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Bases moleculares das doenças aórticas 
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A fibra elástica, composta de uma região central homogênea de elastina cercada pelas microfibras, confere a capacidade elástica presente em certos tecidos. Defeitos nesses componentes levam a diferentes doenças genéticas, com manifestações importantes na aorta. Neste artigo, será feita uma revisão dessas condições genéticas associadas com doenças da aorta, com ênfase nos defeitos moleculares responsáveis pelas mesmas, e em como a elucidação da lesão pode levar à melhor compreensão da progressão da doença. Em particular, serão discutidos os avanços recentes nas bases moleculares da estenose aórtica supravalvar, na síndrome de Williams, na síndrome de Marfan e nas fibrilinopatias.
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HE ELASTIC FIBER 

The physiological function of tissues such as lung, skin and blood vessels requires them to be able to stretch and recoil. This elastic property is provided by elastic fibers present in the extracellular matrix of these tissues. Ultrastructural and biochemical analyses have shown that these fibers consist of a 10-12 nm microfibrillar component surrounding an abundant amorphous component consisting of the protein elastin(1-3). It is this highly insoluble protein that is mostly responsible for the elastic properties of the elastic fibers(4). 

Elastogenesis takes place during embryonic development and continues up to early childhood. As best observed in the tunica media of the aorta, a scaffold of microfibrils is first seen in the extracellular matrix during development, and it seems to direct the subsequent deposition of elastin(5). Elastin is secreted into the extracellular matrix as a precursor form, tropoelastin. There, the enzyme lysyl oxidase is responsible for extensive cross-linking elastin into what has been described as a rubber-like network(5). 

Thus, one major function of microfibrils has been recognized as to direct elastin deposition into the elastic fiber. In addition, microfibrils also function in forming a fibrous aggregate that links elastin to other matrix components(6). At the dermal/epidermal junction, microfibrils form a bridge between elastin bundles and the basement membrane. Finally, in tissues that contain no elastin, such as the ciliary zone, microfibrils appear to serve an anchoring function linking the lenses to the ciliary body of the eye.

Because of the high insolubility of microfibrils, so far only a few of its several components have been characterized. They include microfibril-associated glycoprotein, a 31 kDa protein closely associated with microfibrils(7); elastin microfibril interface located protein (emilin), a 115 kDa protein isolated from aortic tissue where it appears just before elastin deposition(8); the 32 kDa protein AMP (associated microbril protein)(9); the enzyme lysyl oxidase(10); and the 350 kDa fibrillin, the most abundant structural component of the microfibrils(11).

Therefore, within the aortic pathologies one can define two groups of diseases based on their correlation with alterations in these two morphologically distinct structures of the elastic fibers: elastin and microfibrils, in particular fibrillin. Alterations in elastin are associated with supraval var aortic stenosis (OMIM #185500) and Williams syndrome (OMIM #194050), whereas alterations in fibrillin lead to Marfan syndrome (OMIM #154700) and the so-called fibrillinopathies. Here we will review the molecular biology underlying these disorders of the connective tissue with important cardiovascular manifestations. Other diseases that may eventually cause dilatation of the aorta include Ehler-Danlos type IV (OMIM #130050) and Cutis laxa (OMIM #123700). These were not included in the review due to their very low frequency and the low impact in the daily medical practice. 

ELASTIN 


Elastin protein and elastin gene

Elastin is a 70 kDa protein rich in hydrophobic aminoacids, particularly glycines and prolines(6). This protein is synthesized into the extracellular matrix as a precursor form of 72 kDa, tropoelastin. There, the enzyme lysyl oxidase is responsible for establishing crosslinks between lysine residues linking several elastin molecules into a rubber-like elastic network. 

The elastin gene (ELN) maps to the long arm of chromosome 7, at 7q11.2(12). The gene is organized into 34 exons spaning approximately 45 kb of genomic DNA(13). Hydrophobic and crosslink domains of elastin are encoded by single exons (Fig. 1). 
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	Figure 1. Scheme of elastin protein and position of mutations in supravalvar aortic stenosis. Modular structure of elastin protein is shown. White rectangles represent hydrophobic regions, gray ovals represent crosslink regions. Each region is encoded by a single exon. Amino and carboxy termini are represented by a short and long narrow rectangle, respectively. Position of mutations characterized in patients with supravalvar aortic stenosis are indicated by asterisks.


Supravalvar aortic stenosis 

Supravalvar aortic stenosis is an autosomal dominant disease with variable expression(14). Some family members may have supravalvar pulmonic stenosis either as an isolated lesion or in combination with supravalvar aortic stenosis. There is no sex preference. 

Major diagnostic criteria are definitive localization of the site of left ventricular outflow obstruction that requires demonstration of a pressure gradient at a short distance beyond the aortic valve by echocardiography and Doppler ultrasound examination and/or left heart catheterization(14). Clinical findings include supravalvar aortic stenosis, a congenital narrowing of the ascending aorta, either localized or diffuse, originating at the superior margin of the sinuses of Valsalva just above the level of the coronary arteries. 

Supravalvar aortic stenosis may be separated anatomically into three categories, although any specific patient may demonstrate pathologic findings characteristic of more than one type. The most common is the hour-glass type, in which a constricting annular ridge at the superior margin of the sinuses of Valsalva is produced by extreme thickening and disorganization of the aortic media. Although the lumen of the aorta is reduced, the constriction may not be evident on gross inspection of the external surface of the vessel. It has been suggested that this lesion results from a developmental exaggeration of the normal transverse supravalvar aortic plica. The membranous type is produced by a fibrous or fibromuscular diaphragm with a small central opening stretched across the lumen of the aorta. The hypoplastic type is characterized by uniform hypoplasia of the ascending aorta. Rarely, supravalvar aortic stenosis occurs in individuals homozygous for familial hypercholesterolemia due to accumulation of atherosclerotic plaque. 

A positive family history in a patient with a normal appearance and clinical signs suggesting left ventricular outflow obstruction should alert the physician to a diagnosis of either supravalvar aortic stenosis or muscular subaortic stenosis. With a few exceptions, the major physical findings resemble those observed in patients with aortic valve stenosis. 

A high incidence of narrowing of peripheral pulmonary arteries is seen (80%). Commonly, there is narrowing of the peripheral systemic arteries, including renal and carotid arteries. Mild degrees of pulmonary and aortic valvular stenosis, as well as coarctation of the aorta, and mitral valve prolapse may also be observed. 

Linkage analysis of a number of large families demonstrated linkage of supravalvar aortic stenosis to the elastin gene(12, 15). Since then, several mutations in elastin gene were found in supravalvar aortic stenosis patients, ranging from large deletions to single point mutations(13, 16). Most of the point mutations lead to premature stop-codons (Fig. 1). Transcripts from these mutant alleles may undergo degradation by a cellular mechanism of non-sense mediated decay. In addition, complete deletions of the elastin gene have been reported in isolated cases of supravalvar aortic stenosis(17). Therefore, these observations are consistent with a mechanism of haploinsufficiency of the elastin gene, where single gene dosage leads to the supravalvar aortic stenosis phenotype. 

So far no correlation between severity of supravalvar aortic stenosis and the underlying elastin gene mutation has been established. Since most of supravalvar aortic stenosis cases are due to haploinsufficiency of elastin gene, different factors modulating expression of the normal allele can influence levels of elastin produced and therefore may affect the severity of the disease. Up-regulation of the elastin gene has been shown to be influenced by soluble factors like glucocorticoids and retinoic acid, whereas vitamin D3 and interferon-g, among others, down-regulate elastin gene in vitro. 

Williams syndrome 

Williams syndrome is an autosomal dominant disease with most cases representing new mutations(18). There is no sex preference and the incidence has been estimated as 1:10,000. Major diagnostic criteria are typical facies with full lips, broad nasal bridge, broad nasal tip and anteverted nares, with or without growth and mental deficiency; and supravalvar aortic or pulmonary arterial stenosis. Infantile hypercalcemia may be present. 

Clinical findings include: mild short stature; mild to moderate mental retardation, short attention span with distractibility, hyperverbal speech, loquacious behavior during childhood with severe behavior problems in one sixth of patients, IQ most commonly 40-70; broad maxilla and mouth with full prominent "cupid's bow" upper lip; anteverted nares with full nasal tip, full pouting cheeks and open mouth with tendency toward inner epicant folds, small mandible, prominent ears, and unusual stellate patterning in the iris; and supravalvar aortic stenosis or hypoplasia, peripheral pulmonary artery stenosis, or septal defects in about 75% of the patients(18). There may also be renal artery stenosis with hypertension, hypoplasia of the aorta, and other arterial anomalies. Rarely can be present hoarse voice, hyperacusis, strabismus, craniosynostosis, hypodontia, inguinal hernia, kyphosis, kyphoscoliosis, joint contractures and joint limitation, radioulnar synostosis, mitral insufficiency, elevated serum cholesterol and hypercalcemia during infancy, with symptoms and signs such as hypotonia, constipation, anorexia, vomiting, polyuria, polydipsia, renal insufficiency, vicarious calcification, and transient facial palsy. Autism has been reported. 

The molecular defect underlying Williams syndrome is a large deletion at chromosomal band 7q, encompassing 1.5-2.0 MB of genomic DNA and including the complete elastin gene(19). In addition, this region contains other 14 contiguous genes which are also deleted in Williams syndrome, leading to the complex phenotypes associated with supravalvar aortic stenosis in affected individuals. 

FIBRILLIN 
Fibrillin proteins and fibrillin genes (FBN1 and FBN2) 

Fibrillin is the most abundant structural component of the microfibrils. It was first isolated from the medium of human fibroblasts cultures using monoclonal antibodies prepared against a microfibrilar extract(11). Subsequent cloning experiments determined the primary structure of this 350 kDa glycoprotein, and led to the serendipitous discovery of a second fibrillin gene(20-24). Therefore, a novel family of structurally related proteins was established, so far composed of fibrillin-1 and fibrillin-2. Interestingly, these two proteins have been associated to related diseases of the connective tissue, Marfan syndrome and the Marfan syndrome-like condition congenital contractural arachnodactily, respectively(22, 25). Since these two proteins are extremely similar, their structure will be described together as a definition of the fibrillin protein family. 

Fibrillin is mainly composed of consecutive cysteine-rich modules(21) (Fig. 2). Most of them present homology to modules found in the epidermal growth factor protein, and therefore have been called epidermal growth factor motifs. Characteristic of the epidermal growth factor motifs is the presence of 6 cysteines spaced in a specific manner so as to form intramolecular disulfide bonds as shown in Figure 2(26). In addition, most of the epidermal growth factor motifs in fibrillin present an additional consensus sequence that identifies them with a subclass of epidermal growth factor (EGF) motifs that bind calcium (EGFcb motifs)(21). These EGFcb motifs have been shown to mediate non-covalent interactions between proteins when present in other polypeptides(26). Thus, these motifs may stabilize fibrillin's terciary structure, prevent proteolysis and provide noncovalent interactions among the fibrillins and between them and other components for the formation of microfibrils. 

The repeated epidermal growth factor motifs are interrupted by 7 domains significantly homologous to a motif found in the transforming growth factor-ß1 binding protein (TGFbp motifs) (Fig. 2). These present three consecutive cysteines. In addition, hybrid epidermal growth factor/TGFbp motifs (Fib motif) are also found in fibrillin(21). 

A region which confers a separate identity to each fibrillin protein separates the two cysteine rich regions composed of consecutive epidermal growth factor motifs(21). This region in fibrillin-1 is strikingly rich in prolines, whereas in fibrillin-2 the same region is mostly made of glycines (Fig. 2). This distinctive structural feature may confer functional specificity to each fibrillin protein. 
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	Figure 2. Structure of fibrillin proteins and mutations in fibrillin-1. Schematic representation of the fibrillin molecule (refer to text) and secondary structure of the EGFcb motif (modified from 40). The consensus sequence of the EGFcb and the internal disulfide bonds between cysteine residues are shown. Asterisks indicate position of mutations found in the FBN1 gene in Marfan syndrome patients until 1995. (Adapted from 38.) Gray asterisks highlight mutations found in the Brazilian population(39).


During formation of microfibrils, fibrillin monomers probably assemble together forming what is seen by electron microscopy as beaded strings. They subsequently may interact with other microfibrillar components into thread-like filaments which will give rise to macroaggregates with or without elastin(27). 

Fibrillin-1 and fibrillin-2 are encoded by different genes, FBN1 and FBN2, located at chromosomes 15q21 and 5q23, respectively(20-22, 24). FBN1 contains 65 exons spread over more than 300 kb of genomic DNA(21). The complete genomic organization of the FBN2 has not been reported. 

The discovery of two fibrillin genes raised questions regarding the composition of microfibrils and the possible distinct roles of the two proteins. These issues are still under investigation, mostly in animal models, particularly the mouse. 

Distribution of fibrillins-1 and -2 is similar in many tissues(20). However, whereas hyaline cartilage seems to be composed exclusively of fibrillin-1, the opposite occurs in elastic cartilage, where fibrillin-2 is mostly found. Another important difference in the localization of the fibrillins is observed in the aortic wall. Fibrillin-1 is present throughout the wall, and fibrillin-2 appears to be restricted to the elastic media. Thus, in general, fibrillin-2 is preferably localized to areas of the extracellular matrix rich in elastin, whereas fibrillin-1 is found mostly in microfibrils unassociated with elastic fibers. 

During development, the fibrillin genes have a distinct pattern of expression(28). During mouse embryogenesis, fibrillin-2 is expressed transiently and earlier than fibrillin-1, except in the cardiovascular system. Together, these data indicate heterogeneity of microfibrils, and thus a differential contribution of the fibrillins to the assembly and maintenance of the elastic network(22, 28). This notion is reinforced by the different phenotypes correlated to alterations in the two fibrillins. 

Mutations in FBN2 have been shown to be causally involved in contractural arachnodactyly(29). This autosomal dominant syndrome is characterized by long digits, congenital contractures of the digits, knees and elbows, crumpling of the external ear, and progressive scoliosis(30). Patients with classic contractural arachnodactily, linked to FBN2, do not have any cardiovascular manifestations. 

In contrast, mutations in the FBN1 gene can lead to the severe cardiovascular phenotypes associated with Marfan syndrome, in particular aortic dilatation and dissection(25). However, molecular analyses of numerous cases that do not meet the diagnosis criteria for Marfan syndrome also show mutations in the FBN1 gene. Therefore, the group of diseases caused by mutations in the FBN1 gene are now recognized as the fibrillinopathies. They include Marfan syndrome (OMIM #154700), annuloaortic ectasy, and the MASS phenotype (OMIM #157700). 

Marfan syndrome 

Marfan syndrome is the most common genetic disease of connective tissue. Inherited as an autosomal dominant trait, Marfan syndrome has an incidence of about 1 in 10,000 individuals, where 30% of these cases are due to de novo mutations(31). The Marfan syndrome phenotype is highly penetrant, and the major clinical manifestations primarily affect the following organ systems: skeletal (long limbs, dolichostenomelia, arachnodactyly, joint hypermobility, scoliosis and anterior chest deformity), ocular (ectopia lentis, myopia and retinal detachment), and cardiovascular (aortic root dilatation and dissection, regurgitation and mitral valve prolapse). 

The clinical diagnosis of Marfan syndrome is determined by the so-called "major" manifestations of the three affected systems: aortic root dilatation, ectopia lentis and characteristic habitus(32). Because of the wide clinical variability of Marfan syndrome, a distinction must be made in the diagnosis of familial and sporadic cases. In the familial cases, the presence of a major manifestation from one of the affected systems combined with two minor manifestations is sufficient to establish the diagnosis. For the sporadic cases, the diagnosis requires instead the presence of major manifestations in two of the three affected systems plus minor manifestations(32). 

The life expectancy for Marfan syndrome patients is about two thirds of the normal — the average age of death is 40 years. Cardiovascular failure is the cause of death in approximately 90% of the affected individuals(31). Early diagnosis followed by medical intervention — use of beta-adrenergic blockade to slow the rate of dilatation, and corrective surgery with replacement of the aortic root — leads to prolonged life span. 

The most common histological finding in Marfan syndrome patients is necrosis in the wall of the ascending aorta(33). Sections from aneurismal aorta display fragmented elastic fibers infiltrated by collagen fibrils and proteoglycans. For this reason, the defect in Marfan syndrome was originally thought to be in one of the components of the connective tissue, in particular the elastic fiber or some molecule closely associated with it. Several extracellular components of the connective tissue were investigated for their relation with Marfan syndrome. They included: elastin, fibronectin, proteoglycans and fibrillar collagens. However, none of these candidate loci showed linkage to Marfan syndrome. 

The elucidation of the molecular defect underlying Marfan syndrome came as a result of biochemical and genetic analysis, and it illustrates the synergy obtained when combining the two approaches. Isolation of fibrillin and the correlation between its tissue distribution (skin, aorta, periosteum, perichondrium and ciliary zonule) rendered this protein a good candidate for involvement in Marfan syndrome(11). This hypothesis was supported by the finding that anti-fibrillin antibodies cross-reacted less well with the microfibrillar-fiber system of Marfan syndrome-patients skin biopsies than with those of normal control individuals(34). 

Parallel to these biochemical studies, other groups used the alternative approach of positional cloning to identify the Marfan syndrome gene. Together, these linkage studies were able to map the Marfan syndrome gene to the chromosomal region 15q15-q21.3(35-37). 

In 1991 the combination of biochemical and genetic analysis led to the elucidation of the basic defect in Marfan syndrome. The fibrillin-1 gene was cloned and mapped to the Marfan syndrome locus, thus rendering fibrillin-1 an even stronger candidate for the primary defect in Marfan syndrome(22, 23). Finally, a missense mutation was detected in the coding sequence of FBN1 in two Marfan syndrome patients(25). Fibrillin-1 was therefore recognized as the defective gene product in Marfan syndrome. 

As a result of the cloning of the fibrillin-1 gene, the number of FBN1 mutations characterized in Marfan syndrome patients is progressively increasing (Fig. 2)(38). They can be divided into three general groups. The first consists of missense mutations altering residues of the EGFcb consensus sequence. They are believed to affect either the folding or the calcium binding ability of the EGFcb motifs. The second group comprises mutations that generate premature stop-codons either by non-sense or frameshift mutations. The third group of mutations in FBN1 are predicted to create centrally deleted fibrillin-1 monomers either by aberrant splicing events or by in-frame exon deletions(38). Most of the FBN1 mutations are unique to individual families, suggesting a high rate of de novo mutations in this gene. A clinical/molecular study of Marfan syndrome in Brazilian patients found similar results, where every family presented a unique novel FBN1 mutation(39). 

No mutational hot-spot has been identified in the FBN1 gene (Fig. 2). Although FBN1 mutations are evenly spread throughout the gene, most missense mutations and small deletions or insertions occur in exons that encode epidermal growth factor motifs, usually involving residues from the EGFcb consensus sequence. In addition, with the exception of FBN1 mutations in neonatal Marfan syndrome, which seem to cluster in exons 24 through 32, no correlation between genotype and phenotype has been established (Fig. 2). Therefore, one cannot predict the severity of the highly variable clinical manifestations of Marfan syndrome based on the mutation present on the patients(38). 

Despite the increasing number of FBN1 mutations characterized, the precise mechanism by which mutated fibrillin molecules disrupt microfibril formation remains unclear(40). By analogy to the collagenopathies, the abnormal fibrillin is believed to act in a dominant negative fashion during microfibril assembly(41). According to this model, mutant fibrillin molecules interact with their normal counterparts and disrupt the overall organization of these fibers by being incorporated into microfibrils(35). This in turn could render those microfibril less resistant to mechanical forces or more susceptible to the action of proteases. These hypotheses are currently being tested in mouse models for Marfan syndrome, as described later in this review. 

The elucidation of the molecular defect underlying Marfan syndrome lead to the idea that the development of a DNA-based diagnosis would complement the clinical diagnosis which is some times complicated by the clinical variability found in this disease. In addition, it would allow presymptomatic diagnosis of Marfan syndrome, resulting in preventive treatment of the fatal cardiovascular manifestations of the disease. However, the diversity of FBN1 mutations found in Marfan syndrome patients together with the large size of this gene preclude the development of molecular diagnosis for Marfan syndrome. Nevertheless, since Marfan syndrome is genetically homogeneous, molecular diagnosis can be performed by linkage analysis in familial cases of the disease using four highly informative polymorphic markers within the FBN1 gene(42). This approach has been shown to allow following of the segregation pattern of FBN1 alleles in most families with Marfan syndrome, and thus to stratificate the cardiovascular risk in these families(42). 

Annuloaortic ectasy 

This disorder consists of presence of dissecting aneurysm of the aorta in patients without the characteristic clinical manifestations of Marfan syndrome, and with autosomal dominant inheritance in several reported families(43). However, in the familial aortic dissection cases the aortic root often does not have the bulbous appearance characteristic of that found in Marfan syndrome. In addition, aortic dissection may occur with degrees of dilatation in the first part of the ascending aorta that would not ordinarily be considered dangerous in that syndrome. 

Molecular analyses of two families with annuloaortic ectasy have identified mutations in the FBN1 in affected individuals similar to those found in Marfan syndrome patients(44, 45). These studies expanded the spectrum of clinical phenotypes associated with FBN1 mutations. Moreover, they emphasize the need for careful clinical evaluation of individuals with a family history of ascending aneurysm in the absence of other features of Marfan syndrome. 

The MASS phenotype 

The MASS phenotype is an autosomal dominant disease with variable expressivity, where clinical manifestations include abnormalities of the mitral valvule, aorta, skin and skeleton (therefore the acronym MASS)(46). It is termed "phenotype" to indicate that it is probably caused by different factors. The phenotypic alterations include long limbs, deformity of the thoracic cage, atrophic striae, mitral valve prolapse, and mild dilatation of the aortic root. The clinical phenotype of patients with mitral valve prolapse constitute a continuum, from Marfan syndrome at one extreme to isolated mitral valve prolapse due to myxomatous change of the valve leaflets. Before the availability of biochemical or DNA markers, the diagnosis of the Marfan syndrome was not possible when a patient had mitral valve prolapse and mild aortic root dilatation but no ectopia lentis or family history of definite Marfan syndrome. 

Some MASS phenotype pedigrees show linkage to FBN1, and a few mutations have been found(38). FBN1 mutations correlated to the MASS phenotype are indistinguishable in nature from mutations causing Marfan syndrome, i.e., they do not occur in any particular region of the FBN1 gene, and they cause similar effect in the fibrillin-1 protein as those occurring in Marfan syndrome. However, it has been suggested that a low level of expression of the mutant FBN1 allele may lead to this less severe MASS phenotype, in agreement with the dominant-negative model of fibrillin pathogenesis(38). Nevertheless, a more extensive correlation between levels of mutant fibrilin-1 and clinical phenotype remains to be established. 

LESSONS FROM TRANSGENIC MICE 

Animal models for genetic diseases are important for the study of the pathologies associated with a specific disorder. In addition, these animals serve as a system in which new therapies can be implemented. The development of techniques for the manipulation of the mouse genome renders transgenic mouse the best available model system for the study of human genetic diseases(47). In particular, the combination of embryonic stem cell culturing and homologous recombination has created a powerful method for modifying the mouse genome(47). The ability to modify specific regions of the mouse genome by homologous recombination in embryonic stem-cells potentially allows the generation of mice with any desired phenotype. 

Mouse model for supravalvar aortic stenosis 

In order to an animal model for supravalvar aortic stenosis, a deletion of exon 1 and the elastin gene promoter was produced in the mouse, resulting in a null mutation. Homozigous mutant mice, null for elastin, survive gestation but die within 4 days of postnatal life from subendothelial accumulation of smooth muscle cells that lead to obliteration of the vascular lumen(48). Further analyses of the development of the disease in those mice suggest that the absence of elastin has an effect on cell proliferation. 

Mice heterozygote for the elastin mutation (Eln+/-) model supravalvar aortic stenosis, reproducing the loss-of-function mutations linked to the human disease. Mutant mice are indistinguishable for wild-type littermates in gross appearance, behavior and life expectancy(48). However, the 50% decrease in elastin gene mRNA leads to a similar reduction in total elastin content in the aorta of heterozygous animals. Although this mouse model does not exhibit characteristics of human supravalvar aortic stenosis such as development of stenotic lesions, it has predicted previously unknown features of the human disease. Histological examination of arterial structure had revealed an increased number of lamellar units in both the ascending and descending aorta from Eln+/- mice. A similar structural change was subsequently found in human aortic tissue, where there were 2.5 times more lamellar units in tissues from supravalvar aortic stenosis patients compared to normal controls(49). 

Mouse models for Marfan syndrome 

New insight into the pathogenic sequence leading to aneurysm in Marfan syndrome has been provided through the analysis of mice carrying different mutations in the fibrillin-1 gene (Fbn1)(50, 51). In these animals, vascular lesions at various stages of development may be studied. 

A first line of Fbn1-defficient mice was created by replacing exons 19-24 of the Fbn1 gene with the selectable neomycin gene (neo) marker(50). The replacement lead to a mutant allele (mg?) that produces internally deleted fibrillin-1 molecules, although in a 10-fold reduced level when compared to the normal Fbn1 allele. Therefore, the mg? represents a combination of a hypomorphic and a structural mutation. In accordance with the dominant-negative model of pathogenesis for Marfan syndrome, animals heterozygote for the mg? allele do not have any apparent phenotype, probably due to the excess of normal fibrillin-1 molecules over the mutated form. 

In contrast, homozygous mg?/mg? animals die of vascular complications during the first 2 weeks of postnatal life. The histopathology of the vascular wall of these mutant animals is remarkably similar to that of Marfan syndrome patients, with the same fragmentation of elastic fibers with reduced elastin content in the media at advanced vascular lesions. Nevertheless, in unaffected tissues and between focal lesions elastic fibers are morphologically normal. Therefore, the mg? line of mutant mice have shown that absence of normal fibrillin-1 is compatible with embryonic development and the formation of normal elastic matrices. This in turn implies that the predominant role of fibrillin-1, rather than to drive elastic matrix assembly, is to maintain homeostasis of the existing elastic fibers(50). 

The second Fbn1 mutant allele (mgR) was created by an insertion of the neo gene between exons 18 and 19(51). Although this insertion did not cause loss of any sequence of the Fbn1 gene, it leads to an approximately 5-fold reduction in gene expression. Hence, the mgR allele consists of a hypomorphic mutation that produces 20% of normal fibrillin-1 molecules. Not surprisingly, heterozygous mgR/+ mice are normal. In contrast, homozygous mgR/mgR mice develop severe kyphosis and die of vascular abnormalities during early adulthood. These mutant animals also present diaphragmatic hernia and elongated bones(51). The latter resemble the skeletal phenotypes of Marfan syndrome patients. 

Analysis of mgR/mgR mice from birth to the time of death has shown that fibrilin-1 hypomorphism triggers secondary cellular events likely to contribute to the functional collapse of the vessel wall(51). Focal calcification of intact elastic laminae is observed at about 6 weeks of age, and become more numerous and coalesce over time. By 9 weeks of age, intimal hyperplasia with excessive and disorganized deposition of matrix components was evident, as well as infiltration of mixed inflammatory cells into the media. These events were associated with intense elastosis, and structural collapse of the vessel wall. Although these events had not been reported for human vascular lesions, a recent review of autopsy specimens revealed diffuse calcification and intimal hyperplasia in the aorta of young individuals with Marfan syndrome(52). If the mgR/mgR mice reproduce some of the pathogenesis found in human Marfan syndrome, then new therapeutic strategies aimed at blocking those secondary events may be tested for delaying or even preventing attainment of the critical threshold when collapse of vessel wall takes place. 

CONCLUSION 

In the last 25 years, the field of human genetics has acquired a role of great importance in medicine. The generation of scientific knowledge about human genes redefined the contribution of genetics to analysis, diagnosis, treatment and prevention of diseases. There is a growing awareness by the medical community worldwide of the power of DNA analysis for the clinical management of patients — the so-called molecular genetics. 

Elucidation of the molecular defect underlying the aortic diseases reviewed in this article has initiated a novel area of biomedical research for the treatment and prevention of such diseases. Mouse models for supravalvar aortic stenosis and Marfan syndrome have help understanding the progression of the associated cardiovascular manifestations. Analysis of supravalvar aortic stenosis mice raised the possibility that disruption of elastin by endothelial injury, thrombosis or inflammation may contribute to obstructive arterial pathology by altering the rate of proliferation of vascular cells at the site of injury. And although the diagnosis for Marfan syndrome remains fundamentally clinical, molecular dissection of this disease has indicated novel factors influencing damage to the aorta. 

Many questions, such as the intrafamilial clinical variability observed in Marfan syndrome, remain unanswered. Nevertheless, the continuation of the molecular analyses of these diseases will lead to the development of alternative therapies to delay and potentially even prevent the dramatic outcome associated with these diseases of the aorta. 

 

