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Summary

Disease characteristics. Loeys-Dietz syndrome (LDS) is characterized by vascular findings
(cerebral, thoracic, and abdominal arterial aneurysms and/or dissections) and skeletal
manifestations (pectus excavatum or pectus carinatum, scoliosis, joint laxity, arachnodactyly,
talipes equinovarus). Approximately 75% of affected individuals have LDS type I with
craniofacial manifestations (ocular hypertelorism, bifid uvula/cleft palate, craniosynostosis);
approximately 25% have LDS type II with cutaneous manifestations (velvety and translucent
skin; easy bruising; widened, atrophic scars). LDSI and LDSII form a clinical continuum. The
natural history of LDS is characterized by aggressive arterial aneurysms (mean age at death
26.1 years) and high incidence of pregnancy-related complications including death and uterine
rupture.

Diagnosis/testing. The diagnosis of LDS is based on characteristic clinical findings in the
proband and family members and molecular genetic testing of 7TGFBRI and TGFBR2, the only
two genes known to be associated with LDS. Such testing is available on a clinical basis. No
differences in phenotype are observed between individuals with mutations in TGFBR1 and
TGFBR2.

Management. Treatment of manifestations: Important considerations when managing
cardiovascular features of LDS: aortic dissection occurs at smaller aortic diameters than
observed in Marfan syndrome; vascular disease is not limited to the aortic root; beta-adrenergic
blockers or other medications are used to reduce hemodynamic stress; and aneurysms are
amenable to early and aggressive surgical intervention. Surgical fixation of cervical spine
instability may be necessary to prevent spinal cord damage. Standard treatment of club feet
and severe pes planus. Standard treatment of cleft palate and craniosynostosis; management
by a craniofacial team is preferred. Prevention of secondary complications: Consider subacute
bacterial endocarditis (SBE) prophylaxis in those undergoing dental work or other procedures
expected to contaminate the bloodstream with bacteria. Surveillance: All individuals with LDS
require echocardiography at frequent intervals to monitor the status of the ascending aorta; the
frequency of magnetic resonance angiography (MRA) or computerized tomography
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angiography (CTA) evaluation depends on clinical findings. Individuals with cervical spine
instability and severe or progressive scoliosis should be followed by an orthopedist. Agents/
circumstances to avoid: contact sports, competitive sports, and isometric exercise; agents that
stimulate the cardiovascular system including routine use of decongestants; activities that cause
joint injury or pain. Testing of relatives at risk: 1f the causal TGFBR1 or TGFBR2 mutation is
known in the proband, molecular genetic testing can be used to clarify genetic status of family
members at risk; if the mutation is not known, relatives at risk should be evaluated for signs
of LDS, including echocardiography and extensive vascular imaging if findings suggest LDS
or if findings were subtle in the index case.
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Genetic counseling. LDS is inherited in an autosomal dominant manner. Approximately 25%
of individuals diagnosed with LDS have an affected parent; approximately 75% of probands
have LDS as the result of a de novo gene mutation. Each child of an individual with LDS has
a 50% chance of inheriting the mutation and the disorder. Prenatal diagnosis for pregnancies
at increased risk for LDS is possible if the disease-causing mutation in the family is known.

Diagnosis
Clinical Diagnosis

Loeys-Dietz syndrome (LDS) is characterized by four major groups of clinical findings that
include the following [Loeys et al 2005]:

Vascular
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Dilatation or dissection of the aorta. Aortic root dilation is present in more than
95% of probands.

Other arterial aneurysms and tortuosity. Evaluation is best done with magnetic
resonance angiography (MRA) or CT scan with 3D reconstruction from head to pelvis
to identify arterial aneurysms and arterial tortuosity throughout the arterial tree.

Note: Approximately 50% of individuals with LDS studied had an aneurysm distant
from the aortic root that would not have been detected by echocardiography.

Skeletal

Pectus excavatum or pectus carinatum
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Scoliosis

Joint laxity
Arachnodactyly
Talipes equinovarus

Craniofacial

Ocular hypertelorism

Bifid uvula/cleft palate

Craniosynostosis, in which all sutures can be involved: most commonly the sagittal
suture (resulting in dolichocephaly), but also the coronal suture (resulting in
brachycephaly) and metopic suture (resulting in trigonocephaly)
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Cutaneous. In persons without craniofacial features, important cutaneous findings include
the following:

Translucent skin

GeneReviews: Loeys-Dietz Syndrome



ETENENETS)

@)
o)
=
@
Py
)
<.
@
3
(2]

NEENETET

ETENETETS)

Page 3

Easy bruising
Dystrophic scars

Two clinical presentations were initially identified. It is now recognized that LDS is a
continuum that includes the following:

LDS type I (~75% of individuals) with vascular, skeletal, and craniofacial findings

LDS type II (~25% of individuals) with vascular, skeletal, and cutaneous findings

Note: (1) Minimal diagnostic criteria have not been established. (2) Molecular genetic testing
of TGFBRI1 and TGFBR? plays an important role in diagnosis.

Molecular Genetic Testing

GeneReviews designates a molecular genetic test as clinically available only if the test is listed
in the GeneTests Laboratory Directory by either a US CLIA-licensed laboratory or a non-US
clinical laboratory. GeneTests does not verify laboratory-submitted information or warrant
any aspect of a laboratory's licensure or performance. Clinicians must communicate directly
with the laboratories to verify information.—ED.

Genes. TGFBRI and TGFBR? (transforming growth factor beta receptor genes 1 and 2) are
the genes known to harbor mutations in individuals with LDS.

Note: No differences in phenotype are observed between individuals with mutations in
TGFBRI and TGFBR2.

Clinical testing

Sequence analysis. More than 95% of individuals with findings typical of LDS
(arterial tortuosity/aortic aneurysm, ocular hypertelorism, bifid uvula, and translucent
skin) have a TGFBR1 or TGFBR2 mutation [Author, personal observation].

Deletion analysis. Deletion testing using a variety of methods to detect exonic,
multiexonic, and whole-gene deletions for TGFBRI and TGFBR? is available on a
clinical basis. Mutation detection frequency by deletion analysis is as yet unknown.

Note: To date, the authors have not identified TGFBRI or TGFBR?2 deletions in
individuals with LDS [personal observation].

Table 1 summarizes molecular genetic testing for this disorder.

Table 1. Molecular Genetic Testing Used in Loeys-Dietz Syndrome

Proportion of LDS Attributed to Mutation Detection Frequency
Mutations in This Gene Test Method by Test Method

TGFBRI ~25% Sequence analysis 95% Clinical § "Fgg TN
Sequence analysis 95% .
TGFBR2 ~75% Clinical § "Tig5XIN

Gene Symbol Test Availability

Deletion analysis ! Unknown

1. Use of a variety of techniques to detect exonic, multiexonic, or whole-gene deletions

Interpretation of test results. For issues to consider in interpretation of sequence analysis
results, click here.

Testing Strategy

Confirmation of the diagnosis in a proband relies on identification of a disease-causing
mutation:

GeneReviews: Loeys-Dietz Syndrome
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Molecular genetic testing can begin with sequence analysis of TGFBR2, which
accounts for approximately 75% of causative mutations.

If no TGFBR2 mutation is identified, TGFBR1, which accounts for approximately
25% of causative mutations, can be sequenced.

Predictive testing for at-risk asymptomatic adult family members requires prior identification
of the disease-causing mutation in the family.

Prenatal diagnosis and preimplantation genetic diagnosis (PGD) for at-risk pregnancies
require prior identification of the disease-causing mutation in the family.
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Genetically Related (Allelic) Disorders

A number of disorders have been thought to be caused by mutations in TGFBRI or TGFBR2
(see Differential Diagnosis). To date, however, mutations in the two genes have only been
associated with LDS.

Clinical Description

Natural History

The clinical and molecular characterization of 52 families with TGFBRI and TGFBR?2
mutations has been described [Loeys et al 2006]. Approximately 75% had Loeys-Dietz
syndrome type 1 (LDS type I) with typical vascular, skeletal, and craniofacial manifestations.
Approximately 25% had LDS type II with typical vascular, skeletal, and cutaneous
manifestations including velvety and translucent skin, easy bruising, widened atrophic scars;
uterine rupture; and arterial aneurysms/dissections within the cerebral, thoracic, and abdominal
vascular trees. The current belief that LDS types I and II are part of a clinical continuum is
supported by the observation that identical mutations can lead to LDS type I or type II.
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The natural history of LDS types I and II is characterized by aggressive arterial aneurysms
(mean age at death 26.1 years) and high incidence of pregnancy-related complications
including death and uterine rupture (6/11 pregnant women). Individuals with LDS type I had
earlier cardiovascular surgery (13.0 vs. 26.9 years) and death (22.1 vs. 31.8 years) compared
to those with LDS type II. Of the 54 vascular surgeries in the cohort of 52 individuals with
LDS, the one intraoperative mortality represented a much lower rate than that in EDS, vascular
type [Loeys et al 2006]. Although these figures may be somewhat biased by the clinical severity
of individuals initially ascertained as having LDS, catastrophic complications of pregnancy
have also been observed in women at the milder end of the clinical spectrum.

NEENETET

Cardiovascular. The major sources of morbidity and early mortality in LDS are dilatation of
the aorta at the level of the sinuses of Valsalva, a predisposition for aortic dissection and rupture,
mitral valve prolapse (MVP) with or without regurgitation, and enlargement of the proximal
pulmonary artery. The arterial involvement is widespread and arterial tortuosity is present in
most individuals with a TGFBRI or TGFBR2 mutation. Most affected individuals have
multiple arterial anomalies.

Aortic dissection has been observed in early childhood (age >6 months) and/or at aortic
dimensions that do not confer risk in other connective tissue disorders such as Marfan
syndrome.

SMaIASYBUS5)

Arterial tortuosity can be generalized but most commonly involves the head and neck vessels.
Vertebral and carotid artery dissection and cerebral bleeding have been described; however,
isolated carotid artery dissection in the absence of aortic root involvement has not been
observed.

GeneReviews: Loeys-Dietz Syndrome
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Arterial aneurysms have been observed in almost all side branches of the aorta including (but
not limited to) the subclavian, renal, superior mesenteric, hepatic, and coronary arteries.

Other recurrent findings include patent ductus arteriosus, atrial septal defects, and bicuspid
aortic valve. Although all of these findings are common in the general population, the incidence
in LDS exceeds by at least five times that seen in the general population.

MVP with mitral regurgitation has been observed in individuals with LDS, although far less
frequently than in Marfan syndrome.

Aortic histopathology. Histologic examination of aortic tissue reveals fragmentation of
elastic fibers, loss of elastin content, and accumulation of amorphous matrix components in
the aortic media. Structural analysis shows loss of the intimate spatial association between
elastin deposits and vascular smooth muscle cells and a marked excess of aortic wall collagen.
These characteristics are observed in young children and in the absence of inflammation,
suggesting a severe defect in elastogenesis rather than secondary elastic fiber destruction. This
picture of cystic medial necrosis does not distinguish LDS from other causes of aortic
aneurysm.

Skeletal. The skeletal findings are characterized by Marfan syndrome-like skeletal features
and joint laxity or contractures:

Skeletal overgrowth in LDS is less pronounced than in Marfan syndrome and usually
affects the digits more prominently than the long bones.

Arachnodactyly is present in some, but true dolichostenomelia (leading to an increase
in the arm span-to-height ratio and a decrease in the upper-to-lower segment ratio) is
less common in LDS than in Marfan syndrome.

Combined thumb and wrist signs were present in one-third of individuals with LDS.

Note: (1) The Walker-Murdoch wrist sign is the overlapping of the complete distal
phalanx of the thumb and fifth finger when wrapped around the opposite wrist. (2)
The "thumb sign" (Steinberg) is an extension of the entire distal phalanx of the thumb
beyond the ulnar border of the hand when apposed across the palm.

Overgrowth of the ribs can push the sternum in (pectus excavatum) or out (pectus
carinatum).

Joint hypermobility is common and can include congenital hip dislocation and recurrent joint
subluxations. Paradoxically, some individuals can show reduced joint mobility, especially of
the hands (camptodactyly) and feet (club feet).

Musculoskeletal findings, including hypotonia, have been observed in neonates with LDS
[Yetman et al 2007].

Spine anomalies, including congenital malformations of the cervical vertebrae and cervical
spine instability, are common, especially in individuals with more severe craniofacial features.
Preliminary data suggest that at least about one-third of affected individuals have structural
cervical spine anomalies and at least 50% have cervical spine instability.

Other skeletal findings:

Spondylolisthesis and scoliosis can be mild or severe and progressive.

Acetabular protrusion, present in one-third of individuals, is usually mild; however,
it can be associated with pain or functional limitations.

GeneReviews: Loeys-Dietz Syndrome



Page 6

Pes planus, often associated with inward rotation at the ankle, contributes to difficulty
with ambulation, leg fatigue, and muscle cramps.

Preliminary evidence suggests that individuals with LDS have an increased incidence of
osteoporosis with increased fracture incidence and delayed bone healing.

Craniofacial. In its most typical presentation, LDS presents with ocular hypertelorism and
craniosynostosis. Craniosynostosis most commonly involves premature fusion of the sagittal
suture (resulting in dolichocephaly). Coronal suture synostosis (resulting in brachycephaly)
and metopic suture synostosis (resulting in trigonocephaly) have also been described.

Bifid uvula is considered the mildest expression of a cleft palate. Sometimes the uvula has an
unusual broad appearance with or without a midline raphe.

EENETETS)

Other craniofacial characteristics include malar flattening and retrognathia.

Skin. The skin findings, similar to those seen in vascular Ehlers-Danlos syndrome (see
Differential Diagnosis), include velvety, thin, translucent skin with visible veins on the chest
wall, easy bruising (other than on the lower legs), and slower scar formation and dystrophic
scarring.

Eye. Myopia is less frequent and less severe than that seen in Marfan syndrome. Significant
refractive errors can lead to amblyopia. Retinal detachment has been reported rarely. Other
common ocular features include strabismus and blue sclerae. Ectopia lentis is not observed.
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Other. Life-threatening manifestations include spontaneous rupture of the spleen and bowel,
and uterine rupture during pregnancy.

The two most common neuroradiologic findings are dural ectasia (the precise incidence of
which is unknown, as only a minority of affected individuals have undergone appropriate
examination), and Arnold-Chiari type I malformation, which may be relatively rare.

A minority of affected individuals have developmental delay. When present, developmental
delay is most often associated with craniosynostosis and/or hydrocephalus, suggesting that
learning disability is an extremely rare primary manifestation of LDS.

Less common associated findings requiring further exploration include submandibular
branchial cysts and defective tooth enamel.

NEENETET

Pregnancy. Pregnancy can be dangerous for women with LDS. Complications include aortic
dissection/rupture or uterine rupture during pregnancy and delivery, or aortic dissection/rupture
in the immediate postpartum period.

Genotype-Phenotype Correlations

Few genotype-phenotype correlations exist in LDS. The current belief that LDS type I and II
are part of a clinical continuum suggests that modifying genetic or stochastic factors govern
phenotypic expression.

No differences in phenotype are observed between individuals with mutations in 7TGFBRI and
TGFBR?2 and no apparent phenotype-genotype correlations explain the distinction between
LDS type I and LDS type II.
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Mutations cluster in the intracellular part of both receptors (serine-threonine kinase domains).
Few mutations have been described in the extracellular domain.

GeneReviews: Loeys-Dietz Syndrome
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Penetrance

Anticipation
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Most mutations are missense mutations that substitute highly conserved amino acids of either
receptor. However, a splice-site mutation in the extracellular domain and a nonsense mutation
in the penultimate exon, predicted to generate a stable transcript but a protein product lacking
the terminal half of the kinase domain, lead to LDS phenotypes that are indistinguishable from
those associated with missense mutations.

No differences are apparent between the mutations that the authors and others have found in
persons with LDS versus those described as causing typical Marfan syndrome or familial
thoracic aortic aneurysm and dissection (FTAAD). Indeed, many of the identical mutations
described as causing Marfan syndrome or FTAAD were found in persons with typical LDS
type I or LDS type II [Loeys et al 2006, unpublished datal].

Intrafamilial clinical variability has been described and rare examples of non-penetrance in
LDS have been documented. In one case, this was related to somatic mosaicism; in another,
no evidence for mosaicism was observed.

Intrafamilial variability likely relates to genetic modification; genes encoding factors that
regulate TGFp signaling are excellent candidates for sites of modifying variation.

Anticipation has not been observed in LDS.

Nomenclature

Prevalence

Marfan syndrome type 2 (MFS2). Some confusion exists in the current literature regarding
use of the term "Marfan syndrome, type 2" (MFS2). An opinion expressed by others and shared
by the authors is that the term "LDS" (rather than "MFS2") most efficiently conveys the
following information to health care providers [Arbustini et al 2006]:

The term MFS2 was initially applied by Mizuguchi et al (2004) to describe individuals
with "classic" Marfan syndrome caused by mutations in 7TGFBR2. At the time of this
report other discriminating features of LDS had not been described.

Genotyping of 93 individuals presenting with classic Marfan syndrome identified
FBNI mutations in 86 (93%); none of the remainder had mutations in either
TGFBRI or TGFBR?2 [Loeys et al 2004, Loeys et al 2005]. (See Marfan Syndrome.)

In the authors' experience, no individual with a 7TGFBR1 or TGFBR2 mutation has
had clinical manifestations diagnostic of Marfan syndrome [Loeys et al 2006; authors,
personal observation].

Consensus is emerging that all individuals with TGFBRI or TGFBR2 mutations have
amore aggressive vascular course than that observed in Marfan syndrome with routine
involvement of vascular segments distant from the aortic root.

The prevalence of LDS is unknown. No apparent enrichment in any ethnic or racial group and
no gender preference have been reported.

Differential Diagnosis

For current information on availability of genetic testing for disorders included in this section,
see GeneTests Laboratory Directory. —ED.

GeneReviews: Loeys-Dietz Syndrome
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The clinical and molecular characterization of 52 families with TGFBRI and TGFBR2
mutations has been described [Loeys et al 2006]:

Approximately 75% had Loeys-Dietz syndrome type 1 (LDS type 1) with typical
vascular, skeletal, and craniofacial manifestations of LDS. Virtually all had clinical
features distinct from those of MFS and familial thoracic arterial aneurysms (FTAA),
including ocular hypertelorism, cleft palate/bifid uvula, arterial tortuosity, aneurysms
beyond the aortic root, skin abnormalities, and craniosynostosis.

Approximately 25% had LDS type II with cutaneous features similar to vascular
Ehlers-Danlos syndrome (EDS), i.e., velvety and translucent skin, easy bruising,
widened atrophic scars, uterine rupture, and arterial aneurysms/dissections within the
cerebral, thoracic, and abdominal circulations.
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Syndromic Forms of Thoracic Aortic Aneurysms

Marfan syndrome is a systemic disorder with a high degree of clinical variability. Cardinal
manifestations involve the ocular, skeletal, and cardiovascular systems [Judge et al 2005].
FBNI mutations associate with a broad phenotypic continuum, ranging from isolated features
of Marfan syndrome [Dietz et al 1991] to neonatal presentation of severe and rapidly
progressive disease in multiple organ systems. Myopia is the most common ocular feature;
displacement of the lens from the center of the pupil, seen in approximately 60% of affected
individuals, is a hallmark feature. People with Marfan syndrome are at increased risk for retinal
detachment, glaucoma, and early cataract formation. Skeletal involvement is characterized by
bone overgrowth and joint laxity. The extremities are disproportionately long for the size of
the trunk (dolichostenomelia). Overgrowth of the ribs can push the sternum in (pectus
excavatum) or out (pectus carinatum). Scoliosis is common and can be mild or severe and
progressive. The major sources of morbidity and early mortality in the Marfan syndrome relate
to the cardiovascular system. Cardiovascular manifestations include dilatation of the aorta at
the level of the sinuses of Valsalva, a predisposition for aortic tear and rupture, mitral valve
prolapse with or without regurgitation, tricuspid valve prolapse, and enlargement of the
proximal pulmonary artery. With proper management, the life expectancy of someone with
Marfan syndrome approximates that of the general population.
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Molecular genetic testing of FBN1, the only gene known to be associated with Marfan
syndrome, detects mutations in 70%-93% of probands. Inheritance is autosomal dominant.
About one-third of individuals have a de novo mutation.

NEENETET

MASS phenotype is characterized by mitral valve prolapse, myopia, borderline and non-
progressive aortic enlargement, and nonspecific skin and skeletal findings that overlap with
those seen in Marfan syndrome. One is most confident in this diagnosis when concordant
manifestations are seen in multiple generations in a given family. However, some individuals
in such a family could be predisposed to more severe vascular involvement, and thus a regimen
of intermittent cardiovascular imaging should be maintained. It is difficult to distinguish MASS
phenotype from "emerging" Marfan syndrome when assessing a simplex case (i.e., single
occurrence in a family), especially during childhood. Heterozygous mutations in FBN/ can be
causative. Inheritance is autosomal dominant.

Shprintzen-Goldberg syndrome (SGS) is characterized by craniosynostosis (involving the
coronal, sagittal, or lambdoid sutures), distinctive craniofacial features, skeletal changes
(dolichostenomelia, arachnodactyly, camptodactyly, pes planus, pectus excavatum or
carinatum, scoliosis, joint hypermobility, or contractures), neurologic abnormalities, mild-to-
moderate intellectual disability, and brain anomalies (hydrocephalus, dilatation of the lateral
ventricles, and Chiari 1 malformation). Cardiovascular anomalies (mitral valve prolapse, mitral
regurgitation, and aortic regurgitation) may occur, but aortic root dilatation is most likely not
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found. Minimal subcutaneous fat, abdominal wall defects, cryptorchidism in males, and
myopia are also characteristic findings.

The diagnosis of Shprintzen-Goldberg syndrome is suspected in individuals with characteristic
clinical findings and radiographic findings showing C1-C2 abnormality, wide anterior
fontanel, thin ribs, 13 pairs of ribs, square-shaped vertebral bodies, and osteopenia. The
causative gene is unknown. Molecular analysis of a series of individuals with typical SGS did
not reveal mutations in the TGFBRI or TGFBR2 [Loeys et al 2005]. Inheritance is unknown.

Discriminating factors, characteristic of LDS but rare or absent in SGS, include aortic
aneurysm/dissection, arterial tortuosity, cleft palate/bifid uvula, and prominent skin
manifestations. Another distinguishing feature of LDS is the low incidence of developmental
delay.

Note: A patient reported with SGS by Kosaki et al (2006) was felt to have LDS based on the
presence of arterial tortuosity and a bifid uvula [Robinson et al 2006].

The Ehlers-Danlos syndromes (EDS) are a heterogeneous group of disorders that are
currently classified according to the Villefranche nosology [Beighton et al 1998], in which the
former numbered classification system has been replaced by one that describes the major
clinical symptoms. The former types I/IL, III, IV, and VI are now called the classic,
hypermobile, vascular, and kyphoscoliotic type of EDS, respectively.

EDS, classic type is often caused by mutations in the genes encoding for type V
collagen (COL5A1, COL5A2); tenascin X (TNX); and, rarely, type I collagen
(COLIAI). A proportion of individuals with EDS, classic type and EDS,
hypermobility type have had aortic root enlargement, but progression of the
dilatation associated with these diseases or a predisposition for aortic dissection has
not been established [Wenstrup et al 2002]. Arguing against the progressive nature
of these aortic dilatations is the absence of a history of sudden death in individuals
with these disorders.

EDS, vascular type (EDS IV) is characterized by thin, translucent skin, easy bruising,
characteristic facial appearance, and arterial, intestinal, and/or uterine fragility [Pepin
et al 2000]. Vascular rupture or dissection and gastrointestinal perforation or organ
rupture are the presenting signs in 70% of adults. Arterial rupture may be preceded
by aneurysm, arteriovenous fistulae, or dissection, or it may occur spontaneously.
Neonates may present with clubfoot and/or congenital dislocation of the hips. In
childhood, inguinal hernia, pneumothorax, and recurrent joint dislocation or
subluxation are common. The median age of death is 48 years.

The diagnosis of EDS, vascular type is based on clinical findings and confirmed by
abnormal type III collagen biosynthesis and/or identification of a disease-causing
mutation in COL3A41, the only gene known to be associated with EDS, vascular type.
Inheritance is autosomal dominant.

In individuals with a clinical suspicion of EDS, vascular type, normal collagen
biochemistry, and absence of COL34 [ mutations, the diagnosis of LDS type II should
be considered and molecular analysis of the TGFBRI and TGFBR?2 genes should be
performed.

Arginine-to-cysteine mutations in COLIA41 have been identified in a recently
described subset of affected individuals who typically present with aneurysms of the
abdominal aorta and iliac arteries reminiscent of vascular EDS. Distinct abnormalities
on collagen electrophoresis are observed [Malfait et al 2007].

GeneReviews: Loeys-Dietz Syndrome
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EDS, valvular type, caused by mutations in COL1A2, is an autosomal recessive form
of EDS with joint hypermobility, skin hyperextensibility, and severe cardiac valvular
defects [Schwarze et al 2004].

EDS, kyphoscoliotic form (EDS VI) is a generalized connective tissue disorder
characterized by kyphoscoliosis, joint laxity, muscle hypotonia, and, in some
individuals, ocular problems. Intelligence is normal; life span may be normal, but
affected individuals are at risk for rupture of medium-sized arteries and respiratory
compromise if kyphoscoliosis is severe. Aortic dilation and rupture can also be seen.

EDS, kyphoscoliotic form is caused by deficient activity of the enzyme procollagen-
lysine, 2-oxoglutarate 5-dioxygenase 1 (PLOD1: lysyl hydroxylase 1). The diagnosis
of EDS, kyphoscoliotic form relies on the demonstration of an increased ratio of
deoxypyridinoline to pyridinoline crosslinks in urine measured by HPLC, a highly
sensitive and specific test. Assay of lysyl hydroxylase enzyme activity in skin
fibroblasts is also available. Mutations in PLOD, the gene encoding the enzyme lysyl
hydroxylase 1, are causative. Inheritance is autosomal recessive.

EENETETS)

Congenital contractural arachnodactyly (CCA) is characterized by a Marfan-like
appearance (tall, slender habitus in which arm span exceeds height) and long, slender fingers
and toes (arachnodactyly). Most affected individuals have "crumpled" ears that present as a
folded upper helix of the external ear; most have contractures of major joints (knees and ankles)
at birth. The proximal interphalangeal joints also have flexion contractures (i.e.,
camptodactyly), as do the toes. Hip contractures, adducted thumbs, and club foot may occur.
The majority of affected individuals have muscular hypoplasia. Contractures usually improve
with time. Kyphosis/scoliosis is present in about half of all affected individuals. It begins as
early as infancy, is progressive, and causes the greatest morbidity in CCA. Progressive
enlargement of the ascending aorta at the sinuses of Valsalva has been reported, but there is
no evidence that the aortic dilatation progresses to dissection or rupture [Gupta et al 2002].
Infants have been observed with a severe/lethal form characterized by multiple cardiovascular
and gastrointestinal anomalies in addition to the typical skeletal findings.
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CCA is diagnosed on the basis of clinical findings. FBN2, the gene encoding the extracellular
matrix microfibril fibrillin 2, is the only gene known to be associated with CCA [Putnam et al
1995]. Inheritance is autosomal dominant.

Arterial tortuosity syndrome (ATS) is a rare autosomal recessive connective tissue disorder,
mainly characterized by severe tortuosity, stenosis, and aneurysms of the aorta and middle-
sized arteries [Wessels et al 2004]. In addition, skeletal and skin involvement is common. The
underlying genetic defect is homozygosity for loss-of-function mutations in SLC2410, the gene
encoding the facilitative glucose transporter GLUT10 [Coucke et al 2006]. Although it is a
surprising finding that a glucose transporter defect causes abnormal arterial patterning,
additional studies indicated upregulation of the TGFp signaling pathway [Coucke et al 2006],
consistent with the pathophysiology in LDS and Marfan syndrome.

NEENETET

Other Syndromes Associated with Ascending Aortic Aneurysms

Turner syndrome, one of the most common sex chromosome aneuploidy syndromes, is
caused by the loss of one of the X chromosomes (45,X). The most important phenotypic
features are short stature, gonadal dysgenesis, neck webbing, and an increased incidence of
renal and cardiovascular abnormalities. The latter include bicuspid aortic valve (BAV),
coarctation of the aorta, and thoracic aortic aneurysms. Aortic root dilation is observed in up
to 40% of women with Turner syndrome but the frequency with which it leads to aortic
dissection is unknown. Current health surveillance recommendations for Turner syndrome
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include echocardiography or MRI for evaluation of the diameter of the aortic root and ascending
aorta at least every five years.

Noonan syndrome is characterized by short stature; congenital heart defect; broad or webbed
neck; unusual chest shape with superior pectus carinatum, inferior pectus excavatum, and
apparently low-set nipples; developmental delay of variable degree; cryptorchidism; and
characteristic facies. Varied coagulation defects and lymphatic dysplasias are frequently
observed. Congenital heart disease occurs in 50%-80% of affected individuals. Pulmonary
valve stenosis, often with dysplasia, is the most common heart defect and is found in 20%-50%
of affected individuals. Hypertrophic cardiomyopathy, found in 20%-30% of affected
individuals, may be present at birth or appear in infancy or childhood. Other structural defects
frequently observed include atrial and ventricular septal defects, branch pulmonary artery
stenosis, and tetralogy of Fallot. Rarely, aortic aneurysms have been described. Mild
intellectual disability is seen in up to one-third of affected individuals. Ocular abnormalities,
including strabismus, refractive errors, amblyopia, and nystagmus, occur in up to 95% of
affected individuals.

EENETETS)

Diagnosis of Noonan syndrome is made on clinical grounds. PTPN11, KRAS, and SOS! are
the three genes known to be associated with the disorder. Mutations in these genes account for
50%, fewer than 5%, and approximately 10% of affected individuals, respectively. Inheritance
is autosomal dominant.

Cutis laxa. Autosomal dominant cutis laxa (ADCL) was historically considered a strictly
cutaneous disorder without systemic involvement, in contrast to autosomal recessive cutis laxa
(ARCL), which is associated with high morbidity and mortality resulting from pulmonary
emphysema and aortic aneurysms:
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Heterozygous mutations in the elastin gene (ELN) cause ADCL. However, it is now
known that persons with ELN mutations can also have aortic aneurysms that require
aortic root replacement or lead to aortic rupture in early adulthood. The aortic
pathology of these aneurysms was indistinguishable from that seen in Marfan
syndrome. It remains to be seen whether ELN is mutated in persons with TAAD
[Urban et al 2005].

Mutations in the gene encoding fibulin-4 cause ARCL with arterial tortuosity and a
predisposition for aneurysms and dissections [Hucthagowder et al 2006].

NEENETET

Mutations in the gene encoding fibulin-5 also cause ARCL with typical skin and
pulmonary manifestations (emphysema) and arterial tortuosity, but not aneurysms
[Loeys et al 2002].

Nonsyndromic Familial Thoracic Aortic Aneurysms and Dissections

Bicuspid aortic valve with thoracic aortic aneurysm (BAV/TAA). Many cases of a dilated
ascending aorta are associated with an underlying BAV. A bicuspid aortic valve is present in
1%-2% of the general population. Among persons with aortic dissection detected at
postmortem examination, 8% have BAVs. Histologic studies show elastin degradation and
cystic medial necrosis in the aorta above the valve. For a long time, it was believed that the
aneurysms were caused by "post-stenotic dilatation" of the ascending aorta. However,
echocardiography of young persons with normally functioning BAVs shows that aortic root
dilatation is common (52%) [Nistri et al 1999]. Importantly, the aortic dilation often occurs
above the sinuses of Valsalva.

SMaIASYBUS5)

BAVs cluster in families and are found in 9% of first-degree relatives of affected individuals.
Family members of probands with BAV and aneurysm can show aneurysm and dissection in
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the absence of the accompanying valve abnormality, suggesting that both BAV and aneurysm
represent primary manifestations of the underlying gene defect [Loscalzo et al 2007]. In family
studies, reduced penetrance is common.

Thus far, mutations have been identified in NOTCHI and KCNJ2 in rare individuals with
additional congenital cardiac malformations. NOTCH I mutations appear specific to
individuals and families with significant valve calcification and stenosis, findings not observed
in most families with BAV/TAA. Linkage analysis suggests genetic heterogeneity with loci
identified on chromosomes 18q, 5q, and 13q [Martin et al 2007].

Persistent patent ductus arteriosus with thoracic aortic aneurysm (PDA/TAA). A recent
report describing a single large family with 179 members that have a high incidence of TAAD
in conjunction with PDA suggests that a novel genetic defect underlies both vascular conditions
in this family. Linkage analysis excluded all known genes or loci implicated in familial TAAD
or autosomal recessive PDA. The disease was mapped to chromosome 16p12 [Khau Van Kien
etal 2005]. The causal gene is MYH1 1, encoding the myosin heavy chain protein 11, a specific
contractile protein of smooth muscle cells. The structural defect leads to lower aortic
compliance, smooth muscle cell loss, and elastolysis, but the precise pathophysiology remains
unclear [Zhu et al 2006].

Fibromuscular dysplasia (FMD) is a nonatherosclerotic, noninflammatory vascular disease
that can affect almost every artery, but most frequently affects the renal and internal carotid
arteries. Most commonly, medial hyperplasia leads to a classic "strings of beads" stenotic
arterial appearance. Macro-aneurysms and dissections are complications. It is possible that
genetic factors play a role in the pathogenesis: the disease is observed among the first-degree
relatives of persons with fibromuscular dysplasia of the renal arteries.

Familial thoracic aortic aneurym/dissection (FTAAD). Cardiovascular manifestations of
FTAAD include the following:

Dilatation of the aorta at the level of either the ascending aorta or the sinuses of
Valsalva

Aneurysms and dissections of the thoracic aorta involving either the ascending or
descending aorta

TAAD is diagnosed based on the presence of dilatation and/or dissection of the thoracic aorta,
absence of Marfan syndrome and other connective tissue abnormalities, and presence of a
positive family history.

Cardiovascular manifestations are usually the only findings. Affected individuals typically
have progressive enlargement of the ascending aorta leading to either aortic dissection
involving the ascending aorta (type A dissection) or consequent tear or rupture. The onset and
rate of progression of aortic dilatation is highly variable; however, persons with familial TAAD
present with aortic disease at a mean age of 56.8 years, which is younger than that for sporadic
TAAD (64.3 years), but significantly older than that for Marfan syndrome (24.8 years) [Coady
etal 1999]:

TAADI was the first locus to be mapped. In a study of 15 families in which TAAD
segregated in an autosomal dominant manner with reduced penetrance, nine showed
linkage to 5q13-q14 [Guo et al 2001]. TAAD! has been confirmed as a major
predisposition locus for TAAD by a subsequent study in which seven of 11 Finnish
families showed linkage to the same locus [Kakko et al 2003].

FAAI was the second locus to be mapped. A single large family showed linkage to
11g23-q24 [Vaughan et al 2001]. In contrast to TAAD1, the disease associated with

GeneReviews: Loeys-Dietz Syndrome



EENETETS)

@)
o)
=
@
Py
)
<.
@
3
(2]

NEENETET

SMaIASYBUS5)

Management

Page 13

FAAI is characterized by a more diffuse vascular disease, with aneurysms affecting
both the thoracic and abdominal aorta as well as other arteries.

TAAD?2, the third locus to be mapped (3p24-p25) [Hasham et al 2003], is now known
to be TGFBR?2 [Pannu et al 2005]. TGFBR2 mutations all affecting the same codon
(Arg460His and Arg460Cys) were found in four of 80 unrelated families with familial
TAAD. Although the majority of vascular disease in these families involved
ascending aortic aneurysms leading to type A dissections, affected family members
also had characteristic findings of LDS including descending aortic disease and
aneurysms of other arteries (e.g., cerebral, carotid, and popliteal arteries) and other
connective tissue findings (e.g., pectus deformity and joint hypermobility).
Furthermore, the identical TGFBR2 mutations reported in FTAAD have been
observed in multiple families with typical features of LDS [Loeys et al 2006; authors,
unpublished data]. Currently, it is unclear whether a TGFBR2 mutation can lead to
an isolated aortic aneurysm phenotype (i.e., FTAAD); thus, use of the term FTAAD
to refer to families with TAAD and a TGFBR2 mutation does not seem appropriate.

Mutations in ACTA2, encoding for the smooth muscle actin alpha 2, have been
identified in approximately 14% of families with autosomal dominant thoracic aortic
aneurysm. Selected individuals also presented with livido reticularis, iris flocculi,
cerebral aneurysm, bicuspid aortic valve, and persistent ductus arteriosus [Guo et al
2007].

Evaluations Following Initial Diagnosis

To establish the extent of disease in an individual diagnosed with Loeys-Dietz syndrome
(LDS), the following evaluations are recommended:

Echocardiography. Aortic root measurements must be interpreted based on
consideration of normal values for age and body size [Roman et al 1989]. Select
findings may require the immediate attention of a cardiologist or cardiothoracic
surgeon (e.g., severe aortic dilatation).

MRA or CT scan with 3D reconstruction from head to pelvis to identify arterial
aneurysms and arterial tortuosity throughout the arterial tree

Note: Approximately half of the individuals with LDS studied had an aneurysm distant from
the aortic root that would not have been detected by echocardiography.

Radiographs to detect skeletal manifestations that may require attention by an
orthopedist (e.g., severe scoliosis, cervical spine instability)

Craniofacial examination for evidence of cleft palate and craniosynostosis

Eye examination by an ophthalmologist with expertise in connective tissue disorders
that includes: slit-lamp examination through a maximally dilated pupil for exclusion
of lens (sub)luxation; careful refraction and visual correction, especially in young
children at risk for amblyopia; specific assessment for retinal detachment and blue
sclerae

Treatment of Manifestations

Management of LDS is most effective through the coordinated input of a multidisciplinary
team of specialists including a medical geneticist, cardiologist, ophthalmologist, orthopedist,
and cardiothoracic surgeon.

Cardiovascular
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All individuals with LDS should be managed in a medical center familiar with this
condition.

Two important considerations when managing cardiovascular features of LDS:

Aortic dissection occurs at smaller aortic diameters than observed in Marfan
syndrome.

Vascular disease is not limited to the aortic root. Imaging of the complete
arterial tree from the head through the pelvis by MRA or CTA is necessary.

Beta-adrenergic blockers or other medications are used to reduce hemodynamic
stress.

EENETETS)

Aneurysms are amenable to early and aggressive surgical intervention (in contrast to
EDS, vascular type, in which surgery is used as a last resort because of the extremely
high rate of intraoperative complications and death). Many individuals can receive a
valve-sparing procedure that precludes the need for chronic anticoagulation.

Given the safety and the increasing availability of the valve-sparing procedure:

For young children with severe systemic findings of LDS, surgical repair of
the ascending aorta should be considered once the maximal dimension
exceeds the 99th percentile and the aortic annulus exceeds 1.8 cm, allowing
the placement of a graft of sufficient size to accommodate growth.

For adolescents and adults, surgical repair of the ascending aorta should be
considered once the maximal dimension approaches 4.0 cm. This
recommendation is based on both numerous examples of documented aortic
dissection in adults with aortic root dimensions at or below 4.0 cm and the
excellent response to prophylactic surgery. An extensive family history of
larger aortic dimension without dissection could alter this practice for
individual patients.
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@ Note: This practice may not eliminate risk of dissection and death, and earlier intervention
® o _ )

S based on family history or the patient's personal assessment of risk versus benefit may be
% indicated.

2

ol Skeletal

3
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Surgical fixation of cervical spine instability may be necessary to prevent damage to
the spinal cord.

Clubfeet require surgical correction by an orthopedic surgeon.

Bone overgrowth and ligamentous laxity can lead to severe problems (including
progressive scoliosis) and should be managed by an orthopedist; surgical stabilization
of the spine may be required.

Pectus excavatum can be severe; rarely, surgical intervention is medically (rather than
cosmetically) indicated.

Surgical intervention for protusio acetabulae is rarely indicated. Treatment focuses
on pain control.

SMaIASYBUS5)

Orthotics are only indicated for severe pes planus. Some individuals prefer use of arch
supports; others find them irritating; the choice should be left to personal preference.
Surgical intervention is rarely indicated or successful.
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Craniofacial. Cleft palate and craniosynostosis require management by a craniofacial team.
Treatment of cleft palate and craniosynostosis is the same as in all other disorders with these
malformations.

Eye. The ocular manifestations of LDS should be managed by an ophthalmologist with
expertise in connective tissue disorders. Careful and aggressive refraction and visual correction
is mandatory in young children at risk for amblyopia.

Other

Dural ectasia is usually asymptomatic. No effective therapies for symptomatic dural
ectasia currently exist.

EENETETS)

Hernias tend to recur after surgical intervention. A supporting mesh can be used during
surgical repair to minimize recurrence risk.

Optimal management of pneumothorax to prevent recurrence may require chemical
or surgical pleurodesis or surgical removal of pulmonary blebs.

Counseling regarding other life-threatening manifestations including spontaneous
rupture of the spleen and bowel and the risks associated with pregnancy is
recommended.

Prevention of Secondary Complications

Use of subacute bacterial endocarditis (SBE) prophylaxis should be considered for individuals
with connective tissue disorders and documented evidence of mitral and/or aortic regurgitation
undergoing dental work or other procedures expected to contaminate the bloodstream with
bacteria.
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Because of a high risk of cervical spine instability, an x-ray of the cervical spine should be
performed prior to intubation or any other procedure involving manipulation of the neck.

Surveillance

All individuals with LDS require echocardiography at frequent intervals to monitor the status
of'the ascending aorta. The frequency of MRA or CTA evaluations should be tailored to clinical
findings.

NEENETET

Individuals with cervical spine instability and severe or progressive scoliosis should be
followed by an orthopedist.

Agents/Circumstances to Avoid
The following should be avoided:

Contact sports, competitive sports, and isometric exercise

Note: Individuals can and should remain active with aerobic activities performed in
moderation.

Agents that stimulate the cardiovascular system including routine use of
decongestants

SMaIASYBUS5)

Activities that cause joint injury or pain

For individuals at risk for recurrent pneumothorax, breathing against a resistance (e.g.,
playing a brass instrument) or positive pressure ventilation (e.g., SCUBA diving)
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Testing of Relatives at Risk

If the causal TGFBRI or TGFBR2 mutation is identified in the proband, molecular genetic
testing can be used to clarify genetic status of family members at risk.

If the causal mutation is not known, relatives at risk should be evaluated for signs of the
disorder. Echocardiography and extensive vascular imaging of relatives is indicated upon
appreciation of any suspicious signs of LDS, and even in apparently unaffected individuals if
findings are subtle in the index case.

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling
purposes.

Therapies Under Investigation

Other

Experimental evidence suggests that many manifestations of LDS relate to excess activation
of and signaling by the growth factor TGFp.

Animal trials are underway to determine whether TGF[} antagonizing agents, such as
angiotensin II receptor type 1 blockers, can slow or prevent manifestations of LDS. The safety
and efficacy of such interventions has not been addressed for persons with LDS.

Search ClinicalTrials.gov for access to information on clinical studies for a wide range of
diseases and conditions.

Genetics clinics are a source of information for individuals and families regarding the natural
history, treatment, mode of inheritance, and genetic risks to other family members as well as
information about available consumer-oriented resources. See the GeneTests Clinic
Directory.

Support groups have been established for individuals and families to provide information,
support, and contact with other affected individuals. The Resources section (below) may
include disease-specific and/or umbrella support organizations.

Genetic Counseling

Genetic counseling is the process of providing individuals and families with information on
the nature, inheritance, and implications of genetic disorders to help them make informed
medical and personal decisions. The following section deals with genetic risk assessment and
the use of family history and genetic testing to clarify genetic status for family members. This
section is not meant to address all personal, cultural, or ethical issues that individuals may
face or to substitute for consultation with a genetics professional. To find a genetics or prenatal
diagnosis clinic, see the GeneTests Clinic Directory.

Mode of Inheritance

Loeys-Dietz syndrome (LDS) is inherited in an autosomal dominant manner.

Risk to Family Members

Parents of a proband
Approximately 25% of individuals diagnosed with LDS have an affected parent.

Approximately 75% of probands with LDS have the disorder as the result of a de
novo gene mutation.
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Ifthe TGFBRI or TGFBR2 mutation in a proband is known, molecular genetic testing
of both parents is indicated. If the mutation is unknown, it is appropriate to evaluate
both parents for manifestations of LDS, including a comprehensive clinical
examination.

Sibs of a proband

The risk to the sibs of the proband depends on the genetic status of the parents.

If a parent of the proband is affected, the risk to the sibs is 50%.

When the parents are clinically unaffected, the risk to the sibs of a proband appears
to be low but greater than that of the general population because of reported (although
rare) cases of somatic and germline mosaicism.

EENETETS)

Offspring of a proband

Each child of an individual with LDS has a 50% chance of inheriting the mutation
and the disorder.

The penetrance of disease-causing TGFBRI and TGFBR2 mutations is reported to be
near 100%; thus, offspring who inherit a mutant allele from a parent will have LDS,
although the severity cannot be predicted.

Other family members of a proband. The risk to other family members depends on the
genetic status of the proband's parents. If a parent is found to be affected, his or her family
members are at risk.
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Related Genetic Counseling Issues

See Management, Testing of Relatives at Risk for information on testing at-risk relatives for
the purpose of early diagnosis and treatment.

Considerations in families with an apparent de novo mutation. When neither parent of a
proband with an autosomal dominant condition has the disease-causing mutation or clinical
evidence of the disorder, it is likely that the proband has a de novo mutation. However, possible
non-medical explanations including alternate paternity or undisclosed adoption could also be
explored.

Family planning. The optimal time for determination of genetic risk and discussion of the
availability of prenatal testing is before pregnancy. It is appropriate to offer genetic counseling
(including discussion of potential risks to offspring and reproductive options) to young adults
who are affected or at risk.

NEENETET

DNA banking. DNA banking is the storage of DNA (typically extracted from white blood
cells) for possible future use. Because it is likely that testing methodology and our
understanding of genes, mutations, and diseases will improve in the future, consideration
should be given to banking DNA of affected individuals. DNA banking is particularly relevant

when the sensitivity of currently available testing is less than 100%. See for a

list of laboratories offering DNA banking.

Prenatal Testing

SMaIASYBUS5)

Molecular genetic testing. Prenatal diagnosis for pregnancies at increased risk for LDS is
possible by analysis of DNA extracted from fetal cells obtained by amniocentesis usually
performed at approximately 15-18 weeks' gestation or chorionic villus sampling (CVS) at
approximately ten to 12 weeks' gestation. The disease-causing allele of an affected family
member must be identified or linkage established in the family before prenatal testing can be
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performed. Linkage analysis should be used with caution unless TGFBR1 or TGFBR2 marker
alleles can be shown to cosegregate with disease in a large family.

Note: Gestational age is expressed as menstrual weeks calculated either from the first day of
the last normal menstrual period or by ultrasound measurements.

Ultrasound examination in the first two trimesters is insensitive in detecting manifestations
of LDS, but prenatal occurrence of aortic dilatation has been described.

Requests for prenatal testing for LDS are uncommon. Differences in perspective may exist
among medical professionals and within families regarding the use of prenatal testing,
particularly if the testing is being considered for the purpose of pregnancy termination rather
than early diagnosis. Although most centers would consider decisions about prenatal testing
to be the choice of the parents, discussion of these issues is appropriate.
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Preimplantation genetic diagnosis (PGD) may be available for families in which the disease-

causing mutations have been identified. For laboratories offering PGD, see [ Testina |-

) .
o) Molecular Genetics
X Information in the Molecular Genetics tables is current as of initial posting or most recent
2 update. —ED.
=
g, Table A. Molecular Genetics of Loeys-Dietz Syndrome
Gene Symbol | Chromosomal Locus Protein Name
TGFBRI 9q33-q34 TGF-beta receptor type-1
TGFBR2 3p22 TGF-beta receptor type-2

Data are compiled from the following standard references: Gene symbol from HUGO; chromosomal locus, locus name, critical region,
complementation group from OMIM; protein name from Swiss-Prot.

Table B. OMIM Entries for Loeys-Dietz Syndrome

190181 | TRANSFORMING GROWTH FACTOR-BETA RECEPTOR, TYPE I; TGFBR1

190182 | TRANSFORMING GROWTH FACTOR-BETA RECEPTOR, TYPE II; TGFBR2

609192 | LOEYS-DIETZ SYNDROME; LDS

@)
o)
>
o)
Py
)
<.
@
=
w

Table C. Genomic Databases for Loeys-Dietz Syndrome

Gene Symbol Entrez Gene HGMD

TGFBRI 7046 (MIM No. 190181) | TGFBRI1

TGFBR2 7048 (MIM No. 190182) | TGFBR2

For a description of the genomic databases listed, click here.

Note: HGMD requires registration.
Normal allelic variants: TGFBRI consists of nine exons coding for 503 amino acids.
TGFBRI is also referred to as activin receptor like kinase 5 (ALK-5). Few or no polymorphisms

have been described in TGFBRI. Coding SNPs are uncommon except for the polymorphic
polyalanine stretch in exon 1. However, dbSNP lists more than 200 intronic entries.
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TGFBR?2 consists of seven exons coding for 567 amino acids. Some polymorphisms have been
identified in TGFBR2.
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Pathologic allelic variants: The large majority of mutations identified so far are located in
the exons coding for the intracellular serine-threonine kinase domain of both receptors. They
most commonly involve missense mutations; only a few nonsense mutations have been
described.

Normal gene product: TGFf binds to three subtypes of cell surface receptors, known as the
receptors type L, II, and III. Type I and II receptors are both serine/threonine kinase receptors
that differ by the presence in type I of a glycine/serine rich juxta-membrane domain (GS
domain), which is critical for its activation. Upon binding of the ligand to the constitutively
active type II receptor, TPRI is recruited and transphosphorylated in the GS domain, thereby
stimulating its protein kinase activity. The activated type I receptor propagates the signal inside
the cell through phosphorylation of receptor-regulated SMADS (R-SMADS), SMAD?2, or
SMAD?3. Activated or phosphorylated R-SMADS form heteromeric complexes with SMAD4
that translocate to the nucleus where they control gene expression.

Abnormal gene product: In the initial description of TGFBR2 mutations causing Marfan
syndrome [Mizuguchi et al 2004] it was observed that recombinantly expressed mutant
receptors in cells that were naive for TGFp receptors could not support TGFf signaling.
Furthermore, there was no apparent dominant-negative interference on the function of co-
expressed wild-type receptor. These data were interpreted to infer haploinsufficiency and
consequent reduced TGFp signaling as the relevant pathogenic mechanisms. In keeping with
this hypothesis, one of the original Marfan syndrome-like patients was shown to harbor a
translocation breakpoint within TGFBR2. Complicating this hypothesis, however, is the
observation of a distinct paucity of nonsense or frameshift mutations in either of the TGFf3
receptor genes in persons with LDS or related phenotypes. The mutant receptor subunits may
not traffick to the cell surface or may not cycle, resulting in "functional haploinsufficiency."
Furthermore, the only reported nonsense mutation occurs at the very distal margin of the
penultimate exon. As opposed to more proximal nonsense mutations, this context is not
predicted to induce nonsense-mediated mRNA decay (NMD) and clearance of the mutant
transcripts. As a result, most (if not all) mutations in the TGFp receptor genes associated with
vascular phenotypes are predicted to give rise to a mutant receptor protein that has the ability
to traffic to the cell surface and bind extracellular ligand, but that specifically lacks the ability
to propagate the intracellular TGFp signal. Furthermore, a model that singularly invokes
decreased TGF signaling would be difficult to reconcile with the substantial evidence that
many aspects of Marfan syndrome, including those that overlap with LDS, are caused by too
much TGFp signaling and can be attenuated or prevented by TGF[ antagonism in animal
models.

Experiments exploring TGFp signaling in cells that only express mutant receptors may not be
informative for the situation in vivo when affected individuals are heterozygous for these
mutations. Diminished but not absent function of TGFp receptors may initiate chronic and
dysregulated compensatory mechanisms that result in too much TGFp signaling. Indeed, the
study of fibroblasts derived from heterozygous individuals with LDS failed to reveal any defect
in the acute phase response to administered ligand and showed an apparent increase in TGFf
signaling after 24 hours of ligand deprivation and a slower decline in the TGFp signal after
restoration of ligand. An even more informative result was the observation of increased nuclear
accumulation of pSmad?2 in the aortic wall of persons with either Marfan syndrome or LDS,
and increased expression of TGFB-dependent gene products such as collagen and CTGF. Taken
together, these data demonstrate increased TGF[ signaling in the vasculature of persons with
LDS and in a context that is directly relevant to tissue development and homeostasis in vivo.
Although the basis for this observation remains incompletely understood, it also seems possible
that dysregulation of signaling requires the cell surface expression of receptors that can bind
TGFp ligands, but that cannot propagate signal because of a deficiency in kinase function. In
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support of this hypothesis, it was shown that transgenic expression of a mutant, kinase domain-
deleted form of TRRII leads to increased TGFp signaling, including stimulation of the
intracellular signaling cascade and increased output of TGFf-responsive genes, clearly
suggesting a gain-of-function mechanism for mutant TGFf receptors in LDS.

Resources

GeneReviews provides information about selected national organizations and resources for
the benefit of the reader. GeneReviews is not responsible for information provided by other
organizations. Information that appears in the Resources section of a GeneReview is current
as of initial posting or most recent update of the GeneReview. Search GeneTestsfor this

disorder and select LE.ESOUICES for the most up-to-date Resources information.—ED.

American Heart Association

7272 Greenville Avenue

Dallas TX 75231

Phone: 1-800-242-8721

american heart association: aortic aneurysms
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Medline Plus
Abdominal aortic aneurysm

National Marfan Foundation

The National Marfan Foundation provides education and support for other heritable
connective tissue disorders that share some features of Marfan syndrome.

22 Manhasset Avenue

Port Washington NY 11050

Phone: 800-8-MARFAN ext 10 (800-862-7326); 516-883-8712

Fax: 516-883-8040

Email: staff@marfan.org
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No specific guidelines regarding genetic testing for this disorder have been developed.
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