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ARTICLE INFO ABSTRACT

A phenotype of an individual is resulted from an interaction among variants in several genes. Advanced mo-
lecular technologies allow us to identify more patients with mutations in more than one genes. Here, we studied
a Thai woman with combined clinical features of Marfan (MFS) and Beals (BS) syndromes including frontal
bossing, enophthalmos, myopia, the crumpled appearance to the top of the pinnae, midface hypoplasia, high
arched palate, dermal stretch marks, aortic enlargement, mitral valve prolapse and regurgitation, aortic root
dilatation, and progressive scoliosis. The aortic root enlargement was progressive to a diameter of 7.2 cm re-
quiring an aortic root replacement at the age of 8 years. At her last visit when she was 19 years old, she had
moderate aortic regurgitation. Exome sequencing revealed that she carried the ¢.3159C > G (p.Cys1053Trp) in
exon 26 of FBN1 and ¢.2638G > A (p. Gly880Ser) in exon 20 of FBN2. The variant in FBN1 was de novo, while
that in FBN2 was inherited from her unaffected mother. Both genes encode for fibrillins, which are essential for
elastic fibers and can form the heterotypic microfibrils. Two defective fibrillins may synergistically worsen
cardiovascular manifestations seen in our patient. In this study, we identified the fourth patient with both MFS
and BS, carrying mutations in both FBN1 and FBN2.
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1. Introduction and BS. Whole exome sequencing identified double heterozygous var-
iants in FBN1 and FBN2. To our knowledge, she is the fourth patient
Marfan syndrome (MFS) is an autosomal dominant connective tissue with both MFS and BS.

disorder affecting cardiovascular, skeletal, and ocular systems. Its es-

timated prevalence is at 1/5000-1,/10,000. MFS is caused by mutations
in FBN1(Dietz, 1993). Congenital contractural arachnodactyly (CCA) or
Beals Syndrome (BS), is an autosomal dominant disorder, characterized
by crumpled ears, craniofacial abnormalities including frontal bossing,
a progressive scoliosis, joint contractures, adducted thumbs, and long,
thin and flexed digits. Its prevalence is unknown but appears to be
lower than that of MFS. BS is caused by mutations in FBN2 (Godfrey,
1993).

Since MFS and BS affect similar tissues including those in the car-
diovascular system, mutations in both FBNI and FBN2 may synergis-
tically worsen clinical manifestations and disease progression. An
abortus was found to harbor variants in both FBN1 and FBN2. Here, we
report a 19-year-old woman having combined clinical features of MFS

2. Materials and methods

The study was approved by the institutional review board (IRB) of
the Faculty of Medicine, Chulalongkorn University, Thailand (IRB #
706/62). After informed consent, blood samples from the proband and
her parents were collected. The trio whole exome sequencing analysis
was performed and gene prioritization was done using Exomiser
(Supplementary method). Sanger sequencing was used to confirm the
existence of the variants in the trio. ClustalW embedded in UGENE
(Okonechnikov et al., 2012) was used to study protein evolutionary
conservation. Protein 3D structure was constructed by the automated
protein-homology modeling server SWISS-MODEL and validated with
the PyMOL software (Supplementary method).
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Fig. 1. The pedigree, clinical, radiographic and cardiovascular CT scan of the proband and her unaffected mother. The proband is the only affected member
in the pedigree (A), crumpled ears present in the proband (C) but absent in her mother (D), arachnodactyly (G, H, I, J), mild scoliosis at 8 yr 9 mo (K), and 19 yr 2 mo
(L), stretch marks (M), the aortic root dilatation 7.2 cm before her surgery at age 8 yr 9 mo (B), and frontal bossing in the proband (E) but absent in her mother (F).

3. Results
3.1. Clinical report

The proband was born at term with birth weight of 3.1 kg (25th
centile). She was first referred to the Maharaj Nakorn Chiang Mai
Hospital at the age of 1 year 11 months for an evaluation of dysmorphic
features. Her weight was 9.5 kg (10th centile) and height 90 cm (90th
centile). She had frontal bossing, high arched palate, crumbled ears,
pectus carinatum, dolichostenomelia, arachnodactyly of fingers and
toes, camptodactyly of fifth fingers, leg length discrepancy, and a grade
I1/VI systolic murmur at the cardiac apex. The arm span to height ratio
was 1.01 (91/90 cm). Echocardiography revealed a mitral valve pro-
lapse with moderate mitral regurgitation, a bicuspid aortic valve, and a
severe aortic root dilatation with a diameter of 3.76 cm (Z-score of
+15, www.marfan.org). She was diagnosed with MFS and conse-
quently given propranolol 1 mg/kg/day and enalapril 0.1 mg/kg/day.
The leg length discrepancy was found to be caused by a left hip dis-
location which was treated by a closed reduction and a hip spica cast.
She was the second child with one healthy older brother (Fig. 1A). The
parents were healthy without clinical features of MFS or BS.

At the age of five years, she developed myopia without lens dis-
location. Notably, even with the medications, the follow-up echo-
cardiograms showed progressive mitral valve prolapse, mitral valve
regurgitation and aortic root dilatation as shown in Table 1. When she
was 8 years and 9 months, the computed tomographic angiography
(CTA) of the aorta showed aortic root diameter of 7.2 cm (Z-score + 27)
(Fig. 1B) requiring cardiovascular surgery with aortic-valve-sparing
aortic-root replacement (David technique) and concomitant mitral
valve repair. At the age of 18 years, the follow up CTA of the aorta
showed additional dilatation of the ascending aorta from the distal part

to the aortic-root graft and the entire aortic arch. The CTA imaging also
revealed dural ectasia and lateral meningocele at the lumbosacral re-
gion. At her last visit at 19 years old, her weight was 45.5 kg (37th
centile), height 156.5 cm (37th centile), and blood pressure 108/
66 mmHg. Her arm span was 162 cm while her height was 156.5 cm.
Her upper segment to lower segment ratio was 0.8 (69.5 cm: 87 cm),
supporting the dolichostenomelia feature. She had crumpled ears
(Fig. 1C), midface hypoplasia (Fig. 1E), prognathia, no audible heart
murmur, arachnodactyly of fingers and toes, flexion deformities of toes
(Fig. 1G and H), camptodactyly of fifth fingers (Fig. 1G), positive thumb
and wrist signs (Fig. 11 and J), severe thoraco-lumbar scoliosis (Fig. 1K
and L) and many stretch marks on her skin (Fig. 1M). Echocardiography
revealed moderate aortic regurgitation, moderate tricuspid valve pro-
lapse with moderate tricuspid regurgitation, and borderline decreased
left ventricular systolic function.

3.2. Variant identification and bioinformatic analysis

Whole exome sequencing of the proband revealed two heterozygous
missense mutations. The first isa ¢.3159C > G (p.Cys1053Trp) in exon
26 of FBN1 (NM_000138). The p.Cys1053Trp mutation has never been
previously reported in patients with MFS. It is not in the GnomAD
(biorxiv = 531210v2) or dbSNP databases and predicted to be dele-
terious by SIFT (score = 0.000) and PolyPhen-2 (score = 0.998). PCR-
Sanger sequencing confirmed the presence of the mutation in the pro-
band and showed that both parents harbored only the wild-type allele,
indicating that the p.Cys1053Trp mutation in FBN1 in the proband is de
novo (Fig. 2A). The p.Cys1053Trp variant in FBN1 occurs in the cbEGF-
like domain at one of the six critical Cys residues.

The other mutation is a ¢.2638G > A (p. Gly880Ser) in exon 20 of
FBN2 (NM_001999). The p.Gly880Ser has never been previously
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reported in patients with BS. It is found in five of 251,376 alleles (two
East Asians, one African and two non-Finnish Europeans) in the
GnomAD database (biorxiv = 531210v2) without any homozygous
subjects, present in dbSNP (rs555682061), and predicted to be dele-
terious by SIFT (score = 0.009) and PolyPhen-2 (score = 1).
Interestingly, p.Gly880Asp is also in gnomAD (5/113710 non-Finnish
Europeans). PCR-Sanger sequencing confirmed the presence of the
mutation in the proband and showed that her mother also harbored the
mutation (Fig. 2A).

Both mutations were absent in our in-house 1690 unrelated Thai
exome database. Both altered amino acid positions are highly conserved
among species, from frogs to humans (Fig. 2B). ClinVar accession
numbers of ¢.3159C > G (p.Cys1053Trp) and ¢.2638G > A (p.
Gly880Ser) are SCV001222473 and SCV001222474, respectively.

Case Acl (Najafi et al.,

2020)
FBN1 exon 54, FBN2

>180°/ > 180°
- (188)

+ (205)

>7

exon 27

Case Ab4 (Najafi et al.,
>7

2020)
FBN1 exon 66, FBN2

+/+

+ (179.5)
(188.5)

intron 30-31

3.3. In silico protein structure analysis

FBN1 and FBN2 have similar gene structures (Fig. 2C). According to
the 271 aa 3D protein structure comparison, the fibrillin 1 with
Trp1053 3D structure is different from that with Cys1053 (Fig. 2D). The
wild-type Cys1053 forms a disulfide bond with Cys1039 (Fig. 2E), but
the bond disappears with the mutant Trp1053 (Fig. 2F).

The 3D structures of the fibrillin 2 with Ser880 and Gly880 are
different (Fig. 2G). The mutant Ser880 (Fig. 2I) generates a new H-bond
between Ser880 and Leu883 which does not exist with the wild-type
Gly880 (Fig. 2H).

FBNZ2 introns 30-

Case Ab2 (Najafi
et al., 2020)
31

- (159)
- (159)
FBN1 exon 66,

+/+

FBN1 exon 49,
FBN2 exon 23

(Aggarwal et al.,

Aggarwal S
2018).

4. Discussion

We report a Thai woman with combined features of Marfan (MFS)
and Beals (BS) syndromes (Table 1). Her features specific to MFS in-
clude enophthalmos, midface hypoplasia, and the stretch marks on the
skin that are not related to weight gain or loss. Her BS specific phe-
notypes include the crumpled appearance to the top of the pinnae and
frontal bossing. She also had features present in both syndromes in-
cluding myopia, high arched palate, aortic enlargement, mitral regur-
gitation, mitral valve prolapse, aortic root dilatation, and progressive
scoliosis. Notably, the proband's mother who also harbored the FBN2
variant did not have crumpled ears (Fig. 1D) nor frontal bossing
(Fig. 1F). Echocardiography revealed normal cardiac structure and
function.

Using whole exome sequencing, she was found to harbor hetero-
zygous variants in FBN1 and FBNZ2, the genes causing MFS and BS,
respectively. The p.Cys1053Trp mutation in FBN1 is de novo and has
never been previous reported. The amino acid residue Cys1053 forms
the 50th disulfide bond with the residue Cys1039 of fibrillin-1. The
disruption of the 50th disulfide bond of fibrillin-1 in a mouse model led
to progressive deterioration of aortic wall and skeletal deformation
(Judge et al., 2004) supporting the pathogenicity of the p.Cys1053Trp
in humans. Notably, other mutations involving the wild-type p.Cys1053
in FBN1 have previously been reported (http://www.ncbi.nlm.nih.gov/
clinvar and (Putnam et al., 1996)). These include p.Cysl1053Arg
(NM_00138.4 (FBN1):¢.3157T > G, p-Cys1053Ser
(NM_000138.4(FBN1):c.3157T > A, variant id 549135), p.Cy-
s1053Gly (NM_000138.4(FBN1):c.3157T > G, variant id 547307) and
p-Cys1053Ter (NM_000138.4(FBN1):c.3159C > A, variant id 264131),
respectively. The patient with p.Cys1053Ter was born with congenital
contracture, scoliosis, and arachnodactyly. She was diagnosed with a
severe neonatal MFS (nMFS). At the age of 1 year and 10 months, she
had failure to thrive due to progressive heart failure, dilatation of the
sinuses of Valsalva, mitral valve regurgitation and worsening cardiac
contractility, and later died postoperatively (Putnam et al., 1996). The
phenotype of the other patient with p.Cys1053Arg reported by Putnam
et al. (1996) included cardiovascular complications (mitral valve re-
gurgitation, aortic valve incompetence), congenital contracture, ab-
normal face (frontal bossing and deep-set eyes), abnormal ears, and

FBN1 exon 26, FBN2

Current case
Y

Y

Y

Y

+/+

+ (156.5)

- (162)

>7

exon 20

Severe Beals
syndrome
FBN2 exons
24-36

Neonatal
Marfan
syndrome
FBN1 exons
24-27 & exons
31, 32

Beals
syndrome
FBN2 exons
24-34

b b > e [V

Marfan syndrome

Various

(arm span, cm)
Ghent nosology systemic score
Muscular hypoplasia

ratio < 0.85 (height, cm)
Joint deformity

knees, toes, and hips)
Arm span/height ratio > 1.05

Long arms, legs and fingers
Tall and thin body type

Wrist sign
Reduced elbow extension (r/1)

Contractures (fingers, elbows,
Dolichostenomelia US/LS
Limb joint contracture
Congenital contracture

Striae distensae

Pes planus

Clinical phenotype
Mutation

Thumb sign
Flexible joints

Table 1 (continued)
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Fig. 2. The molecular finding and predicted 3D protein changes. Sanger sequencing shows that she harbors the de novo FBNI mutation, p.Cys1053Trp, and the
p.Gly880Ser mutation in FBN2 which was inherited from her unaffected mother (A). Both amino acid residues are evolutionarily conserved from frogs to humans (B).
The structures of FBN1 and FBN2 with the mutated amino acids (C). The 3D structure of the 271 amino acids containing the p.Cys1053Trp (D) and p.Gly880Ser (G).
The structural prediction shows changes of overall structural patterns; the purple amino acids indicate mutant amino acids. The wild-type Cys1053 forms the 50th
disulfide bond (an arrow) with Cys1039 (E); with the mutant Trp1053, the disulfide bond disappears (F). The wild-type Gly880 does not form a hydrogen bond with
Leu883 (H), while the mutant Ser880 forms a hydrogen bond with Leu883 (an arrow) (I). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

failure to thrive due to progressive heart failure.

Several lines of evidence suggest that the p.Gly880Ser in FBN2 is
pathogenic. The nonpolar glycine at the amino acid residue 880 is
evolutionarily conserved and its change to the polar serine is predicted
to be deleterious by SIFT and PolyPhen-2. The Gly880 is conserved
within the cbEGF-like domain number 13. The predicted 3D structure of
the fibrillin-2 with the wild-type Gly880 shows no polar bond with
Leu883, while the mutant Ser880 induces a hydrogen bond between
Ser880 and Leu883. This may change the overall 3D structure of fi-
brillin-2 (Fig. 2G) and influence the protein conformation leading to its
pathogenicity (You et al., 2017).

The ‘neonatal regions', referring to the genetic regions of FBN1 and
FBNZ2 of which mutations lead to nMFS and severe BS, respectively, are
exons 24-32 of FBN1 (Le Gloan et al., 2016) and exons 24-36 of FBN2
(Godfrey, 1993). The p.Cys1053Trp in FBNI found in our patient is
located in exon 26 within the neonatal region of FBN1. It encodes for
the highly conserved calcium binding consensus sequence of cbEGF-like
domain number 15. The mutation occurs at one of the six critical Cys
residues of this domain. Alterations of amino acids within the cbEGF
domain change calcium binding properties of fibrillin-1 and interfere

with stabilization of the microfibril architecture within connective tis-
sues of MFS (Handford, 2000). Nonetheless, mutations in ‘neonatal
regions’ of FBN1 do not always lead to nMFS; several patients with
mutations in this region have classic MFS (Loeys et al., 2001). In fact,
mutations in exon 26 of FBN1 have previously been reported in patients
with classic MFS (Arbustini et al., 2005; Loeys et al., 2001). On the
other hand, several cases of nMFS have mutations outside the ‘neonatal
regions (Le Gloan et al., 2016; Loeys et al., 2001).

Since our proband's mother who carries the FBN2 variant does not
have features of BS, the p.Gly880Ser variant in FBN2 may be non-pe-
netrant (Arbustini et al., 2005; Loeys et al., 2001) in the mother but
contribute to the anomalies in the proband. There were reports of non-
penetrants in individuals who were mosaic for mutations in FBN2
(Putnam et al., 1997; Wang et al., 1996). Nonetheless, it remains pos-
sible that the FBN2 variant is not pathogenic and all features seen in the
proband are solely resulted from the mutation in FBN1. In our view, the
clinical features of our patient are more consistent with a diagnosis of
both MFS and BS, caused by the double heterozygous mutations in both
FBN1 and FBN2. Whole-exome sequencing allows us to provide multi-
locus diagnoses (Posey et al., 2017) (Porntaveetus et al., 2017). Among
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cases of digenic inheritance, 37.5% (30 from 80 digenic cases) have
overlapping phenotypic features (Posey et al., 2017). Mutations in both
genes may act synergistically leading to a more severe manifestation.
The fibrillin-1 and fibrillin-2 are two highly similar fibrillins, cysteine-
rich glycoproteins, essential for the elastic fiber formation within con-
nective tissues allowing many tissues in the body to resume their shape
after contracting or stretching. Both fibrillins are absolutely essential
for vascular development (Carta et al., 2006; Chaudhry et al., 2001).
There is evidence that fibrillin-1 and fibrillin-2 can form the heterotypic
fibrillin-1/fibrillin-2 microfibrils (Lin et al., 2002). The defective fi-
brillin-1 and fibrillin-2 may enhance the abnormality of microfibril
formation and explain the severity of the proband who at the age of 7
years had the aortic sinus diameter of 7.2 cm (mean of those of healthy
at age 9 years: 2.07 cm; Marfan Z-score = 27.06) (Kaiser et al., 2008).
Even compared with children with the classic MFS whose aortic root
diameters range from 1.7 to 4.6 cm (mean 3.154 = 0.650 cm)
(Wozniak-Mielczarek et al., 2019), the aortic root of our proband was
significantly more dilated.

An abortus was previously reported to harbor variants in these two
genes. It carried the ¢.6004C > T (p.Pro2002Ser) in exon 49 of FBN1
(NM_000138.4) and the c.2945G > T (p.Cys982Phe) in exon 23 of
FBN2 (NM_001999.3). At 29-week gestation, the fetus was found to
have multiple severe phenotypes and terminated (Aggarwal et al.,
2018). In addition, three members from two families were recently
reported to carry variants in two genes; the first family harbored the
c.8489A > G (p.Gln2830Arg) in exon 66 of FBNI and the c.3974-
26T > G (p.Asn1327_Vall368del) in introns 30-31 of FBN2 while the
second family carried the ¢.6595G > A (p.Gly2199Ser) in exon 54 of
FBN1 and the ¢.3481G > A (p. Glu1161Lys) in exon 27 of FBN2 (Najafi
et al., 2020). Our patient is the fourth living individual with both MFS
and BS, having mutations in both FBN1 and FBN2. The mutations in
these two genes lead to defects in both fibrillins, which may synergis-
tically worsen cardiovascular manifestations in the patient.
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