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Abstract
Aims Cardiovascular manifestations in Marfan syndrome (MFS) are related to 
aortic and valvular abnormalities. However, left ventricular (LV) dysfunction 
can occur, even in the absence of aortic surgery or valvular abnormalities. 
We evaluated genetic characteristics of patients fulfi lling the MFS criteria with 
LV dilatation without previous aortic surgery or valvular abnormalities.
Methods and results 182 MFS patients without valvular abnormalities or 
previous aortic surgery, with a complete fi brillin 1 (FBN1) gene analysis, 
were studied. FBN1 mutations were identifi ed in 83% of patients. Twenty-
nine patients (16%) demonstrated LV dilatation (left ventricular end diastolic 
diameter corrected for age and body surface area >112%). FBN1-positive
patients carrying a mutation most likely leading to haploinsuffi ciency, 
more often had LV dilatation than missense-mutation carriers (14/75 versus 
5/75; p<0.05). It was mainly patients carrying large deletions/null-alleles or 
frameshift mutations who contributed to this effect. Finally, FBN1-negative
MFS patients signifi cantly more often demonstrated LV dilatation than FBN1-
positive patients (10/31 versus 19/151; p<0.05). 
Conclusion LV dilatation in MFS patients is more often seen in those patients 
without an FBN1 mutation and in those with a mutation most likely leading 
to haploinsuffi ciency (in particular large deletions/null-alleles or frameshift 
mutations) compared to missense-mutation carriers.

Introduction
Marfan syndrome (MFS; MIM#154700) is an autosomal dominant disorder of 
the connective tissue, caused in a majority of cases by mutations in the gene 
encoding fi brillin-1 (FBN1; MIM#134797). Fibrillin-1 is a 350 kDa glycoprotein 
and the major component of the elastin-associated extracellular microfi brils. 
Fibrillin-1 has a modular organisation typical of many extracellular proteins 
and is composed of many cysteine-rich repeat motifs, the most common 
one being the epidermal-like growth factor (EGF) module (Figure 1).1 FBN1
is a large gene located on chromosome 15q, containing 65 coding exons. 
FBN1 mutations are scattered throughout the gene and are usually unique 
to individual families. More than 600 FBN1 mutations have been reported so 
far and about 25-30% of cases represent de novo mutations (for the FBN1
mutation database see: www.umd.be). With current techniques for molecular 
analysis, the mutation detection rate reaches over 80% in patients fulfi lling the 
diagnostic (Ghent) criteria for MFS.2-4 Recently, mutations in the transforming 
growth factor-  receptor 1 and 2 genes (TGFBR1 and TGFBR2) have been 
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identifi ed in around 5% and 10%, respectively, of MFS patients who did not 
carry an FBN1 mutation.5-9

MFS affects the cardiovascular system amongst others, with the main 
cardiovascular manifestations being aortic dilatation/dissection and 
valvular abnormalities (aortic and/or mitral regurgitation). In addition, mild 
left ventricular (LV) dilatation (i.e. increased LV end diastolic dimension 
[LVEDD]) and mild LV systolic and diastolic impairment has been described 
in MFS, even in patients without signifi cant valvular abnormalities or previous 
aortic surgery.10-12 In the study by Chatrath and co-workers, 7 of the 36 adult 
patients (19%) with MFS without signifi cant valvular abnormalities and without 
previous aortic surgery showed increased LVEDDs.10 Using the same criteria, 
we recently confi rmed this observation by demonstrating the presence of an 
increased LVEDD (in the absence of signifi cant valvular pathology or previous 
aortic surgery) in 29 of 183 MFS patients (16%).11 It should be noted that De 
Backer et al. also provided evidence for mild, but signifi cant impairment of 
the LV systolic and diastolic function in 26 MFS patients who did not have 
valvular pathology or aortic surgery.12 Our goal in this study was to investigate 
whether a relationship exists between LV dilatation in patients with MFS and 
the presence/absence of a mutation in the FBN1 gene, the predicted effect 
of the mutation on the protein, the affected module, and the type or location 
of a mutation within the gene. 

Figure 1. Schematic representation of the domain structure of Fibrillin-11

cb=calcium-binding EGF= epidermal-like growth factor

5
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Methods
Patient selection
Patient selection has been reported previously and is shown in Figure 2.11 Briefl y, 
529 consecutive patients, identifi ed in four specialised university hospital MFS 
out-patient clinics, fulfi lled the diagnostic (Ghent) criteria for MFS.3 In 295 
patients previous aortic surgery or signifi cant valvular abnormalities noted 
on echocardiogram (aortic and/or mitral regurgitation grade 2) precluded 
participation in this study. Of the remaining 234 MFS patients, DNA data were 
available for 184 patients. Two more patients were excluded because their 
DNA results did not allow for a single interpretation (see also Results/Patients 
section). We thus had 182 patients in our study group (Figure 2).

Echocardiography
Echocardiograms were performed in accordance with standard techniques 
and as reported previously.11,13 Briefl y, LVEDD was derived from two-
dimensional echocardiograms. Only echocardiograms of suffi cient quality 
were accepted. For each patient the predicted normal value for LVEDD was 
calculated according to their age and body surface area using the regression 
equations proposed by Henry.14 The LVEDD was expressed as a percentage 
of the predicted value: observed dimension/predicted normal value x 100. In 
accordance with the guidelines, 112% (mean + 2 SD) was used as the cut-off 
value for increased LV dimension.15 As part of the patients’ routine follow-up, 
echocardiograms are made on a regular basis, but for the purpose of the 
present study only the most recent echocardiogram was used. 

Figure 2. Flow chart of the patients’ selection; 
the gray boxes give the numbers of excluded 
patients and the reasons for exclusion.
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DNA analysis
From each patient either a blood sample or a skin biopsy specimen for 
fi broblast culture was available. Genomic DNA was extracted from peripheral 
blood leukocytes or skin fi broblasts. Mutational analysis of the FBN1 gene was 
performed by Denaturing High Performance Liquid Chromatography (DHPLC) 
with subsequent sequencing of fragments with aberrant patterns.16 The effect 
of potential splice-site mutations was confi rmed using reverse-transcription 
PCR. If DHPLC analysis was negative, additional investigations were performed 
to elucidate a potential pathogenic role of the FBN1 gene, namely: (a) 
Multiplex Ligation-dependent Probe Amplifi cation (MLPA) analyses to assess 
large genomic duplications or deletions, and (b) determination of potential 
mono-allelic expression on messenger RNA of heterozygous polymorphisms 
representative for a null-allele. 

If the FBN1 studies were negative, we screened the TGFBR1 and -2 genes by 
direct sequencing (the primers and conditions for all the analyses described 
are available upon request).

If an FBN1 mutation was present, we defi ned its characteristics according 
to the predicted effect on the protein and the type of mutation, as reported 
previously.4 Besides the location within the gene, and the affected module of 
the FBN1 protein were defi ned:

Predicted effect on protein: mutations within this category were divided 
into:
(a) missense mutations 
(b) mutations most likely leading to haploinsuffi ciency (large deletions/null-
alleles, frameshift mutations, nonsense mutations and mutations affecting 
splicing).

Type of mutation: Mutations were categorised in the following groups:
cysteine missense, non-cysteine missense, nonsense, splice site- and frameshift 
mutations, small deletions/insertions, large deletions, and null-alleles.

Location of mutation: Three parts of the FBN1 gene were considered, 
namely exons 1-15, exons 16-49 and exons 50-65. In the case of missense 
mutations affecting a cysteine residue, the distance of the mutation to one 
end of the gene is important, since mutations in exons 1-15 or 50-65 have 
been shown to have less impact.17 For mutations leading to a premature 
termination codon, the location of the affected exon might also be of 
importance, since the potential (remaining) function of the protein may be 
determined by the residual length of the truncated protein. 

Affected module: Three groups were considered, namely the calcium-

5
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binding epidermal growth factor-like module (cbEGF), the latent transforming 
growth factor-binding protein 1 module (LTBP), and the remaining modules 
(non-cbEGF, FIB, the proline rich sequence, the NH2 unique region and the 
C-terminal module) (see also Figure 1). A mutation affecting cbEGF will 
probably have a negative effect on the stability of the protein whereas a 
mutation in LTBP will probably affect the docking of transforming growth 
factor-  to FBN1.18

Statistics
Data are presented as a mean with SD or proportions/percentages. 
Differences between groups were evaluated using the Student’s t-test for 
continuous variables, the Mann-Whitney U test was used for non-parametric 
variables and the Chi-square test for proportions/percentages. A p-value 
<0.05 was considered to indicate statistical signifi cance. Analyses were 
performed using SPSS for Windows, version 14.0.

Results
Patients
Data on DNA analyses were available for 184 patients. Two of these patients 
carried two FBN1 mutations that may both infl uence the phenotype. They 
were therefore excluded from further analysis, leaving 182 patients in the fi nal 
study group (Figure 2). Their mean age was 33.5  11.8 years and 92 (50.5%) 
were male (Table 1). The mean body surface area was 2.0  0.2 m2 and the 
mean aortic root diameter was 41  5.8 (25-57) mm. Two-thirds of patients 
(122/182) were on beta-blocker therapy (Table 1).

Echocardiography
The mean LVEDD in the group of 182 patients was 50.7  5.7mm, which 
corresponded with 103.3  9.8% of the predicted value. In 29 of these 182 
patients, the LVEDD exceeded the upper limit of normal (112%) (Table 1). 
The records of these 29 patients with LV dilatation were reviewed for factors 
other than MFS that might explain the dilatation (e.g. hypertension, signs of 
coronary disease, sustained supraventricular arrhythmias), but none of these 
factors could be identifi ed. Twenty-two of the 29 patients with LVEDD >112% 
were male (76%), which is signifi cantly more than in the group of MFS patients 
with LVEDD 112% (p<0.01) (Table 1).



133

5

LV dilatation and FBN1 genotype in Marfan syndrome

Subgroup Male Sex
(%)

Age in years 
(SD)

On Beta- 
blockade

Total group (n=182) 92 (51%)   33.5 (11.8) 122 (67%)

Total group (n=182)
FBN+ (n=151) 68 (45%)* 33.6 (11.9) 101 (67%)

FBN- (n=31) 24 (77%)* 32.8 (11.5) 21 (68%)

Total group (n=182)
LVEDD 112 (n=153) 70 (46%)* 34.2 (12.1) 101 (66%)

LVEDD>112 (n=29) 22 (76%)* 29.5  (8.8) 21  (72%)

FBN1 + group (n=151)
FBN+/LVEDD 112 (n=132) 55 (42%) 33.9 (12.2) 86 (65%)

FBN+/LVEDD>112 (n=19) 13 (68%) 31.7 (9.1) 15 (79%)

FBN1 – group (n=31)
FBN-/LVEDD 112 (n=21) 15 (71%) 36.2 (11.7) † 15 (71%)

FBN-/LVEDD>112 (n=10) 9 (90%) 25.5 (7.0) † 6 (60%)

* = p<0.01, †=p<0.05 all other differences are non-signifi cant

DNA analysis 
In 151/182 (82.9%) patients a putative pathogenic mutation in the FBN1 gene
or a null-allele was identifi ed, whereas no mutation (n=27) or a silent mutation 
(n=4) in FBN1 was found in 31 (17.1%) patients. The groups of patients with or 
without an FBN1 mutation did not differ in terms of mean body surface area, 
mean aortic root diameter (data not shown) or beta-blocker use, but more 
males (24/31) without an FBN1 mutation were identifi ed (Table 1). 

In total, 84 different mutations were identifi ed, 56 of which were unique 

Table 1: Characteristics of the total study group and the subgroups +/- FBN1 mutation, 
 />LVEDD112% and combinations thereof.

Figure 3. Distribution of the different 
types of FBN1 mutations identifi ed 
in 151 patients with Marfan 
syndrome.

5
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and 28 of which were found more often. The distribution of the different types 
of mutations is presented in Figure 3. The distribution of MFS patients with 
respect to the exon-groups involved and the affected modules is shown in 
Table 2.

In addition the TGFBR1 and TGFBR2 genes were screened in all FBN1-
negative patients which led to the identifi cation of one TGFBR2 variant 
(c.1274T>A; p.Met425Lys) in a patient who also demonstrated LVEDD >112% 
(patient 1; Table 3). Although a mutation affecting the identical amino-acid 
residue has been described before, its pathogenic character remains to 

LVEDD>112% No. of patients

Localisation within the gene:
Exon 1-15 2 25
Exon 16-49 4 42
Exon 50-65 7 60
Large deletions, splice site mutations, null-alleles 6 24
Total 19 151
Module involved:
NH-unique 1 3
Non cb EGF 5
Cb EGF 8 78
Fib 1 6
LTBP 1 23
Proline rich sequence 3
C-terminus 2
Large deletion/insertion/null-allele/splice-site mutation 8 31
Total 19 151

Table 2: Distribution of mutations according to localisation within the FBN1 gene 
and the module involved.

Cardio
vascular

Ocular Skeletal Skin Pulmonary Dural Family Remarks

1 involved involved major major TGFBR2
variant

2 major involved involved major
3 major involved involved major
4 major involved involved major
5 major major major involved
6 major involved involved major
7 major major major
8 involved major major
9 major involved involved major
10 major major involved involved

Table 3: Clinical criteria of FBN1-negative MFS patients fulfi lling Ghent criteria with 
LVEDD>112%.
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be established as this mutation could not be found in the patient’s brother 
(patient 6; Table 3) who showed a similar clinical picture.19

Genotype - phenotype relationship
Figure 4 and Table 4 show the relationship between LV dilatation (LVEDD 
>112%) and the categories: missense mutations, mutations most likely leading 
to haploinsuffi ciency (subdivided in large deletions/null-alleles, nonsense, 
frameshift and splice mutations) and absence of an FBN1 mutation. 

Patients carrying missense mutations less frequently (5/75; 6.7%) showed 
LV dilatation compared to patients having a mutation most likely leading to 
haploinsuffi ciency (14/75; 18.7%) (p<0.05) (Table 4).  This effect was mainly 
caused by patients carrying large deletions/null-alleles and frameshift 
mutations (Table 4). We neither found no relationship between LV dilatation 
and the location of the mutation, including the “neonatal region” (data not 
shown), nor with the affected module (Table 2). 

LV dilatation was present in 10/31 patients without an FBN1 mutation 
or silent mutation carriers (32.7%) versus 19/151 patients carrying an FBN1
mutation (12.6%); the difference is signifi cant (p<0.05) (Table 4). Patients in 
the FBN1-negative group with LVEDD >112% were younger than those with 
normal LVEDDs (25.5 vs. 36.2 years, p<0.05) (Table 1). 

The organ systems involved according to the Ghent criteria of all the 

Mutation
according to 
groups

Subtype of 
mutation

LVEDD
112%

LVEDD
>112%

FBN1+ Missense (n=75) non-cysteine 
missense
cysteine-missense

38

32

3 (7.3%)

2 (6.3%)         
5 (6.7%)*

19 (12.6%)†
Haplo
insuffi ciency 
(n=75)

large deletions, 
null-alleles (n=6, 2)

4 4 (44.4%)

14 (18.7%)*nonsense 24 2 (13.3%)
frameshift 15 4 (21.1%)
Splice mutations 18 4 (18.8%)

Rest (n=1) 6bp insertion 1
FBN1- 21 10 10 (32.7%) 10 (32.7%)†

Total 153 29

*=p<0.05, †=p<0.05
FBN1+ = with FBN1 mutation; FBN1- =without FBN1 mutation; bp=basepair 

Table 4. Distribution of number of patients according to type of FBN1 mutation 
in the two LV dilatation categories.

5
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patients with LVEDD >112% in whom no FBN1 mutation or a silent mutation 
was identifi ed, are presented in Table 3.

Discussion
We found an important subset of patients with MFS characterised by 
LV dilatation, even in the absence of predisposing factors like valvular 
insuffi ciency, and as described by others.11,12 Interestingly, our study resulted 
in the novel observation that carriers of mutations most likely leading in 
haploinsuffi ciency (in particular large deletions/null-alleles and frameshift 
mutations) signifi cantly more often demonstrate LV dilatation than carriers of 
missense mutations (p<0.05). The location of a mutation within the gene or 
the affected module was not associated with LV dilatation. In addition, MFS 
patients without an FBN1 mutation demonstrated LV dilatation signifi cantly 
more often than those with a mutation. 

Genotype-phenotype relationships in MFS 
Many attempts have been made to identify genotype-phenotype relation-
ships in MFS, most focusing on the type of FBN1 mutation and the location 
within the gene. In general, no major genotype-phenotype relationships 
have been identifi ed, although a few exceptions have been recognised 
such as a severe prognosis and neonatal MFS, which is associated with the 

Figure 4: Distribution of number of patients with FBN1 missense mutations (dotted bar) 
or with mutations most likely leading to haploinsuffi ciency (black bar) in the LVEDD 
112% and >112% categories.
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clustering of FBN1 mutations in and around exons 26-28, severe skeletal and
skin phenotypes in patients with truncating mutations and the occurrence of 
ectopia lentis in the presence of amutation affecting a cysteine residue.2,4 For 
the cardiovascular system, an association was found between forms of MFS 
characterised by a lack of signifi cant aortic pathology and mutations within 
the 3’ region of FBN1 (exons 59-65).17

Dilated cardiomyopathy, characterised by both marked LV dilatation 
(LVEDD >117% [mean + 2 SD + 5%] and systolic dysfunction [fractional 
shortening <25%]), in the absence of signifi cant valvular pathology is very 
rare in MFS.15 However, isolated mild LV dilatation (LVEDD >112%) is relatively 
common, occurring in about one in six patients with MFS.10,11 This is not an 
entirely unexpected fi nding given the fact that fi brillin-1 is a component 
of the myocardium. In the present study, we investigated the genotype-
phenotype relationship regarding LV dilatation in a large group of patients 
with MFS described before.11 All patients fulfi lled the Ghent criteria for MFS, 
but none had signifi cant valvular pathology or previous aortic root surgery. 
No relationship between the presence or absence of LV dilatation and the 
location of mutation or affected module could be demonstrated in the group 
of patients with an FBN1 mutation. As patients with LV dilatation, regardless 
of their mutation carrier status, were younger than those with normal LV 
dimensions, it is unlikely that the larger LV dimension is caused by ageing.

However, our data show that patients carrying mutations most likely 
leading to haploinsuffi ciency more often had LV dilatation than patients 
carrying other types of mutations. We speculate that missense mutations 
might be less disturbing, with a milder effect on myocardial function than 
other mutations. Although a dominant negative effect of premature stop-
codon-introducing mutations, leading to production of shortened proteins, 
can be expected, this is probably largely eliminated due to preferential 
degradation of transcripts (nonsense mediated mRNA decay), which is 
believed to be common in FBN1 premature termination mutations.20,21 For 
in-frame deletions, it has been established that the mutant protein product 
interferes with microfi bril assembly by a dominant negative mechanism, which 
might also underlie the more severe ventricular phenotype.22 However, the 
explanations for these differences are highly speculative, in particular given 
the complex interactions of fi brillin with other extracellular matrix proteins and 
growth factors.23-25

Our data show that it is important whether an FBN1 mutation is present or 
not, because in those patients without such a mutation the prevalence of LV 

5
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dilatation was signifi cantly higher than in those in whom an FBN1 mutation 
was identifi ed. In fact, in as many as one-third of all patients without an FBN1
mutation, the phenotype was characterised by LV dilatation. However, there 
appeared to be a possible gender effect, since males more often than females 
did not harbour an FBN1 mutation and they also showed LV-dilatation more 
often (Table 1). A possible explanation for this phenomenon might be that 
aortic root size in males is on average 2.4 mm larger than females, even after 
correction for larger body size and thus may lead to more MFS diagnoses in 
males, as enlarged aortic root size is a major criterion in the diagnostics of 
MFS.3,26,27 As this can be considered a phenocopy, this subsequently may lead 
to a lower yield in FBN1 analysis. Another explanation might be the presence 
of a yet unrecognised phenocopy with MFS (-like) features and enlarged 
LV diameters, which is more predominant in males. Although we can not 
provide a conclusive explanation for the observed male predominance, this 
may have led to a potential confounder effect in the analyses.

Other possible genetic mechanisms
Recently, mutations in TGFBR2, on chromosome 3p24.2-p25, encoding 
transforming growth factor  (TGF ) receptor type 2 were identifi ed in MFS 
patients.5,28 TGF  is a member of a family of dimeric polypeptide growth 
factors, and it regulates proliferation and differentiation of cells.29 After 
secretion TGF  is stored in the extracellular matrix, and functional relationships 
between TGF  and fi brillin-1 have been demonstrated.25 Moreover, several 
lines of evidence have implicated TGF  signalling in the pathogenesis of 
connective tissue disorders, including MFS. TGFBR2 missense mutations found 
in patients with MFS have been shown to cause decreased TGF  signaling in 
an in vitro assay suggesting that these mutations lead to a loss of function.5

Based on the above considerations, it can be speculated that the present 
study should have revealed TGFBR1 or TGFBR2 mutations in the subset of 
patients without a mutation in FBN1 and that these mutations could play a 
causative role in the process of LV dilatation. However, we only identifi ed one 
TGFBR2 variant in this subset which is in line with other studies that identifi ed 
TGFBR1 or -2 mutations only in small subsets of MFS criteria-positive, FBN1-
negative patients.5-9 We can therefore exclude overrepresentation of TGFBR1
or -2 in LV dilatation in MFS criteria-positive patients who do not carry an FBN1
mutation.
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Strengths and weaknesses of this study
This is the fi rst study on the relationship between genotype and LV function in 
MFS patients and is unique given the size of the population studied. 

Nonetheless, the sizes of different subgroups that were compared were 
sometimes still relatively small. As a result, certain trends may not have 
reached signifi cance. In addition, not all of the initial 234 MFS patients had 
undergone FBN1 mutation analysis. It can therefore not be excluded that 
this has given rise to a certain bias. Finally, we did not study the potential 
infl uence of concomitant medication such as ACE-inhibitors or angiotensin 
II receptor antagonists on LVEDD. At the time of this study however, these 
medications were infrequently prescribed in patients with MFS.

Because an FBN1 mutation was identifi ed in 82.9% of the patients studied, 
which is in accordance with fi gures from the literature, we feel that the clinical 
diagnostics used in this group is appropriate.4 A defi nite strength of this study 
lies in the extensive and complete genetic analyses we performed, including 
MLPA to exclude large rearrangements, the demonstration of bi-allelic FBN1
expression, and complete TGFBR1 and -2 analyses in patients in whom no 
FBN1 mutation was identifi ed.  

Conclusion and clinical implications
Isolated dilatation of the LV is not uncommon in patients with MFS, but 
we found no genotype-phenotype relationship of this phenomenon with 
regards to the localisation within FBN1 or an affected module involved. 
Importantly however, we have shown for the fi rst time that this LV dilatation 
may occur particularly in MFS patients carrying mutations most likely leading 
to haploinsuffi ciency, in particular large deletions/null-alleles and to a lesser 
extent frameshift mutations, and in those in whom no FBN1 mutation is 
demonstrable. Therefore, clinicians should be aware of the possibility of LV 
dilatation developing in these patients even in the absence of predisposing 
factors like valvular pathology. 

Acknowledgements
We thank Nic Veeger for his help in the statistical analyses and Jackie Senior 
for her help in preparing this manuscript.

5



140

Chapter 5

References
Pereira L, D’Alessio M, Ramirez F, Lynch JR, Sykes B, Pangilinan T, Bonadio J. 1.
Genomic organization of the sequence coding for fi brillin, the defective gene 
product in Marfan syndrome. Hum Mol Genet. 1993; 2:961-968. Erratum in: Hum 
Mol Genet. 1993;2:1762.

2.  Boileau C, Jondeau G, Mizuguchi T, Matsumoto N. Molecular genetics of Marfan 
syndrome. Curr Opin Cardiol. 2005; 20:194-200.

3.  De Paepe A, Devereux RB, Dietz HC, Hennekam RC, Pyeritz RE. Revised diagnostic 
criteria for the Marfan syndrome. Am J Med Genet. 1996; 62:417-426.

4.  Faivre L, Collod-Beroud G, Loeys BL, Child A, Binquet C, Gautier E, Callewaert B, 
Arbustini E, Mayer K, Arslan-Kirchner M, Kiotsekoglou A, Comeglio P, Marziliano N, 
Dietz HC, Halliday D, Beroud C, Bonithon-Kopp C, Claustres M, Muti C, Plauchu 
H, Robinson PN, Ades LC, Biggin A, Benetts B, Brett M, Holman KJ, De Backer 
J,Coucke P, Francke U, De Paepe A, Jondeau G, Boileau C. Effect of mutation 
type and location on clinical outcome in 1,013 probands with Marfan syndrome 
or related phenotypes and FBN1 mutations: an international study. Am J Hum 
Genet. 2007; 81:454-466.

5.  Mizuguchi T, Collod-Beroud G, Akiyama T, Abifadel M, Harada N, Morisaki T,Allard 
D, Varret M, Claustres M, Morisaki H, Ihara M, Kinoshita A, Yoshiura K,Junien C, Kajii 
T, Jondeau G, Ohta T, Kishino T, Furukawa Y, Nakamura Y, Niikawa N, Boileau C, 
Matsumoto N. Heterozygous TGFBR2 mutations in Marfan syndrome. Nat Genet. 
2004; 36:855-860. 

6.  Ki CS, Jin DK, Chang SH, Kim JE, Kim JW, Park BK, Choi JH, Park IS, Yoo HW. 
Identifi cation of a novel TGFBR2 gene mutation in a Korean patient with Loeys-
Dietz aortic aneurysm syndrome; no mutation in TGFBR2 gene in 30 patients with 
classic Marfan’s syndrome. Clin Genet. 2005; 68:561-563.

7.  Singh KK, Rommel K, Mishra A, Karck M, Haverich A, Schmidtke J, Arslan-Kirchner 
M. TGFBR1 and TGFBR2 mutations in patients with features of Marfan syndrome 
and Loeys-Dietz syndrome. Hum Mutat. 2006; 27:770-777.

8.  Sakai H, Visser R, Ikegawa S, Ito E, Numabe H, Watanabe Y, Mikami H, Kondoh 
T, Kitoh H, Sugiyama R, Okamoto N, Ogata T, Fodde R, Mizuno S, Takamura K, 
Egashira M, Sasaki N, Watanabe S, Nishimaki S, Takada F, Nagai T, Okada Y, 
Aoka Y, Yasuda K, Iwasa M, Kogaki S, Harada N, Mizuguchi T, Matsumoto N. 
Comprehensive genetic analysis of relevant four genes in 49 patients with Marfan 
syndrome or Marfan-related phenotypes. Am J Med Genet A. 2006; 140:1719-
1725.

9.  Mizuguchi T, Matsumoto N. Recent progress in genetics of Marfan syndrome and 
Marfan-associated disorders. J Hum Genet. 2007; 52:1-12. 

10.  Chatrath R, Beauchesne LM, Connolly HM, Michels VV, Driscoll DJ. Left ventricular 
function in the Marfan syndrome without signifi cant valvular regurgitation. Am J 
Cardiol. 2003; 91:914-916.

11.  Meijboom LJ, Timmermans J, van Tintelen JP, Nollen GJ, De Backer J, van den Berg 
MP, Boers GH, Mulder BJ. Evaluation of left ventricular dimensions and function in 
Marfan’s syndrome without signifi cant valvular regurgitation. Am J Cardiol. 2005; 
95:795-797.

12.  De Backer JF, Devos D, Segers P Matthys D, François K, Gillebert TC, De Paepe AM, 
De Sutter J. Primary impairment of left ventricular function in Marfan syndrome. Int 
J Cardiol. 2006; 112:353-358.



141

5

LV dilatation and FBN1 genotype in Marfan syndrome

13.  Cheitlin MD, Alpert JS, Armstrong WF, Aurigemma GP, Beller GA, Bierman FZ, 
Davidson TW, Davis JL, Douglas PS, Gillam LD. ACC/AHA Guidelines for the Clinical 
Application of Echocardiography. A report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines (Committee on 
Clinical Application of Echocardiography). Developed in collaboration with the 
American Society of Echocardiography. Circulation. 1997; 95:1686-1744.

14.  Henry WL, Gardin JM, Ware JH. Echocardiographic measurements in normal 
subjects from infancy to old age. Circulation. 1980; 62:1054-1061.

15.  Mestroni L, Maisch B, McKenna WJ, Schwartz K, Charron P, Rocco C, Tesson 
F, Richter A, Wilke A, Komajda M. Guidelines for the study of familial dilated 
cardiomyopathies. Collaborative Research Group of the European Human and 
Capital Mobility Project on Familial Dilated Cardiomyopathy. Eur Heart J. 1999; 
20:93-102.

16.  Matyas G, De Paepe A, Halliday D, Boileau C, Pals G, Steinmann B. Evaluation 
and application of denaturing HPLC for mutation detection in Marfan syndrome: 
Identifi cation of 20 novel mutations and two novel polymorphisms in the FBN1 
gene. Human Mutation. 2002; 19:443-456.

17.  Palz M, Tiecke F, Booms P, Goldner B, Rosenberg T, Fuchs J, Skovby F, Schumacher 
H, Kaufmann UC, von Kodolitsch Y, Nienaber CA, Leitner C, Katzke S, Vetter B, 
Hagemeier C, Robinson PN. Clustering of mutations associated with mild Marfan-
like phenotypes in the 3’ region of FBN1 suggests a potential genotype-phenotype 
correlation. Am J Med Genet. 2000; 91:212-221.

18.  Byers PH. Determination of the molecular basis of Marfan syndrome: a growth 
industry. J Clin Invest. 2004; 114:161-163.

19.  Disabella E, Grasso M, Marziliano N, Ansaldi S, Lucchelli C, Porcu E, Tagliani M, 
Pilotto A, Diegoli M, Lanzarini L, Malattia C, Pelliccia A, Ficcadenti A, Gabrielli O, 
Arbustini E. Two novel and one known mutation of the TGFBR2 gene in Marfan 
syndrome not associated with FBN1 gene defects. Eur J Hum Genet. 2006; 14:34-
38.

20.  Dietz HC, McIntosh I, Sakai LY, Corson GM, Chalberg SC, Pyeritz RE, Francomano 
CA. Four novel FBN1 mutations: signifi cance for mutant transcript level and EGF-
like domain calcium binding in the pathogenesis of Marfan syndrome. Genomics. 
1993; 17:468-475.

21.  Schrijver I, Liu W, Odom R, Brenn T, Oefner P, Furthmayr H, Francke U. Premature 
termination mutations in FBN1: distinct effects on differential allelic expression and 
on protein and clinical phenotypes. Am J Hum Genet. 2002; 71:223-237.

22.  Liu W, Schrijver I, Brenn T, Furthmayr H, Francke U. Multi-exon deletions of the FBN1 
gene in Marfan syndrome. BMC Med Genet. 2001; 2:11. 

23.  Robinson PN, Arteaga-Solis E, Baldock C, Collod-Béroud G, Booms P, De Paepe A, 
Dietz HC, Guo G, Handford PA, Judge DP, Kielty CM, Loeys B, Milewicz DM, Ney 
A, Ramirez F, Reinhardt DP, Tiedemann K, Whiteman P, Godfrey M. The molecular 
genetics of Marfan syndrome and related disorders. J Med Genet. 2006; 43:769-
787.

24.  Rifkin DB. Latent transforming growth factor-beta (TGF-beta) binding proteins: 
orchestrators of TGF-beta availability. J Biol Chem. 2005; 280:7409-7412.

25.  Isogai Z, Ono RN, Ushiro S, Keene DR, Chen Y, Mazzieri R, Charbonneau NL, 
Reinhardt DP, Rifkin DB, Sakai LY. Latent transforming growth factor beta-binding 
protein 1 interacts with fi brillin and is a microfi bril-associated protein. J Biol Chem. 

5



142

Chapter 5

2003; 278:2750-2757. 
26.  Vasan RS, Larson LG, Levy D. Determinants of Echocardiographic Aortic Root Size; 

The Framingham Heart Study. Circulation. 1995; 91:734-740.
27.  Roman MJ, Devereux RB, Kramer-Fox R, O’Loughlin J. Two-dimensional 

echocardiographic aortic root dimensions in normal children and adults. Am J 
Cardiol. 1989; 64:507-512.

28.  Collod G, Babron MC, Jondeau G, Coulon M, Weissenbach J, Dubourg O, 
Bourdarias JP, Bonaiti-Pellie C, Junien C, Boileau C. A second locus for Marfan 
syndrome maps to chromosome 3p24.2-p25. Nat Genet. 1994; 8:264-268.

29.  Blobe GC, Schiemann WP, Lodish HF. Role of transforming growth factor beta in 
human disease. N Engl J Med. 2000; 342:1350-1358.




