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Loeys—Dietz Syndrome (LDS) is an autosomal dominant aortic
aneurysm syndrome with multisystem involvement, caused by
heterozygous mutations of transforming growth factor {3 recep-
tor type 1 {TGFBR]) or type 2 (TGFBR2) genes. We report on a
neonate with the disorder caused by a known TGFBR2 mutation,
who developed neonatal-onset progressive dilation of the aortic
valve and aneurysms of the aortic root and main pulmonary
artery (PA) associated with a large left-to-right shunt via a
ventricular septal defect (VSD) and an atrial septal defect
(ASD). He also had skeletal features (flexion contractures of the
fingers, talipes equinovarus, a cleft palate, and joint laxity), mild
facial dysmorphisms, and developmental delay. The dilation and
aneurysms progressed after PA banding at age 12 days; and the
patient received an intracardiac repair of the defects and PA
plasty at age 42 days, followed by no further progression of the
dilation and the ancurysms. Neonates with generalized hypoto-
nia, a cleft palate, inguinal herniae, musculoskeletal features
such as camptodactyly and talipes equinovarus, and a cardiac
murmur should be suspected to have LDS, and extensive cardio-
vascular evaluation and testing of TGFBRI and TGFBR2 are
recommended. LDS patients with cardiac defects that lead to a
large left-to-right shunt and congestive heart failure such as
VSD should be considered for intracardiac repair even in early
infancy. © 2010 Wiley-Liss, Inc.

Key words: Loeys—Dielz Syndrome; type | B; TGFBR2; neonale;

aortic valve dilation; aortic voot aneurysm; pulmonary artery
aneurysim; pulmonary artery banding; intracardiac repair

Loeys~Dietz Syndrome (LDS) is a recently recognized autosomal
dominant aortic aneurysm syndrome with multisystem involve-
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ment, caused by heterozygous mutations of transforming growth
factor B receptor type 1 (TGFBRI) or type 2 (TGFBR2) genes [Loeys
et al., 2005, 2006]. The disorder is typically characterized by the
triad of arterial tortuosity and aneurysms, hypertelorism, and bifid
uvula or cleft palate. Other manifestations include craniofacial
features (craniosynostosis, malar hypoplasia, retrognathia, blue
sclera, and ectopia lentis), skeletal features (dolichostenomelia,
arachnodactyly, pectus deformity, scoliosis, talipes equinovarus,
camptodactyly, joint laxity, and cervical spine instability), cutane-
ous changes (velvety skin and translucent skin), congenital heart
defects (patent ductus arteriosus, PDA; atrial septal defect, ASD),
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and developmental retardation [Loeys et al,, 2006]. LDS patients
without typical craniofacial features but with at Jeast two signs
of the vascular type Ehlers-Danlos syndrome (OMIM130050)
(translucent and/or velvety skin, wide atrophic scars, bruisability,
joint laxity, and visceral rupture) have been subtyped as LDS type 2
with distinction from those with typical craniofacial presentations,
subtyped asLDS type 1 [Loeys et al.,, 2006; Aalberts et al., 2008; Ades,
2008]. LDS type 1 is classified into 1A (OMIM 609192) and 1B
(OMIM 610168}, caused by mutations of TGFBRI and TGFBR2,
respectively. Similarly, LDS type 2 is classified into 2A (OMIM
608967) and 2B (OMIM 610380).

To date, roughly 160 LDS patients from 90 families have been
reported. However, there has been limited information about
clinical variations and management of the disorder especially in
the neonatal period or early infancy [Yetman et al., 2007]. Here, we
report on a neonate with LDS type 1B (LDSIB), who showed
progressive dilation of the aortic valve and aneurysms of the aortic
rootand main pulmonary artery (PA) associated with a large left-to
-right shunt via a VSD and an ASD, in addition to skeletal features
(flexion contractures of the fingers, talipes equinovarus, a cleft
palate, and joint laxity), mild facial dysmorphisms, and develop-
mental retardation. Detailed description of the patient, represent-
ing the severest course of LDS, would be helpful to discuss
appropriate management of early-onset progressive cardiovascular
complications in the disorder.

Peg b

The patient, a boy, was the second child of healthy nonconsangui-
neous Japanese parents. The mother was age 30 and the father age 31
at the time of his birth. His brother was healthy. He was born
at 41 weeks and 3 days of gestation by spontaneous vaginal delivery
after an uncomplicated pregnancy. Birth weight was 3,336¢g
(—0.1 SD), length 52.5 cm (+1.2 SD), and OFC 35.5cm (+0.9 SD).
APGAR score was 9at 1 min, and 10at 5 min. He sucked poorly, and
was transferred to our neonatal intensive care unit. He had long
palpebral fissures, a cleft palate, and a mild retrognathia (Fig. 1A).
He had slender fingers with flexion contractures (Fig. 1B) and
talipes equinovarus (Fig. 1C), bilaterally. He also had a left inguinal
hernia. Echocardiography showed a ventricular septal defect
(VSD), an ASD, dilation of the aortic valve, and aneurysms of
the aortic root and main PA. The size of the VSD was 8 mm witha
large left-to-right shunt. The diameter of the aortic valve was
11.1 mm (Z-score was 5.88), the aortic root (sinuses of Valsalva)
19.0 mm (Z-score 9.42), the ascending aorta (sinotubular junction)
7.78 mm (Z-score 0.45), the pulmonary valve 8.11 mm (Z-score
—0.74), the main PA 19.2mm (Z-score 5.55), left PA 54 mm
(Z-score 0.66), and right PA 6.4mm (Z-score 1.90). Z-scores
represent the standard deviation from the mean diameter normal-
ized for the patient’s body-surface area and age, calculated accord-
ing to the equations shown by Daubeney et al. [1999].

He showed congestive heart failure due to an increased left-to-
right shunt via a large VSD and an ASD. PA banding was performed
on day 12. A large aneurysm was observed at the root of the PA
(Fig. 2A). After the procedure, he showed further progression of
aortic valve dilation (14.3 mm by echocardiography), aortic root
(20.9mm) and main PA (24.8 mm) aneurysms, and congestive
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FIB. 1. A-C:Patientinaneonatal period. D: Patient at age 12 months,
[Color figure can be viewed in the online issus, which is available at
www.interscisnce.wiley.com.]

heart failure; as well as dilation of the ascending aorta (11.2 mm),
the pulmonary valve (14.8 mm), and bilateral PA (left, 8.6 mm;
right, 15.9 mm; Fig. 2B-D). On day 42, patch closure of the VSD
and ASD accompanied by PA plasty was performed. The aneurys-
mal wall was thin, and bloody pericardial effusion was accumulated
around it. Congestive heart failure improved and further progres-
sion of aortic valve dilation and aneurysms of the aortic root and
main PA ceased. However, he suffered from tension pneumotho-
rax, treated by continuous chest tube drainage. He subsequently
showed respiratory failure due to bronchomalacia, necessitating
positive airway pressure by a ventilator. He had tracheostomy on
day 140, and was discharged to home on day 200 with a home
ventilatory care and gavage feeding. Enalapril, an angiotensin-
converting enzyme (ACE) inhibitor, was started to prevent further
progression of aortic valve dilation and aneurysms of the aorticroot
and main PA.

At age 1 year, his weight was 8,320 g (—1.3 SD), length 81.0 cm
(+1.9 SD), and OFC 48.0cm (+1.2 SD). He had dolichocephaly
with frontal bossing, downslanting palpebral fissures, strabismus,
and a retrognathia (Fig. 1D). He showed hyperextensibility and
instability of the elbows, shoulders, and knees, which had not been
seen in the neonatal period. He could lift his head and rolled over
freely, and could express various emotions. He still needed positive
airway pressure by a ventilator. An MR angiography showed
tortuosity of bilateral internal carotid arteries and vertebral arteries
(Fig. 2E). An enhanced 3D-CT excluded tortuosity of major
branches of thoracic and abdominal aorta,
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FiG. 2. A: An intraoperative view at pulmonary artary banding on day
£2. B: An enhanced CT on day 34. Ako, ascending aorta; PAA,
pulmonary artery ansurysm; * denotes the main pulmonary artery
distal to the aneurysm. C: A laft ventriculography on day 41 ARA,
aortic raot ansurysm; LY, Iaft ventricle. D: A right ventriculography

on day 41, PAX, pulmonary artery ansurysm; RY, right ventricle. E:

An MR angiography. Bilateral internal carotid arteries and vertebral
arteries {arrow] are tortuous, RICA, right intemal carotid artery;
LICA, left internal carotid artery. [Color figure can be viewed In the
online isaue, which Is avallable at www.interscience wiley.com.]

When last seen by us at age 22 months, his weight was 9,431 g
(—1.7 SD), length 90.5 cm (4-2.2 SD), and OFC 48.5 cm (+0.4 SD).
He could sit unsupported and played with blocks. He was some-
times independent of positive airway pressure. No progression of
aortic valve dilation and aneurysms of the aortic root and main PA
was observed.

Pritia b Gyt

After receipt of informed consent, blood samples were obtained
from the patient and his parents. Genomic DNA was extracted from
the peripheral blood leukocytes using an NA-3000 Nucleic Acid
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Isolation System (Kurabo Industries Ltd, Osaka, Japan), according
to the manufacturer’s protocol.

The coding and flanking regions of all exons of FBN1 (65 exons),
TGFBR1(9 exons),and TGEBR2(7 exons), as well as exons 22—36 of
FBN2, were amplified by polymerase chain reaction (PCR). The
nucleotide sequence of each set of primers was described previously
[Matsukawa et al., 2001; Mizuguchi et al., 2004; Loeys et al., 2005].
After purification on ExoSAP-IT (GE Healthcare Life Sciences,
Buckinghamshire, UK), the PCR products were directly sequenced
using the ABI Big Dye terminator mix (Applied Biosystems, Foster
City, CA) and forward or reverse primers used for amplification.
Reactions were run on an ABI 3730 automated sequencing analyzer
(Applied Biosystems).

A heterozygous T — A transition was identified at nucleotide
position 1370 in exon 5 of TGFBR2 (c.1370T>A; Fig. 3), which
resulted in a methionine to lysine substitution at amino acid
position 457 (p.Met457Lys). It was previously identified in a patient
with LDS1B [Loeys et al., 2006]. Neither of the parents had the
mutation. No mutation was detected in the other genes.

The patient we have described had skeletal features (flexion con-
tractures of the fingers, talipes equinovarus, a cleft palate, and joint
laxity), facial changes (long palpebral fissures and a retrognathia),
developmental delay, and neonatal-onset progressive cardiovascu-
lar complications (dilation of the aortic valve and aneurysms of the
aortic root and main PA) associated with a large left-to-right shunt
viaa VSD and an ASD. He had a heterozygous missense mutation of
TGFBR2 (c.1370T>A, p.Met457Lys), reported in a patient with
LDS1B [Loeys et al., 2006] and was diagnosed as LDS1B, though
hypertelorism was not apparent.

Generalized skeletal features and vascular fragility in this patient
raised a possibility of having a Marfan-related connective tissue
disorder in the neonatal period, resulting in early diagnosis of
LDSI1B through genetic analyses of FBNI, FBN2, TGFBRI, and
TGFBR2. Information is limited on clinical manifestations in
neonatal periods of patients with LDS. In the original report by
Loeys et al. [2005] and the first large series by Loeys et al. [2006],
clinical characteristics that could call medical attention in neonatal
periods included cleft palate, camptodactyly, talipes equinovarus,
and PDA. Hypertelorism, bifid or broad uvula, craniosynostosis,
malar hypoplasia, retrognathia, blue sclera, dolichostenomelia,
arachnodactyly, pectus deformity, scoliosis, joint laxity, and velvety
or translucent skin were also included in characteristic external
findings of LDS [Loeys etal., 2005, 2006], but these features could be
too subtle to be identified in a nursery for healthy neonates or might
develop after neonatal periods. Aortic root aneurysms, aneurysms
of other vessels, arterial tortuosity, ASD, and cervical spine insta-
bility were usually identified through appropriate screening
examinations.

Additional neonatal findings of LDS have been collected: bilat-
eral inguinal herniae were noted in a patient with a TGFBRI
mutation reported by Adés et al. [2006]; and prominent ears,
asymmetric ptosis, micrognathia, glossoptosis with sucking and
feeding difficulties, bilateral inguinal and femoral herniae, and a
right hydrocele were observed in an unrelated patient with the same
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TGFBRI mutation in the same report. Dislocation of knee joints
was noted in a patient with a TGFBR2 mutation reported by Kosaki
et al. [2006]. Viassolo et al. [2006] described a patient with a
TGFBR2 mutation who presented fetal aortic root dilation or an
aortic aneurysm at 19 weeks of gestation. The lesion did not
progress during pregnancy, and the ascending aorta dimension
and appearance were normalafter 32 weeks of gestation. The patient
had sinus sacralis at birth in addition to cardinal features of LDS
(cleft of the soft palate, a bifid uvula, and bilateral talipes
equinovarus). Yetman et al. [2007] described five patients with
LDS and TGFBR2 mutations who presented for medical attention
in the neonatal period. The patients were referred to a tertiary
pediatric care center for evaluation of genetic syndromes and
orthopedic problems, in the setting of diffuse hypotonia, macro-
crania, musculoskeletal abnormalities with or without a cardiac
murmur. Craniofacial features included hypertelorism in five, a
high-arched palate in five, a bifid or broad uvula in five, macro-
crania in four, strabismus in four, and blue sclerae in three.
Musculoskeletal features of upper extremities included campto-
dactyly in five, metacarpophalangeal dislocations in three, and
radial-ulnar dislocation in one. Those of lower extremities included
talipes equinovarus in five, metatarsus adductus in two, knee
dislocations in two, hip dislocation in two, and calcaneal-cuboid
dislocation in two. Inguinal herniae were observed in four, and
umbilical hernia in one. Three had cardiac murmurs of PDA. All
had dilated aortic roots (diagnosed within 1 month in three of
them), and three had dilated pulmonary arteries. Thus, neonates
who present with generalized hypotonia, cleft palate, inguinal
herniae, and musculoskeletal features such as camptodactyly and
talipes equinovarus should undergo genetic analyses of TGFBRI
and TGFBR2 as well as appropriate screening and intervention of
cardiovascular complications, as proposed by Yetman et al. {2007].

To treat congestive heart failure due to an increased left-to-right
shunt via alarge VSD and an ASD in this patient, we did not choose
intracardiac repair but PA banding, considering possible connec-
tive tissue fragility, which might lead to surgery-related rupture of
cardiovascular system. Our choice resulted in deterioration of these
lesions. Infants having a VSD with a large left-to-right shunt and
significant congestive heart failure, spontaneous closure of which is
unlikely, are candidates for early surgical closure, regardless of the
patient’s size; and if medical therapy (such as diuretics, digoxin, and
ACE inhibitors) fails, surgical repair should be undertaken prompt-
ly and can be done safely even in neonates [Redmond and Lodge,
2006]. Recently, Watanabe et al. [2008] described a milder case
having a VSD, bicuspid aortic valve, and progressive dilation of the
aortic root and main PA. The boy underwent a surgical correction
of the VSD at age 50 days, which resulted in mild dilation of
ascending aorta on MR angiography at age 5 years. Thus, cardiac
defects with a large left-to-right shunt, accompanied by aortic root
and/or PA dilation, in LDS patients might have to be repaired
surgically in a standard manner in neonatal periods or early infancy,
though such cases are supposed to be rare. In a large series by Loeys
et al. [2006], patients with LDS type 1 had PDA in 35% (14/40) and
ASD in 22% (9/40). Patients with PDA and a large left-to-right
shunt should undergo surgical ligation, as described in a series by
Yetman et al. [2007], and those with only ASD are unlikely to
develop a large left-to-right shunt in early infancy.
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In conclusion, we have described a patient with LDS1B, showing
neonatal-onset progressive dilation of the aortic valve and aneur-
ysms of the aortic root and PA associated with a large left-to-right
shunt via a VSD and an ASD, in addition to typical skeletal features
and mild facial dysmorphisms. Neonates with generalized hypoto-
nia, a cleft palate, inguinal herniae, musculoskeletal features such as
camptodactyly and talipes equinovarus, and/or a cardiac murmur
should be suspected to have LDS; and cardiovascular screening and
genetic testing of TGFBRI and TGFBR2 are recommended. LDS
patients with cardiac defects that lead to a large left-to-right shunt
and congestive heart failure should be considered for intracardiac
repair even in early infancy.
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Background: Although the existence of the young patients with aortic disease not fulfilling the diagnostic cri-
teria for Marfan syndrome (MFS) has been known, the etiology of their disease has not yet been elucidated. The
purpose of the present study was to elucidate the genetic and clinical features of the young patients with aortic
disease not having MFS.

Methods and Resuits: Eighty young adult patients with aortic disease were examined. They were divided into
a definite MFS (n=51) and a non-definite MFS group (n=29) according to the Ghent nosology. Clinical and genetic
characteristics were compared between the 2 groups. Among 29 non-definite MFS probands, 1 (3%) FBNT,
2 (7%) TGFBR1, and 3 (10%) TGFBAR2 mutations were found, and 4 ACTAZ mutations were found in the 23 pro-
bands examined without FBNT, TGFBR1, or TGFBR2 mutations. In total, more than 10 out of 29 (34%) probands
in the non-definite MFS group were associated with genetic mutations. Skeletal involvement was less frequent in
the non-definite than in the definite MFS group (7% vs 82%, P<0.01).

Conclusions: In the probands with aortic diseases in young who cannot be diagnosed with MFS, mutations
other than FBNT mutations accounted for at least one-third of all causes of aortic disease. (Circ J 2010; 74:

990-997)

Key Words:

develops in young patients with Marfan syndrome

(MFS), which is caused by mutations in the FBNI.!
Recently, progress in genetic analysis has revealed genetic
disorders other than FBNI mutations, such as mutations of
TGFBRI or TGFBR2, ACTA2, MYH11, and SLC2A10, which
also cause aortic disease in young patients.”~ It is often
believed that the cause of aortic disease in young patients is
MES. However, these patients cannot always be diagnosed
as MFS.

Although the existence of the young patients with aortic
disease not fulfilling the diagnostic criteria for MFS has been
known, the details of their disease have not yet been eluci-
dated. The purpose of the present study was to elucidate the
genetic and clinical features of young patients with aortic
disease not fulfilling the diagnostic criteria for MFS.

s ortic dissection or annulo-aortic ectasia (AAE) often

ACTAZ; Aortic disease; Marfan syndrome; TGFBR1, TGFBR2

Methods

Patients who were suspected of connective tissue disorders
and who consented to undergo genetic analysis (n=129) were
initially enrolled for the present study to investigate the char-
acteristics of young patients with aortic disease, such as,
aortic dissection, AAE and other forms of aortic aneurysm.
Then, patients with the following characteristics were
excluded: age <15 years (n=5), patients with relatives diag-
nosed with MFS (n=21), patients who did not have aortic
disease (n=11), patients whose aortic dissection developed
at age =50 years or whose aneurysms were found at age 250
years (n=9), and patients with aortitis that was regarded as
having other etiologies (n=3). In total, 80 young adult patients
(probands) with aortic disease who were suspected of con-
nective tissue disorders were included in the present study.
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Figure 1. Genetic mutations of FBN'1, TGFBR1, or TGFBR2 were investigated for ali 80 patients suspected of having connec-
tive tissue disorders. If no mutations could-be found in these genes, COL3AT, MYH11, SLC2A10 and ACTA2 mutations were
selectively examined according to the clinical findings. MFS, Marfan syndrome.

Genetic Features

The probands of all 80 probands were investigated for FBNI,
TGFBRI, or TGFBR2 mutations. If we could find no muta-
tions in these genes, COL3AI, MYH11, SLC2A10 and ACTA2
mutations were selectively examined according to the clini-
cal findings of each patient. A flow diagram of the investiga-
tions is shown in Figure 1.

FBNI, TGFBRI, TGFBR2, ACTA2, and SLC2A10 muta-
tions were examined using genomic DNA, which was iso-
lated from the peripheral blood leukocytes of patients and
amplified using polymerase chain reaction as described pre-
viously.® Genetic variants were screened with a denaturing
high performance liquid chromatography method and the de-
tected variations were further confirmed using direct sequenc-
ing as described previously.!*s% COL3A1 and MYH11 muta-
tions were examined using mRNA, which was obtained from
surgical tissue specimens. Therefore, we could not determine
the existence of COL3AI and MYHII mutations if the sur-
gical specimen could not be obtained.

Clinical Features Related to the Ghent Nosology

In order to determine whether the patients fulfilled the diag-
nostic criteria of MFS using the Ghent nosology, all patients
received careful assessments, including physical examina-
tion, computed tomography scanning or magnetic resonance
imaging, echocardiography, and slit-lamp examination for
ocular lesion, which covered all criteria listed in the Ghent
nosology. We defined the patients who fulfilled the Ghent
nosology as the “definite MFS group”, and the rest as “non-
definite MES group”. According to the results of these ex-
aminations, all 80 probands were divided into definite MFS
group (n=51) and non-definite MFS group (n=29).

Comparison of Probands in the Definite MFS Group and
the Non-Definite MFS Group

First, clinical features were compared between the definite
and non-definite MFS groups with respect to: (1) age, gender,
height; (2) family history of aortic dissection or sudden death
at age <50 years, or family history of suspected MFS; (3)
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Genetic mutations of FBN1, TGFBR1, or TGFBR2 were xnvesugated for each of the 51 probands with definite MFS
and 29 probands with non-definite MFS. If no mutations could be found in those genes, COL3AT, MYH11, SLC2A10, and
ACTAZ mutations were selectively examined according to the clinical findings. MFS, Marfan syndrome.

Ghent nosology. Ghent nosology included: involvement of
skeletal system such as arm-span-to-height ratio, thurnb and
wrist signs, and joint hypermobility; involvements of the car-
diovascular system, such as AAE, aortic dissection or mitral
valve prolapse; ectopia lentis; dural ectasia; involvement of
the pulmonary system, such as pneumothorax and apical
blebs in the apex; and involvement of skin system, such as
atrophic striae and recurrent hernia. Second, the genetic fea-
tures were compared between the 2 groups (Figure 2).

Specific Clinical Features in the Non-Definite MFS Group

We divided the non-definite MFS group into 2 groups, the
patients with some mutations in FBNI, TGFBRI or TGFBR?2,
ACTA2, MYHI1, SLC2A10, or COL3A1 (Mutation (+) group)
and the patients without these mutations (Mutation (-) group).
Then, we investigated specific clinical features in each group,
which were the characteristics of connective tissue disorders
other than MFS, such as Loeys-Dietz syndrome (LDS),
Ehlers-Danlos syndrome type IV, arterial tortuosity syndrome
(ATS), and thoracic aortic aneurysm and/or aortic dissection
(TAAD). The following specific features of each disease
were examined: hyperterolism; bifid uvula; aortic branch
aneurysms; squint (which were often seen in LDS); easy
bruising; thin and visible veins, (which were often seen in
Ehelers-Danlos syndrome type IV); arterial tortuosity (which
were often seen in LDS or ATS); livedo reticularis; iris floc-
culi (which were often seen in patients with ACTA2 muta-
tion); and patent ductus arteriosus (LDS and patients with
MYH1] mutations).***-!* In addition to comparing the phe-
notypes of patients with non-definite MFS with the definite

MFS group, we examined how the patients in non-definite
MFS group fulfilied each feature of Ghent criteria.

Ethical Considerations

The present study was conducted according to the articles of
the Declaration of Helsinki regarding the participation of
human subjects in clinical studies and was approved by the
Ethics Committee of the National Cardiovascular Center
(Suita, Japan). All patients gave written informed consent to
participate in the present study.

Statistical Analysis

Continuous variables were expressed as meantstandard de-
viation (SD). The Student t-test was used to analyze signifi-
cant differences in factors between the 2 groups. Differences
in percentages between the 2 groups were evaluated using
Fisher's exact test. SPSS (11.0) software (SPSS Inc, Chicago,
IL, USA) was used for all statistical analyses. A P value<0.05
was considered statistically significant.

Results

Genetic Features of Patients

For all 80 probands, mutations of FBNI, TGFBRI, and
TGFBR2 were investigated. Mutations of FBNI, TGFBRI,
and TGFBR2 were found in 48 (60%), 2 (3%), and 4 (5%)
of the probands, respectively. At the next step, COL3AI,
MYHI1, SLC2A10, and ACTA2 mutations were selectively
examined according to the clinical features among the 26
probands who did not have any mutations in FBNI, TGFBRI,
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Figure 3. The genetic mutations in
young adult probands of definite and
non-definite MFS group. MFS, Marfan

syndrome.

and TGFBR2. Mutations of ACTA2 were examined in all of
these 26 probands and 4 mutations were found. Mutations of
SLC2A10 were not found in 24 probands examined, and
there were no COL3A 1 mutations out of 9 examined, and no
MYH1I mutations out of 8 examined. As a result, at least 58
(73%) mutations among all 80 probands were associated
with aortic disease in young adults. The investigation flow
chart is shown in Figure 1.

The results of genetic analysis of FBN! did not indicate
any apparent phonotype-genotype correlation. All mutations
of TGFBRI or TGFBR2 were found in the exons corre-
sponding to the kinase domain (data not shown). Also, all of
these TGFBRI or TGFBR2 mutations but one were a mis-
sense mutations, while the nonsense mutations found were
not suggested to be a mutation causing nonsense mediated
mRNA decay (data not shown),

Comparison of the Probands in Definite and Non-Definite
MFS Groups

Genotypic Manilestations Genotypic manifestations in
each group are shown in Table 1. Among 51 probands in the
definite MFS group, 47 (92%) FBNI mutations and 1 (2%)

TGFBR2 mutations were found. ACTA2 and SLC2A10 muta-
tions were investigated in the remaining 3 probands in the
definite MFS group and no mutations were found.

Among 29 probands in the non-definite MFS group, 1
(3%) FBNI, 2 (1%) TGFBRI, and 3 (10%) TGFBR2 muta-
tions were found. In the remaining 23 probands, 4 ACTA2
mutations were found. In total, at least 10 out of 29 (34%)
probands in the non-definite MES group had genetic muta-
tions. Genetic mutations of both groups are summarized in
Figure 3.

Comparing the probands in the definite and non-definite
MFS groups, FBNI mutations were found more frequently
in the definite MFS group than in non-definite MFS group
(92% vs 3%, P<0.01). In contrast, TGFBR/I or TGFBR2 muta-
tions were found more frequently in the non-definite than in
the definite MFS group (17% vs 2%, P<0.05). ACTA2 muta-
tions were only found in the non-definite MFS group.

Phenotypic Manifestations The baseline clinical features
are shown in Table 2. Comparing the probands in the definite
and non-definite MFS groups, shorter height was observed
more frequently in the non-definite MFS group (male; 1761
6cm vs 184t6cm, P<0.01, female; 15933 cm vs 17418cm,
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Tahle 2. Bassline Clinical Features - .
' o " Definite MFS group " Non-definite MFS group
{n=51) (n=29)
Male sex (n, %) ' o " 28/(38%) 20 (63%)
Height(em) -

Male . 1g4spn 17816
Obstructive sleep apnea 2/47 (4%) 3/24 (13%) (ACTA2:1)
Aottic dissection during pregnancy _ 2p3female _ 1/8female (ACTAZ:Y)
“Family history (n, %) ' 25 (49%) T 1 (40%) o

Among Mutations (+) in each group 25/48 (52%) 7/10 (70%)

Among Mutations (-) in each group 0/3 4/19 (21%)

Data were expressed as meanzSD. **P<0.01.

Family history: family history of aortic dissection and/or sudden death at age <50 years or suspected.

Martan syndrome: ACTAZ2:1, one patient was associated with ACTAZ mutations.

Mutation (+): some mutations such as FBN1, TGFBR1, TGFBR2, ACTAZ2, were found.

Mutation (~): no mutations were found in FBN1, TGFBR1, TGFBR2, ACTA2, SLC2A10, MYH11, and COL3A1 in the
present study.

Table3. Clinical Features Rolated to Ghent Nosology .
' : Definite MFS group Non-definite MFS group'
(n=51) (n=29)

Skeletal system (n, %) ’
Skeletal Involvement 4251 (82%)"*  229(%)TGFBAZA
Arm-span-to-height ratio >1.05 10/51 (20%) 1/27 (3%) TGFBR2:1
Thumb slign and wrist sign 33/51 (85%)"* 28 A% T@FBRZ2A. . |
Joint hypermobility 26/50 (52%)** 3/25 (12%) TGFBR2:1

Cardiovascular system (n, %)

Annilo-aortic ectasia . egMg(i00%t 1427 (52%)
Type A aortic dissection 11/51 (22%) 10/29 (34%)

- Type B aortic dissection o 18B1(E5%) 128 8%)
Mitral valve prolapse 6/50 (52%)** 5/29 (17%)

Ectopla lentis (n, %) 13/50 (26%)** 0/26 (0%)

Dural ectasia (n, %) 35/51 (69%)** 4/29 (14%)

Lung involvement (n, %) 24/51 (47%) 7/29 (24%)

Skin invoivement (n, %) 44/51 (24%)** 4/25 (7%)

Data were expressed as meanzSD. **P<0.01

Skeletal involvement: fulfilling 2 major criteria of Ghent nosology or one major and 2 minor criteria.

P<0.01). In the non-definite MFS group, the height of the
patients with genetic mutations (n=10) was not significantly
different from those without genetic mutations (n=19) (male;
177t6cm vs 17626cm, female; 15832 cm vs 15943 cm). Ob-
structive sleep apnea was observed in 2 probands (2%) in the
definite MFS group and 3 probands (13%) in the non-definite
MFS group. Out of 3 probands with obstructive sleep apnea in
the non-definite MFS group, one was associated with ACTA2
mutations. Two probands in the definite MFS group and 1
proband in the non-definite MFS group presented with aortic
diseases during pregnancy, and the latter proband had ACTA2
mutations. Probands with hypertension from young age, and
steroid use were not observed in either group. Although the
number of the patients with family history of MFS or aortic
disease did not differ between the definite and non-definite
MFS group, some patients in the non-definite MFS group
with no genetic mutations identified had a family history of
MFS (4 out of 19; 21%).

Clinical features related to Ghent nosology are shown in
Table 3. The following manifestations of Ghent nosology

were less frequent in the non-definite than in the definite
MFS group: skeletal system involvement (7% vs 82%, P<
0.01); thumb sign and wrist sign (3% vs 20%, P<0.01); joint
hypermobility (12% vs 52%, P<0.01); AAE (52% vs 100%,
P<0.01); mitral valve prolapse (17% vs 52%, P<0.01);
ectopia lentis (0% vs 26%, P<0.01); dural ectasia (14% vs
69%, P<0.01); and skin involvement (7% vs 24%, P<0.01).
The genetic background of each skeletal manifestation is
also shown in Table 3. In the non-definite MFS group, Ghent
skeletal manifestations were seen in some probands. How-
ever, one particular proband with mutations in TGFBR2
gene fulfilled the criteria of “skeletal involvement”, which
means fulfilling 4 major skeletal manifestations, “arm-span-
to-height ratio >1.05”, “thumb sign and wrist sign”, and
“joint hypermobility”, while the other probands of this group
who fulfilled the skeletal criterion were not found to have
any genetic mutations.

Clinical Features in Non-Definite MFS Group
The specific clinical features of the patients in the non-defi-
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Tabled. Clinical Feature of Non-Definite MFS Group -
- - ' Mutations (+) Mutations (-)
(n=10) {(n=19)
Features often found ln the patlents with genelic mutatlons other than FBN1
Hyperterollsm "% . 1 (TGRBRI) 0
Bifid uvula (n, %) 1(TGRBR2) 0
Aortic branch aneurysm (n, %) 1 (TGRBRY) 0
Squint (n, %) 3(TGRBR2:2) 1 (FH~)
(ACTA2:1)
Arerial tortuosity (n, %) 2(TGRBR2 2(FH)
Livedo reticularis (n, %) 1(ACTA2) 0
Iris flocou (n, %) - 1{ACTA? e
Features listed in Ghent nosology
Futﬁlllngzma;or cmana f o o
Cardiovascular+ skeletal 1(TGFBR) 0
_ Cardiovascular+dural actasia o L)
Fulf illing 1 major criteria+2 mvolvement
Dural ectasia+ skin and cardiovascular involvement 0 1 (FH-)
Dural ectasia+skin and pulmonary mvolvement 0 1 (FH—) ]
Fummng 1 major critaria+ lnvokement ‘ . .
 Cardiovascular+skeletal involvemert .0 1(FH—)
Oardsovascuxanpumnmymvosvemem  1{TGFBRY) 4(FH+:1/FH-3)
Cardiovascu!ar-rskml ¥ olvement '4(7‘6?531 o ;’1 (FH+)
(Teraza) .
 (ACTAZ:Y)

Mutation (+): some mutations such as FBN1, TGFBR1, TGFBR2, ACTA2. were found.

Mutation (-): no mutations were found in FBN1, TGFBR1, TGFBR2, ACTA2, SLC2A10, MYH11 and COL3A1 in the

present study.

FH-: having no family history of aortic dissection and/or sudden death at age <50 years or suspected Marfan

syndrome.

FH+: having a family history of aortic dissection and/or sudden death at age <50 years or suspected Marfan

syndrome.

nite MFS group are shown in Table 4. Since easy bruising
and thin and visible veins were not observed in the patients
in the present study, no patient was strongly suspected of
having Ehlers-Danlos syndrome. Patent ductus arteriosus
was also not observed. Few specific skeletal features were
observed in the patients with ACTA2 mutatioris. In the Muta-
tion (~) group, only 2 patients with tortuous aorta and one
patient with squint, both without family history of MFS or
aortic disease, were observed.

In addition, the extent of fulfilling the Ghent nosology in
the non-definite MFS group is shown in Table 4. In the
Mutation (+) group, some patients with TGFBRI or TGFBR?2
mutations fulfilled some criteria. In contrast, only one patient
with ACTA2 mutations fulfilled the criterion of skin involve-
ment in addition to major criteria of cardiovascular system.
In the Mutation (-) group, few patients fulfilled the Ghent
criteria, even though some had a family history of MFS or
aortic disease

Discussion

The results of the present study demonstrated that genetic
mutations account for at least three-fourths of all causes of
aortic disease in young adults. Especially in the non-definite
MFS group, the genetic examination elucidated mutations
of TGFBRI or TGFBR2 and ACTA2 in some probands, and
genetic mutations accounted for at least one-third of all
causes of aortic disease in the probands of the non-definite
MEFS group.

Among young patients with aortic disease, MFS asso-
ciated with FBNI mutations was the most frequent cause of
aortic disease. Recently, genetic mutations other than FBN]
mutations were found in aortic disease. TGFBRI or TGFBR2
mutations are known to cause LDS, Furlong syndrome and
Shprintzen-Goldberg syndrome.”'*** Among these diseases,
phenotypic-data of LDS are well documentd.” LDS is char-
acterized by widely spaced eyes (hypertelorism), bifid uvula
and/or cleft palate, and generalized arterial tortuosity with
ascending aortic aneurysm and dissection. Although LDS
was reported as MFS 1 initially, the phenotypic manifesta-
tions are often different from MFS.? In addition, the patients
with TGFBR1 or TGFBR2 mutations do not always show the
typical phenotype of LDS.!* Therefore, we could not easily
discriminate LDS from normal individuals only by clinical
features.

ACTA2 mutations are reportedly the most common cause
of TAAD without syndromatic characteristics, and they are
responsible for 14% of TAAD, as compared with 5% and
<2% for TGFBR2 and MYH 11, respectively.»!*!7 The clinical
features of the patients with ACTA2 mutations were reported
to be livedo reticularis and iris flocculi, but they are not always
found in these patients, as we recently reported for a number
of probands with ACTA2 mutations.*™ SLC2A10 mutations
cause ATS, which is characterized by tortuousity and elon-
gation of the large and medium-sized arteries, pulmonary
arteries stenosis and aneurysm formation, often resulting in
death at young age.!! MYHII mutations are known as a cause
of TAAD with patent ductus arteriosus.® Although patients
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with mutations of ACTA2, SLC2A10 or MYH11I will develop
characteristic abnormality in the aorta, their characteristic
MFS-like features have not been described; therefore, we
could not recognize their genetic disease by their readily
observable physical features.

In the present study, FBNI mutations were found in 48 of
80 (60%) probands from patients with suspected connective
tissue disorders, who had aortic diseases at a young age,
and TGFBRI or TGFBR2 mutations were found in 6 (8%)
probands. ACTA2 mutations were detected in 4 of the 26
probands examined. In total, more than 58 (73%) young pro-
bands with aortic disease had genetic mutations. Among 29
probands in the non-definite MFS group, there was 1 (3%)
FBNI mutations and 5 (17%) TGFBRI or TGFBR2 muta-
tions. ACTA2 mutations were found in 4 of the 22 probands
examined. In total, more than 10 probands in the non-defi-
nite MFS group had genetic mutations. The remainder of
the patients may have unknown genetic mutations, acquired
factors or both. Indeed, some patients in the non-definite
MFS group with no genetic mutations identified in the pres-
ent study had a family history of MFS or aortic disease.

Acquired factors causing aortic discases have not been
fully elucidated. The causes of aortic dissection and those of
aortic aneurysm should be different, and the causes of aortic
disease in young individuals and those in old individuals
should be also different. In elder individuals, aortic diseases
were often associated with hypertension, smoking, athero-
sclerosis, and sleep apnea syndrome.!'*=*! In contrast, in young
individuals, the acquired factors causing aortic diseases are
slightly different, including hypertension from young age,
sleep apnea syndrome, pregnancy, steroid use, aortitis, etc.”*~’
In the present study, 3 cases of aortitis were observed among
the first 129 patients before exclusion of some patients.
Among the 29 probands in the non-definite MFS group, 3
obstructive sleep apnea cases including 1 with ACTA2 muta-
tions, and 1 pregnancy with ACTAZ mutations, were found.
Therefore, among the 29 probands in the non-definite MFS
group, there are only 2 probands with aortic disease in young
age whose aortic disease might be caused by acquired factors
alone. Therefore, 12 probands had genetic mutations and/or
acquired factors, and aortic disease in young age in 17 pro-
bands was still inexplicable through consideration of either
genetic mutations or acquired factors.

Patients with MFS often develop aortic discase such as
aortic dissection or AAE in young age. MFS is characterized
by phenotypic abnormalities of the skeletal, ocular, and car-
diovascular systems. Especially, skeletal abnormalities such
as tall stature with long extremities are indicative of MFS,
However, if young patients with aortic disease did not have
MES, we could not determine the cause of their aortic disease,
because the characteristic features were often not observed
in the patients with disorders other than MFS. The present
study clearly showed that not only physical examination but
also genetic study is needed to give a proper diagnosis, espe-
cially in young patients with aortic disease without MFS.

Some limitations of the present study must be taken into
account, First, COL3A1, MYH11, SLC2A10, and ACTA2 muta-
tions were not examined for all 80 probands. We studied
these mutations only in a maximum of 26 probands without
FBNI1, TGFBRI, and TGFBR2 mutations, We have identified
simultaneous two-gene mutations of FBN! and TGFBRZ in
one proband, although such double mutations seem to be
rather rare. Therefore, we suspect the incidence of ACTA2
mutations may be close to 4 out of 80 in the present study.
Although we could not determine the exact incidence of
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the mutations, it is important to note that some patients with
ACTA2 mutations can be found in the patient population with
aortic disease in young age. Second, we only showed the
general characteristics in young patients with aortic disease
without MFS. The presentation of the non-definite MFS
could be heterogeneous. They may consist of various patients
including patients with unknown genetic mutations, those
with unknown acquired factors, etc. However, the present
study showed that the non-definite MFS patients with aortic
disease at a young age possess only a few obvious character-
istic features, and it is difficult for us to discriminate them
from normal individuals. Third, the method used to search
genetic mutations in the present study might not capture all
the causative mutations.

In conclusion, genetic mutations other than FBNI muta-
tions were found in the non-definite MFS group with aortic
disease in young age, and they accounted for one-third of all
causes of aortic disease. If the etiology of aortic disease is not
clear, we recommend genetic analysis with ethical consid-
erations because these patients do not often exhibit charac-
teristic features of MFS.
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