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Heritable Disorders of Connective Tissue

Introduction
  The Marfan syndrome, Ehlers–Danlos syndrome, and osteogenesis imperfecta are systemic genetic disorders of connective tissue. The wide variability of expression has led to the delineation of distinct phenotypic types within each of the three disorders. The Mendelian nature of all three disorders was established earlier this century, and their molecular basis and pathogenesis have been studied extensively during the past 20 yr. Mutations in genes encoding structural molecules present in the extracellular matrix of the connective tissue and their modifying enzymes have been identified. In the Marfan syndrome, mutations have been found in the FBN1 gene encoding a large glycoprotein, fibrillin-1. In osteogenesis imperfecta, mutations have been found in the COL1A1 and COL1A2 genes encoding the two constituent protein chains of collagen type I. A variety of mutations in the genes encoding collagen type I, collagen type III, collagen type V, and certain collagen-modifying enzymes have been causally linked to the different types of the Ehlers–Danlos syndrome. Despite the dizzying variety of genes and mutations described, at least one common mechanism underlies the pathogenesis of each disorder. The abnormal protein chain appears to exert a dominant negative effect that impairs the structure and function of the collagen fibers or the elastin-associated microfibrils.

Marfan Syndrome

Clinical Manifestations:
  Marfan syndrome is an autosomal dominant systemic disorder of connective tissue whose diagnosis is based on defined diagnostic criteria. The distribution of the Marfan syndrome is panethnic and its prevalence has been estimated to be 4–6 per 100,000 population. The Marfan syndrome is associated with a high new mutation rate, as positive family history can be found in approximately 70% of affected individuals. The Marfan syndrome presents with manifestations from the musculoskeletal, cardiovascular, ocular, pulmonary, skin, and central nervous system. Clinical variability between affected relatives is one of the hallmarks of this disorder. The presence of major and minor diagnostic criteria correlated with family history and genotypic information are required for the diagnosis of the Marfan syndrome. A characteristic body habitus, described as dolichostenomelia, decreased upper to lower segment ratio, highly arched palate, pectus deformities, kyphoscoliosis, limitation of extension of the elbows, pes planus, decreased muscle mass, aortic root dilatation, aortic regurgitation, aortic dissection, ectopia lentis, pneumothorax, striae distensae, and dural ectasia are the clinical manifestations typically associated with the Marfan syndrome . Several other distinct nosological entities present with manifestations overlapping to those observed in the Marfan syndrome and must be considered in the differential diagnosis. Among those are homocystinuria, the MASS phenotype, congenital contractural arachnodactyly, familial thoracic aortic aneurysm, and the mitral valve prolapse syndrome . These conditions form a phenotypic continuum with the Marfan syndrome and might share similar pathogenesis. The term fibrillinopathies has been coined to describe the nosologic group of Marfan syndrome and related disorders. The molecular basis of the Marfan syndrome has been defined . Mutations in the FBN1 gene, encoding fibrillin-1, have been described in many individuals affected with the Marfan syndrome
Elastin-Associated Microfibrils

  The term “microfibrils” was originally used to identify morphologically similar matrix structures displaying a diameter of less than 20 nm and lacking the characteristic 67-nm banding periodicity of interstitial collagen fibers. Currently, microfibrils are divided into two classes according to their average diameter. The larger of the two classes has an average diameter of 10 nm and is commonly referred to as the elastinassociated microfibril. Microfibrils, either associated with or devoid of elastin, give rise to a variety of extracellular networks in elastic and nonelastic tissues. Immunohistochemical studies have identified microfibrils in the suspensory ligament of the lens, pleura, perichondrium, periosteum, meninges, aorta, cartilage, tendon, muscle, and many other tissues. It is thought that microfibrils regulate elastic fiber formation by guiding tropo-elastin deposition during embryogenesis and early postnatal life. The complete macromolecular composition of the microfibril is as yet unclear, because its elucidation is made difficult by the highly insoluble nature of the matrix aggregate. The major protein component of the microfibril, however, appears to be fibrillin-1
Fibrillin and the FBN1 Gene
  Fibrillin-1 is an acidic glycoprotein with an estimated molecular mass of 350 kDa. A closely related protein, fibrillin-2, has also been identified and characterized. Fibrillin-1 has an unusually high cysteine content (14%). One-third of the cysteine residues has the potential to form disulfide bonding. In vitro studies suggest that fibrillin-1 is synthesized as the precursor profibrillin and is converted to the mature form following secretion into the extracellular matrix. Study of the biosynthesis of fibrillin has shown that molecules are rapidly incorporated into a high-molecular-weight aggregate, supporting the notion that fibrillin-1 does not exist as an extracellular monomer. The structure of fibrillin-1 is complex and redundant. Much of the molecule is comprised of a series of epidermal growth factor (EGF)-like sequences, 46 of which are tandemly repeated and irregularly interspersed among eight cysteine transforming growth factor-β (TGF-β)-binding proteinlike domains . The size of the FBN1 gene is approximately 110 kb in length and the coding information is distributed in 65 exons. The FBN1 gene has been localized on chromosome 15 (15q21).
Etiology and Pathogenesis
  More than 100 different FBN1 gene mutations have been identified in individuals affected with the Marfan syndrome, the MASS phenotype, and ectopia lentis . Almost all of the mutations are specific to a particular individual or family and they are distributed throughout the gene with no obvious correlation between location and phenotypic severity, apart from an apparent clustering of mutations causing neonatal Marfan syndrome in the middle of the molecule. The majority of mutations are missense point mutations, but small, in-frame deletions or insertions, premature termination codons, and larger deletions have also been detected.

Ehlers–Danlos Syndrome

  This eponym describes a group of Mendelian disorders whose protean manifestations include joint laxity, skin abnormalities, and tissue fragility. Six different types have been delineated on the basis of clinical manifestations, mode of inheritance, and laboratory findings as seen in the following table:-
Table showing Classification of Ehlers–Danlos Syndromes
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Clinical Manifestations

  Joint hypermobility is the most specific manifestation observed in the Ehlers–Danlos syndrome. Evaluation of joint hypermobility should follow a consistent and rigorous pattern. Age-related changes in joint hypermobility are common. The degree of hypermobility does not correlate with the frequency of joint dislocations. Congenital dislocations and hip dysplasia are the hallmark of the arthrochalasia type. Chronic musculoskeletal pain is one of the most common complaints. Joint instability is frequently observed in the hypermobility type and its most common side effect is loss of ambulation.

  The skin manifestations are the most readily recognized signs of the Ehlers–Danlos syndrome. Abnormalities of the skin texture (described as soft and doughy) and elasticity (increased), redundant skinfolds in the extensor areas of the knee and elbow joints, and wide atrophic scars are clinical manifestations present in most types of the Ehlers–Danlos syndrome. In the dermatosparaxis type, the skin is particularly fragile and it forms excessive skinfolds. The propensity to develop deep skin wounds even after minimal injury is characteristic. One of the earliest clinical observations in Ehlers– Danlos syndrome was the delay in wound healing involving the skin and internal organs. Wound dehiscence following abdominal surgery frequently poses a serious therapeutic challenge in individuals affected with the vascular type.

   Tissue fragility is extreme in the vascular type. Arterial, intestinal, or uterine ruptures are potentially fatal complications. Although rupture of the thoracic and abdominal aorta occurs in approximately 10% of all arterial episodes, it is primarily the medium size arteries that are particularly susceptible. The sigmoid is the segment of the gastrointestinal tract that most frequently perforates. Rupture of the gravid uterus is a lifethreatening situation for both the mother and the unborn fetus. Easy bruising, another manifestation of tissue fragility is observed in all types of the Ehlers–Danlos syndrome. The bruising is particularly severe in the vascular type. A characteristic facies and acrogeria are frequently observed in the vascular type. Severe hypotonia, kyphoscoliosis, joint hypermobility, and ocular abnormalities are observed in the kyphoscoliosis type. Congenital joint dislocations and hip dysplasia are pathognomonic manifestations of the athrochalasia type

Etiology and Pathogenesis

  The molecular delineation of the Ehlers–Danlos syndrome is evolving. Heterozygous mutations in several collagen genes have been identified in most of the dominantly inherited types of the condition. Homozygosity or compound heterozygosity for mutations in the genes encoding lysyl hydroxylase-1 and procollagen I N-proteinase has been found in individuals affected with the kyphoscoliosis and dermatosparaxis types, respectively. Historically, collagen type III, a homotrimer, was the first molecule associated with the Ehlers–Danlos syndrome. To date, well over 100 different COL3A1 gene mutations have been identified . These are primarily missense or splice junction mutations. The latter cause missplicing involving either a single or multiple exons. Overall, very few COL3A1 null mutations have been identified and all are associated with a severe phenotype. No biochemical defects have been identified, to date, in the carboxypropeptide segment of collagen type III. The effects of the COL3A1 gene mutations on the protein synthesized by cultured skin fibroblasts could be categorized as follows:
(1) decreased secretion associated with increased collagen chain glycosylation and intracellular retention.

 (2) interference with triple helix nucleation; and
 (3) premature termination codons leading to the synthesis of unstable transcripts and resulting in functional haplo-insufficiency. 
   Despite the wide topological distribution of defects across the collagen type III molecule, there are no discernible phenotypic differences indicative of a clinical–molecular correlation.
   Collagen type V is also a triple helical type of collagen with a tissue distribution similar to that of collagen type I. Collagen type V is composed of three different chains and its stoichiometry varies in different tissues. Several missense and exon-splicing mutations have been identified in the COL5A1 and COL5A2 genes in the classical type of the Ehlers–Danlos syndrome . The arthrochalasia type of the Ehlers–Danlos syndrome is associated with a specific biochemical defect consisting of the retention of either the pNα1(I)- or pNα2(I)- propeptide . In contrast, mutations in the gene encoding the enzyme catalyzing the conversion of pN-collagen to triple helical collagen have been identified in the dermatosparaxis type. The retention of the pN-propeptide is the result of the elimination of the procollagen I N-proteinase recognition site contained within the sequence encoded by exon 6 of the COL1A1 and/or the COL1A2 gene. Point mutations in either the donor or acceptor site of exon 6 cause aberrant splicing. Of the 20 arthrochalasia mutations studied to date, 17 involve the COL1A1 gene and the remaining 3 involve the COL1A2 gene. There are no phenotypic differences between individuals carrying either the COL1A1 or the COL1A2 mutations. 

  Procollagen I N-proteinase, a collagen-modifying enzyme, contains a Zn2+-binding site, a Met turn, and four properdin-like repeats.
  Mutations in the PLOD gene encoding lysyl hydroxylase-1, another collagen-modifying enzyme, have been identified in individuals affected with the kyphoscoliosis type of Ehlers–Danlos syndrome . Lysyl hydroxylase-1 is one of four, possibly five, enzymes with a similar catalytic function. The different hydroxylases are not molecule (collagen type)-specific, but rather cell-type-specific. The active form of the enzyme is a homodimer. The enzyme deficiency typically results in a significant reduction of the hydroxylation of collagen type I primarily in the skin and less in the bone and tendons. A sensitive indicator of the hydroxylation of collagen is the measurement, in the urine, of the total hydroxylysyl pyridinoline and lysyl pyridinoline crosslinks by high performance liquid chromatography (HPLC) after hydrolysis. The previous enumeration of mutations identified in individuals affected with Ehlers–Danlos syndrome is by no means complete. This should not be surprising given the clinical and genetic heterogeneity of the disorder.

Osteogenesis Imperfecta
Clinical Manifestations
  Osteogenesis imperfecta (OI) is a systemic disorder of connective tissue involving the bone, skin, ligaments, tendons, fascia, sclera, and ear . Osteogenesis imperfecta is clinically and genetically heterogeneous, and four types have been defined based on clinical, radiologic, and genetic criteria. OI type I is inherited as an autosomal dominant trait and presents with postnatal onset of fractures, mild skeletal deformity, blue sclerae, loose jointedness, and hearing loss. OI type II (lethal perinatal type) is incompatible with life. Almost all affected infants die within the neonatal period. The onset of fractures in OI type II is intrauterine. The long bones are shortened and angulated, a characteristic facies is present, the chest is small and frequently pear shaped, and the hue of the sclerae is slate gray. Radiographically, short and undermineralized femora whose appearance has been described as concertina-like, multiple rib fractures, and severely undermineralized calvarium are characteristically observed. OI type II results primarily from de novo dominant mutations in the collagen type I genes. Individuals affected with OI type III are born with fractures in their long bones. The frequency of fractures continues unabated into childhood and adolescence. Significant skeletal deformity and short stature are present. Most individuals affected with OI type III are unable to walk. Blue sclerae, a characteristic triangular facies, dentinogenesis imperfecta, and hearing loss are frequent manifestations in OI type III. The mode of inheritance is autosomal dominant. OI type IV is characterized by short stature, moderate to occasionally severe skeletal deformity, hearing loss, dentinogenesis imperfecta, and joint laxity. Individuals affected with OI type IV are frequently born with fractures of the long bones. OI type IV is also inherited as an autosomal dominant trait.
Table summarizes Biochemical and Genetic Abnormalities in Osteogenesis Imperfecta:
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Pathogenesis
  For several reasons, collagen genes appear to be good reporters of mutations. First, there is a high density of invariant and required glycine residues in the triple helical domain (one-third of all amino acids). Substitution of either of the first two nucleotides of the glycine codon (GGN) changes the encoded amino acid to one which has a side chain that does not fit in the central core of the triple helix. Thus, the alteration of any of 22% (two out of nine) of the nucleotides encoding the triple helical domain will probably give rise to a phenotypic change in the heterozygote. Second, the large exon number, and sensitivity to exon loss regardless of position in the protein, provides more than 200 additional mutation sensitive sites in each gene (consensus donor and acceptor sites). Third, the need to maintain structure in the globular carboxyl-terminal domain to allow for interactions that generate a triple helical molecule provides an additional number of additional targets. Finally, because collagen type I forms fibrils . from identical subunits, the presence of any abnormal molecules in the matrix presumably interferes with the production of normal fibrillar structure. Most characterized mutations that produce recognizable forms of OI are single nucleotide substitutions that change a glycine codon to that for another amino acid. Few of

the cataloged mutations have occurred independently in unrelated individuals. Two recurrent mutations appeared at CpG dinucleotides and are consistent with the deamidation of a methyl cytosine to produce thymidine on the antisense DNA strand. Although mutations at CpG dinucleotides are not overrepresented, those sites may present sequences where recurrent mutations are more likely to appear. The majority of point mutations that have been characterized do not arise at CpG dinucleotides and, thus, other mechanisms must be invoked. It is surprising, given the repetitive structure of the collagen type I genes and the apparently higher proportion of multiexon rearrangement in other fibrillar collagen genes (e.g., the COL3A1 gene that encodes the chains of procollagen type III) that large deletions within collagen type I genes are uncommon. The multiexon deletions that have been identified in collagen type I genes occurred as results of intron–intron events, and only a single instance of recombination through exon exchange in the COL1A1 gene has been recognized. Although the structure of the genes themselves may be sufficient to limit recombination, it is possible that there are other explanations for the paucity of total gene deletion events. Exon-skipping mutations most often occur as the result of point mutations in the consensus splice donor and acceptor domains. However, small deletions within the intron and exon may produce similar results. The mechanism by which small deletions occur is unclear, whether they result in exon-skipping events or simply in shorter amino acid deletions.
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