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ABSTRACT 

Marfan syndrome (MFS) is a monogenetic disorder of connective tissue, associated with increased 

Transforming Growth Factor (TGF)-β signaling. Aortic disease is the major clinical problem in patients 

with MFS. Progressive aortic root dilatation, with the subsequent risk of aortic dissection, will generally 

develop around the third decade of life. A certain degree of aortic root dilatation requires prophylactic 

aortic root surgery. Because the rate of aortic root dilatation is highly variable, at least yearly  

examination of aortic root dimensions is necessary. Until now, no explanation for the variability in aortic 

root dilatation rate has been found. In our previous work we showed association of aortic root dilatation 

rate with increased expression of Human Leukocyte Antigene (HLA)-DRB genes in MFS patients. In the 

present study we investigated whether genetic variability in inflammation related genes could explain the 

variation in aortic disease severity in 170 MFS patients. Aortic disease severity was defined as aortic root 

dilatation rate over a period of up-to 15 years.  Aortic disease severity did not correlate with 7544 Single 

Nucleotide Polymorphisms (SNPs) in the Major Histocompatibility Complex (MHC) region on 

chromosome 6. However, analysis of 15169 SNPs in 943 additional inflammatory genes revealed a 

significant association of aortic disease severity with a SNP in the Sialic Acid Binding Ig-like Lectin 7 

(SIGLEC7) gene (p=3.5x10-7). Furthermore, a trail of SNPs was observed in interleukine 16 (IL16) gene 

(p=7x10-5). Finally, these associations were replicated in a cohort of patients with ruptured intracranial 

aneurysms using the diameter of the aneurysm at the time of rupture as a proxy for the disease severity 

(p=0.03 and p=0.05 respectively).The SIGLEC7 gene controls innate immune response to tissue damage, 

while the IL16 gene is a chemoattractant of various pro-inflammatory cells and induces expression of 

HLA-DR genes in monocytes.  In conclusion, genetic variability in inflammation-related loci may modify  

aortic disease severity in MFS, and possibly in other vascular diseases.
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INTRODUCTION 

MFS is an autosomal dominant disorder of connective tissue (OMIM: 154700), almost always 

caused by mutations in the FBN1 gene (1). FBN1 codes for fibrillin-1, an abundant protein of the 

extracellular matrix (ECM). MFS has an incidence of 1-2 in 10,000 individuals. Development of aortic 

root aneurysms is the main cause of morbidity and mortality of MFS patients (2-4). Aortic disease is 

mostly progressive and may result in aortic dissection and sudden death at young age, if untreated by 

prophylactic aortic root surgery(5). Although monogenetic, MFS is a clinically variable disorder without 

a clear genotype-phenotype correlation regarding aortic disease severity(6) (7). Severity and age of onset 

of aortic disease are unpredictable in MFS, suggesting that there are modifying genes involved in the 

pathogenesis of aortic disease. 

In our previous work we presented evidence that inflammation is associated the severity of the 

aortic disease in MFS. In an extensive study of gene expression in MFS patients, we found that the aortic 

root dilatation rate correlated with the expression of Human Leukocyte Antigen (HLA)-DRB1 and HLA-

DRB5 genes in connective tissue. In our patient population both TGF-β signaling and inflammation were 

increased. MFS patients with normal TGF-β levels did not develop aortic root dilatation whereas in 

patients with increased TGF-β levels aortic dilatation was present and its progression correlated with the 

expression of pro-inflammatory genes in the connective tissue and cytokines in blood. Together, these 

results suggest that individual immune responses modify the aortic disease severity in MFS.  

Accordingly, in the present study we investigated the influence of genetic variation in inflammation-

related genes on aortic disease severity. 

For many years MFS has been considered to be a structural disease of the connective tissue, because 

ocular lens dislocation, another common phenotypic feature in MFS, results from the failure of the 

fibrillin-1 rich suspensory lens ligaments. In recent years, however, evidence of increased TGF-β 

signaling in MFS has changed ideas about MFS pathophysiology. In a well established mouse model of 
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MFS increased TGF-β signaling contributed to the development of most of the MFS features. (8-10) In 

MFS mice aortic root dilatation could be counteracted by administration of both TGF-β neutralizing anti-

bodies and the anti-hypertensive drug losartan (9). Losartan is a selective angiotensin II receptor 1 blocker 

widely used for treatment of hypertension and heart failure. Many trials investigating its effects on aortic 

disease severity in MFS were initiated worldwide(11-13).    

In abdominal, thoracic and intracranial aneurysms, inflammation plays an important role in 

aneurysm formation and progression, both in animal models and humans. Examination of human 

pathological material of abdominal aneurysms reveals thinning of vascular wall and destruction of 

extracellular matrix accompanied by a prominent cell infiltrate(14,15). In intracranial aneurysms both 

cellular and humoral immunity were implicated in the aneurysm formation and progression (16,17). 

Although MFS was always considered to be a non-inflammatory disorder, there is now substantial 

evidence that inflammation plays a role in disease pathogenesis. In a mouse model of MFS, doxycycline 

reduced aortic dilatation and increased TGF-β signaling in the aortic wall(18-20). Doxycycline is a non-

specific anti-inflammatory agent which inhibits enzymes of the extracellular matrix produced by 

macrophages: matrix metalloproteinases (MMPs). MMPs contribute to the extracellular matrix 

degradation and aneurysm formation in thoracic and abdominal aneurysms (21). In addition, Guo et al. 

found that aortic extracts of both MFS mice and MFS patients induced increased macrophage chemotaxis 

suggesting a pro-inflammatory potential of fibrillin-1 degradation products(22,23).  

METHODS 

Design of the study 

Adult MFS patients from the four specialized Marfan clinics in the Netherlands were included. 

Genome wide genotyping was performed using Illumina HumanOmniExpress BeadChip which measures 

approximately 733 k SNPs.  As aortic root dilatation rates were associated with gene expression of HLA-



119 

 

DR genes, in the first step of this study we associated SNPs in the Major Histocompatibility Complex 

(MHC) region on chromosome 6. In the second step, SNPs in 943 inflammatory genes as described by 

Loza et al. (24) were investigated. Genetic associations with aortic root dilatation rate measured over the 

period of 2-15 years as outcome were evaluated. Top hits were validated in a cohort of patients with 

ruptured intracranial aneurysms. 

Patients 

One hundred and seventy patients with a clinical diagnosis of MFS according to the Ghent 

criteria were included  (25).  

Approximately 85% of patients were the participants of the COMPARE study (12). The other 

15% were MFS patients who were registered in the CONCOR database and biobank(26). We included 

patients with the whole spectrum of the aortic disease: MFS patients without aortic root dilatation (n=31), 

MFS patients with aortic root dilatation (n=139) of which some had elective aortic root replacement 

(n=54) or aortic dissection (n=2).   

In patients who underwent aortic root surgery, aortic root dilatation rate was calculated over the 

period prior to the operation. Aortic root diameters were derived from patients’ charts based on the yearly 

follow-up of the aortic root diameter by means of echocardiography. Mean aortic root dilatation rate was 

calculated as a mean aortic root dilatation rate (linear regression coefficient of aortic root diameters over 

time (mm/year)) and reflects the severity of aortic disease. Patients with higher aortic root dilatation rates 

reach the critical aortic root dilatation of 45-50 mm in a shorter period of time and are therefore operated 

at younger age (27). All patients gave a written informed consent. 

The validation cohort consisted of 403 patients with a ruptured intracranial aneurysm (leading to 

a subarachnoidal bleeding) admitted to the neurology and neurosurgery ward of the University Medical 

Center Utrecht in the Netherlands. These 403 patients with ruptured aneurysm of whom imaging studies 
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to measure the size of the aneurysm were available, available from the Dutch patients with ruptured and 

unruptured aneurysms who were previously genotyped in a genome wide association study (GWAS) on 

intracranial aneurysms(28,29).  Inflammation is thought to play an aggravating role on intracranial 

aneurysm progression in these patients and leads to rupture (30-32). Therefore, intracranial aneurysm 

patients were dichotomized into two groups: 214 patients with a ruptured aneurysm at diameters<7 mm 

and 189 patients with a ruptured aneurysm at diameter ≥7mm, according to current clinical guidelines 

(33). The largest diameter of the lumen of the aaneurysm was measured by means of angiography 

(conventional angiogram, CT- angiogram).  

SNP selection  

In our previous work, high aortic root dilatation rates in MFS patients were associated with high 

expression of HLA-DRB genes in connective tissue. Therefore, we first included all genotyped SNPs 

from the HLA region on chromosome 6 in the analysis (NCBI Build 36, base positions 25760204 to 

33529555).  

In the second step, we analyzed SNPs in candidate genes in the whole inflammatory pathway. 

Candidate genes were described by Loza et al..(34) We included inflammation-related genes of various 

phases of the immune response (i.e. development of immune cells, sensing of danger, influx of cells to 

sites of insult, activation and functional responses of immune and non-immune cells, and resolution of the 

immune response) and divided them into 17 functional sub-pathways. As the genes from the HLA region 

were analyzed in the previous step, we excluded these from this second analysis. In total, 943 genes in 

these pathways were analyzed (Table 1). A selection of SNPs was made in the target sequences including 

genomic regions containing the entire candidate genes, 2kb before transcription start site, and 2kb after 

the transcription end site, based on the annotation in NCBI Build 36. In total 15169 SNPs in these regions 

were found and included in the analysis.   
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Table 1: Inflammatory genes and pathways 

Pathway Genes SNPs 

Adhesion-Extravasation-Migration 131 1463 

Apoptosis Signaling 66 916 

Calcium Signaling 14 577 

Complement Cascade 34 568 

Cytokine signaling 154 2024 

Eicosanoid Signaling 36 817 

Glucocorticoid/PPARsignaling 17 485 

G-Protein Coupled Receptor Signaling 41 2050 

Innate pathogen detection 37 384 

Leukocyte signaling 109 1598 

MAPK signaling 111 2550 

Natural Killer Cell Signaling 25 220 

NF-kB signaling 31 365 

Phagocytosis-Ag presentation 21 151 

PI3K/AKT Signaling 35 435 

ROS/Glutathione/Cytotoxic granules 20 215 

TNF Superfamily Signaling 32 351 

 

Genotyping 

Genomic DNA of MFS patients was extracted from peripheral blood using the gentra puregene 

blood kit (Qiagen, the Netherlands) according to the manufacturer's instructions. Microarray-based DNA 

genotyping was performed at ServiceXS (ServiceXS B.V., Leiden, The Netherlands) using the 

HumanOmniExpress BeadChip (Illumina, Inc., San Diego, CA, U.S.A). This array interrogates >700,000 

loci with a median marker spacing of 2.2 kb. Of each sample, 4 µl genomic DNA at 50 ng/µl was 

processed and hybridized to the BeadChips, according to the manufacturer's instructions. The BeadChip 

images were scanned on the iScan system and the data was extracted into Illumina's GenomeStudio 

software v2010.1. The software's default settings were used with the cluster file as developed by Illumina 

for genotype calling. 
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The genotypes of the validation cohort were retrieved from a previous GWAS on intracranial 

aneurysms (28,29) using Illumina CNV370-duo chips. 

 Statistical analysis 

 Statistical analysis was performed using GenABEL package (35) in the R statistical program (R 

Development Core Team (2010). R: A language and environment for  statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org). Linear 

regression analysis assuming an additive genetic model with adjustment for age and sex was used to 

analyze the association of the aortic root dilatation rates and genotypes. Multiple quality control measures 

were implemented. The estimated sex for each individual determined by genotyping was compared with 

their phenotypic sex. Only SNPs with a minor allele frequency of >5% were included in the analysis. 

Exclusion criteria included deviation from Hardy-Weinberg equilibrium at p<10−3, sample call rate 

<0.95 and SNP call rate <0.98. Bonferroni correction for the target p-value was applied.  

Significant SNPs were validated in the intracranial aneurysms patients cohort using Chi-square test. 

RESULTS 

Association of markers in the MHC region and aortic disease severity 

First we investigated whether genetic variation in MHC region associated with the aortic root dilatation 

rates. In total, 7544 markers and 170 patients were included in the quality control step. Patients’ 

characteristics of 170 included patients are shown in Table 2. Then, 2008 markers were excluded due to a 

low minor allele frequency (27%); another 169 markers were excluded due to a low call rate (2%); 33 

markers were excluded because they were out of the Hardy-Weinberg equilibrium (0.4%). Three patients 

were excluded due to a high identity by state (IBS; 2%).  
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Table 2: Marfan patients’ characteristics 

Clinical features 170 MFS patients (%) 

Mean age (range) 36 (18-63) 

Sex (male) 88 (52) 

Mean aortic dilatation rate, 

 mm/yr (SD) 0.6 (0.9) 

Aortic root dilatation 139 (82) 

 Aortic root operation 54 (32) 

 Aortic dissection 2 (1) 

Mitral valve prolapse 70 (41) 

Dilatation of distal aorta 9 (5) 

 

Association of 5367 markers and aortic root dilatation rates in 167 patients showed the lowest p-value of 

1.6 x 10-4 for SNP rs209160  which did not reach the significance level set by the Bonferroni correction 

(p=7x10 -6). The top SNPs were in linkage disequilibrium (r2>0.8) and covered the region of the TRIM27 

gene (Supplementary Table).  

Association of inflammation-related genes and aortic disease severity 

In total 15169 SNPs in 943 genes and 170 patients were included in the analysis of which 153 patients 

and 11383 markers passed the quality control step: 3569 (24%) markers were excluded from the analysis 

due to a low minor allele frequency and 225 (1.4%) markers due to a low call rate.  Other 24 (0.1%) 

markers were excluded from the analysis due to deviation from the Hardy-Weinberg equilibrium.    

Results of the association study revealed p-values ranging from 3.5 x 10-7 to 8.5 x10-4 for the top 20 hits 

(Table 3). The most significant hit, rs273660, with a p-value of 3.5x10-7, reached the significance level set 

by Bonferroni correction (4x10 -6). It was a SNP in the SIGLEC7 gene, which is involved in natural killer 

cell signaling. MFS patients carrying one risk allele in this SNP (G) had on average 1 mm/year more 
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aortic root growth than MFS patients without it. Thus, these patients had more progressive aortic root 

growth and therefore were at risk for an operation at younger age or aortic root dissection. No other SNPs 

in this gene were genotyped. Furthermore, we observed a SNP trail with a p-value of the top hit 7x10 -5 in 

IL16 gene (Figure 1). Similarly, MFS patients carrying a risk allele (T) in the top SNP in this gene 

(rs4778636) had on average 0.7 mm/year higher aortic root dilatation rate and were at risk for an 

operation at young age or a dissection.  

Table 3 Top hits 

SNP Chromosome Position Minor allele Gene β* p-value 

rs273660 19 51655950 G SIGLEC7 1.0 3.8E-07 

rs11126453 2 75368740 T TACR1 0.6 7.0E-05 

rs4778636 15 81591639 T IL16 0.7 7.3E-05 

rs11556218 15 81598269 G IL16 0.7 7.3E-05 

rs1803275 15 81598416 A IL16 0.7 7.3E-05 

rs4952801 2 46354245 C PRKCE 0.4 9.5E-05 

rs3771833 2 75366937 T TACR1 0.6 2.9E-04 

rs10494783 1 198663661 A PTPRC 0.7 32E-04 

rs1025325 9 93597669 C SYK 0.4 3.6E-04 

rs2110071 12 7065576 G PTPN6 0.7 3.9E-04 

rs10906152 10 12487739 C CAMK1D 0.6 4.6E-04 

rs2768451 10 12490786 T CAMK1D 0.6 4.6E-04 

rs3754569 2 46352453 T PRKCE 0.4 5.4E-04 

rs11964650 6 112081938 T FYN 0.7 6.0E-04 

rs8006914 14 23310485 T MMP14 0.4 6.5E-04 

rs2939 9 21166004 G IFNA21 0.4 7.1E-04 

rs697642 6 112053105 A FYN 0.5 7.5E-04 

rs16889869 5 58755580 G PDE4D 0.5 8.3E-04 

rs4953318 2 46355051 C PRKCE 0.4 8.3E-04 

rs10744724 12 7065281 C PTPN6 0.6 8.5E-04 

rs17796040 5 58754510 T PDE4D 0.6 9.2E-04 
Note: β- mean aortic dilatation rate difference per one minor allele (mm/year) 
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Figure 1 Regional association plot for IL16 gene 

Locus-specific association map generated from genotyped SNPs in IL16 gene, centered at rs4778636. SNPs in red 
have r2 ≥ 0.8 with rs4778636; SNPs in pink have r2=0.5–0.8; SNPs in rose have r2=0.2–0.5; and SNPs in white 
have r2 < 0.2 with the leading SNP. Superimposed on the plot are gene locations (green) and recombination rates 
(blue). Chromosome positions are based on HapMap release 22 build 36.2 and b was prepared using SNAP(47). 

Replication of the associations in a cohort of patients with IA aneurysm 

We next validated the association of the two leading SNPs in SIGLEC7 and IL16 genes in a cohort of IA 

patients. The risk T allele of SNP rs4778636 in the IL16 gene was more abundant in patients with 

ruptured IA at small diameters (<7 mm), compared with IA patients with a ruptured aneurysm at larger 

diameters, p=0.05. The top hit in the SIGLEC7 gene, rs273660 was not genotyped in the IA cohort. Its 

proxy, however, rs273674, with r2=0.924 (HapMap 3, release 2) was genotyped and revealed a p=0.03 

(Table 4). 
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Table 4: Patient characteristics validation cohort 

Patient characteristics 403 patients with intracranial aneurysm* 

Mean age at the time of rupture (SD) 51 (12) 

Sex (% male) 25 

Mean aneurysm diameter (SD) 7.6 (4.4) 

 

Table 5: Top hits validation 

SNP Gene Odds ratio (95% CI) p-value 

rs273674 SIGLEC7 2.0 (1.0-3.9) 0.03 

rs4778636 IL16 1.8 (1.0-3.4) 0.05 

 

DISCUSSION 

In this genetic association study searching for modifiers of the aortic phenotype in MFS we 

identified a susceptibility variant for progressive aortic disease in a gene of the innate inflammatory 

pathway: SIGLEC7. In addition, this study provided evidence that SNPs in IL16 gene may also be 

associated with progressive aortic disease in MFS. 

In our MFS patients, progressive aortic root dilatation was associated with genetic variation in 

SIGLEC7 gene: patients carrying the minor allele in this gene had more progressive aortic root dilatation. 

This was validated in patients with a ruptured intracranial aneurysm: aneurysms in patients carrying the 

minor allele in this gene ruptured at smaller diameters. The SIGLEC-family of genes, in particular 

SIGLEC7, is involved in pattern-recognition and subsequent attenuation of innate immunity (36,37). 

Innate immune response is a non-specific immediate response to a pathogen or tissue damage which 

activates further immunological cascade. While innate immune response to tissue damage is important for 

tissue repair and healing, it is normally well controlled to avoid auto-immune destruction. In MFS 

patients with progressive aortic disease this immune response to structural tissue damage at the aortic root 
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might be extensive leading to more tissue damage and subsequent severe aortic root dilatation. In this 

light, aortic dilatation in MFS is possibly the result of several factors: a structurally deficient aortic root 

due to the mutant fibrillin-1 protein and increased TGF-β signaling, aggravated by hemodynamic stress, 

which, together, activate the immune system in a healing process. In susceptible patients this healing 

mechanism is not well controlled and leads to more excessive damage which then activates a positive 

feedback loop and progressive aortic root dilatation as a result. 

In our previous work we demonstrated that increased HLA-DRB1 and HLA-DRB5 gene 

expression was associated with progressive aortic dilatation rates in MFS patients suggesting an 

inflammatory process in the connective tissue of these patients. In the current study we found that 

multiple SNPs in IL16 gene are also associated with aortic dilatation rates in these patients while no 

association was found with SNPs in HLA region on chromosome 6. The Minor allele in IL16 gene was 

also significantly more frequent in patients with IA which ruptured at smaller diameters. IL16 gene codes 

for IL16 protein, a cytokine described as a first T-cell attractant. It is a chemoattractant of a variety of 

CD4+ immune cells which contributes to the regulatory process of CD4+ cell recruitment and activation 

at sites of inflammation (reviewed in (38) and (39) ). Interestingly, IL16 induced stimulation of 

monocytes, macrophage precursors, resulted in up-regulation of HLA-DR gene expression and monocytic 

recruitment (40). With this knowledge, genetic variation in IL16 gene and subsequent altered IL16 

signaling may lead to increased expression of the HLA-DRB genes and macrophage attraction to the tissue 

damage site. Macrophages play an important role in the pathogenesis of the aneurysm formation in MFS. 

Aortic extracts of MFS mice and human aortas induced increased chemotaxis of macrophages(22,23). 

They produce matrix matelloproteinases (MMPs), proteolytic enzymes which contribute to extracellular 

matrix degradation (41,42). When treated with doxycycline, a non-specific MMPs inhibitor, MFS mice 

exhibited a delayed aortic aneurysm progression (18,20,43). Together these data indicate that IL16 and 

SIGLEC7 genes activate a complicated immunological cascade which might lead to increased immune 

activation in MFS patients with susceptibility loci resulting in progressive aortic dilatation.  
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There are, however, two limitations to this study: a small sample size and a non-MFS validation 

cohort. Due to a relatively small sample size, the p-value for SNPs in IL16 gene did not reach the 

Bonferroni set p-value. Nevertheless, a trail of several SNPs was observed of which the top-hit was 

validated suggesting the observed association is less likely to be a coincidental result. Our top-hits were 

validated in a cohort of intracranial aneurysms. Although the pathogenesis of intracranial aneurysms is 

probably different from that of MFS (the vast majority of intracranial aneurysms is multifactorial while 

MFS is a monogenetic disorder of the extracellular matrix) these two diseases share some common 

pathways. Genetic association studies in the genes of the extracellular matrix and TGF-β pathway genes 

have been investigated in patients with intracranial aneurysm. Genes involved in the maintenance of the 

extracellular matrix were associated with intracranial aneurysm (44) while no clear involvement of TGF-β 

signaling  genes was found in these patients (45,46). Our study introduced inflammatory process as 

another common pathway of MFS and intracranial aneurysms. 

In conclusion, this study introduced two inflammation-related genes, namely SIGLEC7 and IL16, 

as susceptibility genes for progressive aortic disease in MFS. Genetic variants in these genes are likely to 

be risk loci for progressive vascular disease and aneurysm rupture also in other, non-MFS aneurysms.  

Although the aortic disease in MFS is probably caused by increased TGF-β signaling, inflammation plays 

an important role in the aortic disease progression. Further work on the role of inflammation in MFS 

disease pathogenesis and its utility in patient care is warranted. 
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SUPPLEMENT 

Table Association of the SNPs in MHC region with the aortic root disease severity 

SNP Gene Position Beta p-value 

rs209160 TRIM27 28839879 0.3 1.6E-04 

rs763009 TRIM27 28915108 0.3 1.7E-04 

rs209153 TRIM27 28846249 0.3 3.2E-04 

rs209184 TRIM27 28791289 0.3 3.9E-04 

rs209176 TRIM27 28804186 0.3 3.9E-04 

rs209126 TRIM27 28872446 0.3 4.2E-04 

rs3129792 TRIM27 28956416 0.3 4.3E-04 

rs2765219 TRIM27 28770349 -0.3 4.3E-04 

rs2754767 TRIM27 28775241 -0.3 4.3E-04 

rs377392 TRIM27 28784741 -0.3 4.3E-04 

rs1233602 TRIM27 28733403 0.3 4.4E-04 

rs1233627 TRIM27 28751727 0.3 4.4E-04 

rs169679 TRIM27 28856572 0.3 5.4E-04 

rs209148 TRIM27 28857269 0.3 5.4E-04 

rs209128 TRIM27 28869173 0.3 5.4E-04 

rs932776 TRIM27 28901034 0.3 5.4E-04 

rs1004062 TRIM27 28902133 0.3 5.4E-04 

rs2071790 TRIM27 28911802 0.3 5.4E-04 

rs1476016 TRIM27 28922719 0.3 5.4E-04 

rs386628 TRIM27 28784396 -0.3 5.6E-04 




