We determined cut-off values
of the total clinical score to differentiate between likely CCA
and unlikely CCA cases, based on a receiver operating
characteristic (ROC) curve. Statistical analyses were per-
formed using SPSS Statistics 25 software.

This study was approved by the Ethics Committee of Ghent
University Hospital (EC 2017/0019).

RESULTS
Cohort
We performed an extensive clinical and molecular assessment
in 183 probands, referred for FBN2 analysis. Nine patients
were excluded because they had EL (n=3) or ID (n=6),
suggesting an alternative diagnosis.

Molecular analysis

In 51 of the remaining 174 probands a FBN2 variant was
found, comprising 42 different FBN2 variants. Three missense
variants (c.976C>T [p.Pro326Ser], c¢.2260G>A [p.Gly754Ser], and
c4141C>A [p.His1381Asn]) and two splice variants (c.3725-
14T>G [p.?] and c4223-16T>G [p.?]) were classified as VUS,
because they had a high population frequency and/or unconvin-
cing in silico predictions of pathogenicity. The seven patients
harboring these variants were excluded from further analysis.

The variants interpreted as being (likely) pathogenic were
identified in 44 individuals and included 33 missense variants,
1 splice site variant, and 3 multiexon deletions. Only one
variant was located outside the neonatal region. Fibroblasts
were available from two of the three patients with a multiexon
deletion identified with the connective tissue array.
These were used for cDNA analysis, which indicated stable
expression of the mutant transcript.

An overview of the variants predicted to be pathogenic is
given in Table 1 and shown in Fig. 1. The results of the in
silico prediction tools and the population frequencies used to
evaluate pathogenicity of all FBN2 variants are listed in
Supplementary Table S1.

Determination of the clinical score
Based on molecular results, probands were subdivided into 44
FBN2-positive and 123 FBN2-negative probands. An overview
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Table 1 Molecular data of FBN2-positive patients

Exon cDNA Protein level Patients
21 c.2773G>A p.(Gly925Arg) 1
24 c.3170G>A p.(Gly1057Asp) 1
25 €.3227A>G p.(Glu1076Gly) 1
25 c.3271A>C p.(Asn1091His) 1
25 C.3272A>G p.(Asn1091Ser) 1
25 €.3287T>C p.(Phe10965Ser) 1
25 €.3337T>A p.(Cys1113Ser) 1
25 €.3338G>A p.(Cys1113Tyr) 1
25 €.3343G>C p.(Asp1115His) 1
26 €.3344A>C p.(Asp1115Ala) 1
26 €.3364T>C p.(Ser1122Pro) 1
26 C.3398A>G p.(Asn1133Ser) 1
26 €.3424T7>C p.(Cys1142Arg) 2
26 €.3426C>G p.(Cys1142Trp) 1
26 c.3437A>G p.(Tyr1146Cys) 2
26 c.3467G>T p.(Cys1156Phe) 1
27 c.3481G>A p.(Glu1161Lys) 2
27 €.3484T>C p.(Cys1162Arg) 2
27 ¢.3593G>T p.(Cys1198Phe) 1
28 €.3719G>A p.(Cys1240Tyr) 1
28 c.3719G>T p.(Cys1240Phe) 1
28 €.3719_3720delinsTC p.(Cys1240Phe) 1
Intron 28 C.37244+1G>A p.? 1
29 c.3736T>G p.(Cys1246Gly) 1
29 c.3737G>T p.(Cys1246Phe) 1
29 €.3790T>G p.(Tyr1264Asp) 1
30 €.3923G>C p.(Cys1308Ser) 1
31 €.4099G>C p.(Asp1367His) 1
32 c.4150T>C p.(Cys1384Arg) 2
32 c.4151G>T p.(Cys1384Phe) 2
32 c4151G>A p.(Cys1384Tyr) 1
32 C4222G>A p.(Asp1408Asn) 1
33 €.4273T>C p.(Cys1425Arg) 2
33 c.4301G>C p.(Cys1434Ser) 1
38-48 C.(4879+1_4880-1)_ p.? 1
(6166+1_6167-1)del
43-48 c.(5422+1_5423-1)_ p.? 1
(6166+1_6167-1)del
45-48 c.(5674-+1_5675-1)_ p.? 1

(6166+1_6167-1)del

Sequences were compared with the wild-type sequence NM_001999.3.
cDNA complementary DNA.

of the clinical characteristics is shown in Supplementary
Table S2. We calculated the sensitivity, specificity, PPV, NPV,
accuracy, and two-sided P value of Chi-square test (or Fisher’s
exact test) for each characteristic, and proposed a weighted
clinical score based on these data (see Table 2). Crumpled
ears, arachnodactyly, camptodactyly and contractures of large
joints were allotted 3 points each, because these features show
high sensitivity, NPV, and/or a significant Chi-square test.
Dolichostenomelia and pectus deformity show the best

Volume 22 | Number 1 |January 2020 | GENETICS in MEDICINE
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Fig. 1 Schematic diagram showing the position of the identified variants in relation to the structural domains of the fibrillin-2 protein. The box

indicates the neonatal region.

Table 2 Clinical scoring system for CCA

Clinical feature Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) Chi? (p) Score
Crumpled ears 78.0 41.8 33.3 83.6 51.7 0.024 3
Arachnodactyly 97.6 17.7 30.6 95.2 39.4 0.015 3
Camptodactyly 92.3 25.7 30.0 90.6 42.8 0.021 3
Contractures of large joints 88.1 25.4 30.3 85.3 42.3 NS 3
Pectus deformity 40.5 61.5 30.0 71.8 55.5 NS 2
Dolichostenomelia 50.0 60.0 45.5 64.3 56.0 NS 2
Kyphoscoliosis 61.5 47.9 324 75.4 51.9 NS 1
Muscle hypoplasia 54.5 271 34.0 46.4 38.3 NS 1
Highly arched palate 66.7 45.8 34.8 76.0 52.1 NS 1
Micrognathia 34.3 52.2 21.8 67.1 47.2 NS 1

Chi? = Chi-square test (or Fisher's exact test).
CCA congenital contractural arachnodactyly, NPV negative predictive value, NS not

specificity and accuracy and were given a score of 2. The
remaining four clinical characteristics, kyphoscoliosis, muscle
hypoplasia, highly arched palate, and micrognathia were
allotted a score of 1.

Figure 2a gives an overview of the distribution of the total
scores calculated for the individuals in both groups.
These total clinical scores appear significantly different in
FBN2-positive patients compared with the FBN2-negative
group (P <0.001).

The ROC curve used for cut point analysis is shown in
Fig. 2b. Based on the sensitivity and the 1 - specificity for
each score, we determined a cut-off for likely CCA at a
score of 7. Hence, patients were categorized as unlikely
CCA patients (if total score 0-6) and likely CCA patients
(if total score 7-20).

The mean age of the patients, at the time of clinical
evaluation and molecular testing, was 8.51 years (standard

GENETICS in MEDICINE | Volume 22 | Number 1 | January 2020

significant, PPV positive predictive value.

deviation 12.17, median 1, range 60). Simple linear regression
to assess the impact of age at the time of clinical evaluation on
the total score established a coefficient of determination R* of
0.012. A scatter plot displaying the total score as a function of
age at clinical evaluation is given in Fig. 2c.

Other clinical features

Information on aortic root dilation and mitral valve prolapse
was available for 93 (55.7%) and 91 (54.5%) respectively of the
included probands. Aortic root dilation was present in 21
patients (21/93) (22.6%), all of them classified as likely CCA
patients. Four (19.0%) were FBN2-positive and 17 (81.0%)
were FBN2-negative. Mitral valve prolapse and/or insuffi-
ciency was reported for 17 patients (17/91) (18.7%). Again,
they were all classified within the likely CCA group, and
included one (5.9%) FBN2-positive patient and 16 (94.1%)
FBN2-negative patients.
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Fig. 2 Evaluation of the clinical scoring system and design of diagnostic criteria. (a) Bar chart giving an overview of the distribution of the total scores
for FBN2-positive and FBN2-negative probands. (b) Receiver operating characteristic (ROC) curve and coordinates used for determination of a clinically
relevant cut-off score to differentiate between likely congenital contractural arachnodactyly (CCA) and unlikely CCA cases. (c) Scatter plot displaying the
total score as a function of age at clinical evaluation for both FBN2-positive and FBN2-negative probands.

Information on ophthalmological features (keratoconus)
was available for 66 (39.5%) of the probands. Keratoconus was
diagnosed in two patients (2/66) (3%), that were both FBN2-
positive and classified as likely CCA.

Of note, one FBN2-positive likely CCA patient had a
congenital diaphragmatic hernia.

DISCUSSION

We provide a clinical scoring system based on weighted
clinical features to facilitate the diagnostic process, and guide
the use of molecular genetic testing in patients suspected to
have CCA. We anticipate that the use of a scoring system will
help to quantify clinical severity and hence may turn out to be
a practical tool for clinicians, patients, and researchers, and
may facilitate genotype-phenotype association analysis.

Good clinical practice guidelines rely on both evidence and
expert opinion, combine validity, reliability, reproducibility, and
clinical applicability, and should be straightforward and easy to
use in a clinical setting® We attributed a weighted score to
different clinical characteristics, based on calculated parameters
derived from the prevalence of the characteristic in the FBN2-
positive and FBN2-negative group. These calculations were based

128

on data available from medical records and did not take into
account missing data. Therefore, the presence of a reporting bias
cannot be excluded. Nonetheless, the attributed weights correlate
well with the previously reported views about major and minor
clinical characteristics for CCA,* supporting the validity of the
scoring system. Future prospective validation should confirm this.

The proposed criteria are practical to use, and easily
applicable at clinical examination. Some characteristics may
be subject to interobserver variability, but we expect this to be
limited when patients are assessed by experts in connective
tissue disorders.

The scoring system can be applied to different age groups,
since only 1.2% of the variation in the total score in our
cohort appeared to result from differences in the age at
clinical evaluation. This might seem contradictory to previous
literature, where it has been observed that some of the clinical
features become less outspoken with age. However, residual
contractures and ear malformations often remain (while not
being self-reported by the patient), and other manifestations
including scoliosis, dolichostenomelia, and arachnodactyly
may increase with age, keeping the total score overall in
balance.
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To determine the cut-off value discriminating between
unlikely CCA patients and likely CCA patients, we reasoned
that, in view of the rarity of the disorder, it is desirable not to
miss the diagnosis at the expense of the specificity of the test.
Indeed, while there is no major risk for aortic complications
requiring an early diagnosis of CCA, certainty about the
diagnosis and prognosis can be reassuring (especially in view
of the differential diagnosis with other connective tissue
disorders including MFS and LDS). Using a total score of 7 as
cut-off identified 95.5% of the FBN2-positive patients
correctly. Only two (4.5%) of the FBN2-positive patients
had a score of less than 7, and were falsely categorized within
the unlikely CCA group. It should be noted that these two
patients had a high number of missing data, and therefore,
their true total score might have been underestimated. On the
other hand, the same cut-off value faces a low specificity
classifying only 17.1% of the FBN2-negative patients correctly
as unlikely CCA, and will result in a substantial cost for
molecular analysis. However, it should be noted that the
scoring system is a continuum. An increasing score will
increase specificity, with a higher a priori chance that the
clinical diagnosis is correct. In this regard, a score of 11 still
identifies 75% of the FBN2-positive patients, and classifies
almost 60% of the patients with another underlying cause as
unlikely CCA. Hence the system provides diagnostic handles
both in clinical and in research settings.

The significant number of FBN2-negative patients classified
as likely CCA reflects the low detection rate for FBN2
pathogenic variants in patients suspected to have CCA, either
due to clinical misdiagnosis or locus heterogeneity for this
disorder.”

By including all probands with a possible diagnosis of CCA,
our approach reflects the situation in clinical practice. Hence,
thorough molecular analysis revealed an overall detection rate
of pathogenic variants of 26.3%. This is comparable with

ARTICLE

previously reported detection rates using whole FBN2 gene
analyses.””

We classified the missense variants ¢.976C>T (p.Pro326Ser),
c.2260G>A (p.Gly754Ser), and c.4141C>A (p.His1381Asn) as
VUS, mainly because of the relatively high occurrence of these
variants in population databases (over 1 in 1000 in gnomAD).
However, the ¢.2260G>A (p.Gly754Ser) variant was previously
reported as a likely causal variant, because of the classical
CCA phenotype of the proband in whom it was identified.” In
the absence of segregation analysis and functional evidence,
and in light of the population frequency, we assume it
should be considered a class 3 variant. The splice variants
c3725-14T>G (p.?) and c.4223-16T>G (p.?) were considered
VUS, based on the results of in silico prediction tools and low
CADD score.

In our cohort, we detected only one (likely) pathogenic
variant (c.2773G>A [p.Gly925Arg]) located outside, but in
close proximity to the neonatal region. This observation
confirms the essential contribution of the neonatal region to
the CCA phenotype. The decision to consider this variant as
pathogenic is based on in silico predictions of pathogenicity
(including CADD score) and the absence of this variant from
population databases. Furthermore, segregation analysis
confirmed the de novo occurrence of the variant in this
proband.

Our data broaden the molecular spectrum in CCA,
identifying three novel multiexon deletions (leading to a skip
of exon 38 to 48, 43 to 48, and 45 to 48 respectively). FBN2
gene sequencing should therefore be complemented by gene
dosage analysis. For at least two of these multiexon deletions,
we could show that the mutant mRNA is stably expressed.
Therefore, it is likely that a shorter protein is produced and
incorporated into the extracellular matrix. This further
supports the hypothesis of a dominant negative effect of
FBN2 pathogenic variants causing CCA, and contrasts with

l Clinically suspected CCA l

v

Clinical evaluation

Yy Calculation of total clinical score

&

Ectopia lentis
Intellectual disability
Thoracic aortic aneurysm

Total score <7

| Unlikely CCA

4,| ¢

Consider other diagnosis

Total score > 7

| Likely CCA ]

;

‘ Perform FBN2 analysis ‘

to confirm diagnosis

FBNZ2 + FBN2 —

Proven FBN2+ CCA l Consider other differential diagnosis

Consider locus heterogeneity

Fig. 3 Flowchart guiding the diagnostic process in congenital contractural arachnodactyly (CCA) based on the proposed clinical scoring system

and diagnostic criteria.

GENETICS in MEDICINE | Volume 22 | Number 1 | January 2020

129



ARTICLE

FBNI1 pathogenic variants in MFS where both dominant
negative and haploinsufficiency mechanisms are implicated in
the pathogenesis.”***"°

A diagnostic flowchart designed to guide clinicians in the
diagnostic decision-making process is given in Fig. 3. For
patients with a score of 0-6, CCA is unlikely, thus another
diagnosis should be considered and FBN2 analysis is not
indicated. For patients with a score of 7-20, and thus
categorized as likely CCA, molecular genetic testing of FBN2
is indicated to confirm the diagnosis. If comprehensive
genetic analysis is normal, disorders resembling CCA, such as
MEFS and LDS, should be excluded. Where the diagnosis
remains molecularly unexplained, the patients can be
included in research studies to evaluate CCA locus hetero-
geneity. Within our cohort, seven FBN2-negative likely CCA
patients were eventually diagnosed with MFS (total scores
were 9, 12, 13, 13, 14, 15, and 17), one was molecularly
confirmed to have LDS (total score 7), and one was confirmed
to have BM (total score 8).

In patients presenting with EL and/or ID, CCA is unlikely.
In case of thoracic aortic aneurysm (TAA), CCA is not
excluded per se, but diagnostics should focus first on
established TAA genes.”

Despite the lack of good follow-up data and the absence of
unequivocal evidence of an aortic risk in CCA, the
observation of cardiovascular features in likely CCA patients
indicates that cardiac screening is advisable (e.g., every 3-5
years). Similarly, ophthalmological follow-up is advised in
likely CCA patients.

In conclusion, we have developed a clinical scoring system
and clinical diagnostic criteria for CCA, based on the presence
or absence of the ten main clinical features of this disorder.
This tool may prove helpful in diagnostic decision making, as
well as in future CCA research.
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