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A Review on the Role of DNA Methylation in Aortic Disease 
Associated With Marfan Syndrome
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Abstract

Marfan syndrome (MFS) is a genetic disorder primarily affecting the 
connective tissue, with cardiovascular complications as the leading 
cause of mortality. While mutations in the FBN1 gene are the primary 
cause, the severity and progression of the disease can vary signifi-
cantly among individuals. DNA methylation, a key epigenetic regula-
tory mechanism, has garnered attention in MFS research, particularly 
regarding methylation changes in the FBN1 locus and their effects 
on fibrillin-1 expression. Differential methylation and expression of 
genes related to inflammation (e.g., interleukin (IL)-10, IL-17) and 
oxidative stress (e.g., PON2, TP53INP1) have been linked to MFS 
aortic pathology. These alterations likely contribute to disease pro-
gression by influencing inflammatory responses, smooth muscle cell 
apoptosis, and biomechanical properties of the aorta. The transform-
ing growth factor-beta (TGF-β) signaling pathway plays a central role 
in MFS pathology, with aberrant methylation of related genes poten-
tially elevating active TGF-β levels and exacerbating aortic lesions. 
Notably, tissue-specific methylation patterns, especially in smooth 
muscle cells of the aorta, remain poorly understood. A deeper under-
standing of DNA methylation’s role in MFS could pave the way for 
early interventions and epigenetic-targeted therapies.
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Introduction

Marfan syndrome (MFS) is a heritable connective tissue disor-
der that affects multiple systems, including the cardiovascular, 
skeletal, and ocular systems. It is primarily caused by muta-
tions in the FBN1 gene, which encodes fibrillin-1, a crucial 
component of extracellular matrix microfibrils essential for 

maintaining tissue structure and elasticity, as well as regulating 
the bioavailability of transforming growth factor-beta (TGF-β) 
[1, 2]. Although genetic mutations provide the foundation 
for disease development, the observed phenotypic variability 
underscores the involvement of additional regulatory mecha-
nisms, such as epigenetics. DNA methylation is a key epige-
netic modification that involves the addition of a methyl group 
to cytosine bases, particularly within CpG dinucleotides. It 
influences gene expression, with promoter methylation often 
associated with gene silencing [3], while methylation within 
gene bodies and other regulatory regions has more complex 
effects [4].

Current research on DNA methylation in MFS primarily 
focuses on investigating its impact on FBN1 expression and 
related influenced genes or pathways. Existing studies dem-
onstrate significant variations in fibrillin-1 expression levels 
across different tissues [5], potentially attributable to vary-
ing CpG methylation levels; however, previous genome-wide 
methylation analyses have not revealed altered FBN1 locus 
methylation levels in aortic tissues from MFS patients, although 
limitations in control group selection and sample sources, such 
as peripheral blood leukocytes, constrain the interpretability 
of these findings [6, 7]. Several studies suggest a correlation 
between hypomethylation upstream of the FBN1 promoter 
and elevated gene expression, with the use of demethylation 
inhibitors shown to increase fibrillin-1 protein expression [8, 
9]. Furthermore, other investigations have identified altered 
methylation levels in genes related to inflammatory responses, 
oxidative stress, mitochondrial dysfunction, and mechanical 
stress responses in MFS patients, suggesting a potential role 
for DNA methylation in MFS pathogenesis through the modu-
lation of multiple pathways [10-12]. Therefore, in-depth in-
vestigation of methylation patterns within different regulatory 
regions of the FBN1 gene, as well as methylation changes in 
other relevant genes, is crucial for elucidating the pathogenic 
mechanisms of MFS and developing novel therapeutic strate-
gies.

Genetic Basis of MFS

FBN1, fibrillin-1, and TGF-β

The FBN1 gene, located on the long arm of chromosome 15 
at the 21.1 band, comprises 65 exons that transcribe into a 10 
kb mRNA, which is then translated into the 2,871 amino acid 
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protein fibrillin-1. To date, over 3,000 mutation sites have been 
identified on this gene, encompassing a wide array of variant 
types [2, 13]. Approximately 75% of MFS patients have a fam-
ily history with the same genetic mutation, indicating a strong 
hereditary component. However, about 25% of cases arise 
from de novo mutations that occur during gametogenesis or 
are the result of spontaneous mutations [14].

Fibrillin-1, the expression product of the FBN1 gene, is an 
extracellular matrix glycoprotein that can polymerize to form 
microfibril structures, constituting an essential part of the ex-
tracellular matrix [15]. The composition and structure of fibril-
lin-1 are tissue-specific. It can exist independently in tissues 
such as the periosteum, zonular fibers of the lens, sclera, and 
cornea; it also allows elastin to deposit on microfibril bundles 
during development and growth to provide stability and elas-
ticity to tissues that require contraction and expansion, as seen 
in arteries, lungs, and skin [2, 16]. In the aortic tunica me-
dia, abundant elastin-rich microfibril bundles (ERMB) serve 
as a force-transmitting bridge between smooth muscle cells 
(SMCs) and the extracellular matrix [2].

Fibrillin-1 not only plays a role in maintaining the struc-
tural integrity and mechanical force transduction of the aor-
tic wall but also interacts with numerous extracellular matrix 
components, among which TGF-β is of paramount importance. 
TGF-β is secreted by endothelial cells and connects with mi-
crofibrils in the form of a complex. These microfibrils serve as 
a reservoir for TGF-β, regulating its release into the extracel-
lular matrix to act on target cells and activate the TGF-β recep-
tor pathway [17-19]. An anomaly in quantity or structure of 
fibrillin-1 disrupts its function in biological scaffolding and in 
sequestration of TGF-β, thereby activating the classical TGF-β 
signaling pathway [20], which regulates transcription through 
Smad2-Smad4 complex and induces the production of matrix 
metalloproteases (MMPs) that degrade the extracellular matrix 
[21, 22]. Additionally, the aberrant TGF-β causes disarray in 
the alignment of SMCs, generates ROS inducing vSMC senes-
cence and apoptosis [20, 23], playing a significant role in the 
development and progression of aortic disease in MFS patients 
[24-27].

FBN1 mutation classifications

Based on the mutation types, the effect of FBN1 gene muta-
tions can be broadly classified into two categories [28, 29]: 
1) dominant negative (DN): mutant FBN1 genes transcribe 
and translate fibrillin-1 proteins with abnormal structures that 
interfere with the products from the wild-type allele; 2) hap-
loinsufficiency (HI): the transcribed truncated mRNA from 
the mutant FBN1 gene is degraded by the nonsense-mediated 
mRNA decay (NMD) mechanism and is not translated into 
protein, leading to a reduction of about half in the extracellular 
matrix fibrillin-1 production. Although no dedicated statistical 
analysis has been conducted, related studies on gene sequenc-
ing in MFS patients suggest that HI accounts for approximate-
ly 40% of MFS cases [30, 31]. Generally speaking, the clini-
cal manifestations of protein products caused by FBN1 gene 
mutations are more severe for HI than DN. Clinical data stud-
ies (including a retrospective study involving more than 1,500 

MFS patients) have shown that the clinical manifestations 
caused by HI, such as lens dislocation, skeletal developmental 
deformities, aortic diameter and expansion rate, and the inci-
dence of aortic dissection represent more severe than DN [32-
37]. Experimentally, Aubart et al found that fibrillin-1 level 
was inversely correlated with the severity of lens dislocation, 
thoracic deformities, and the Z-score of the aorta [32]. Jondeau 
et al introduced a WT gene into the FBN1C1039G/- mouse 
heterozygous background (responsible for increasing the pro-
duction of normal FBN1), rescuing the vascular phenotype in 
the MFS mouse model, indicating that fibrillin-1 protein levels 
can alleviate the clinical manifestations of MFS to a certain 
extent [38].

Given the intricate relationship between FBN1 gene ex-
pression levels and the clinical manifestations of MFS, it is 
plausible to consider therapeutic strategies that aim to restore 
normal fibrillin-1 levels. One study has shown that reducing 
the degradation of aberrant mRNA for increasing the expres-
sion levels of the mutated FBN1 gene yields some beneficial 
effects in HI mutational type; however, this therapeutic meth-
od is associated with cytotoxic effects for DN mutational type 
due to the potential intervention of the aberrant product to the 
function of fibrillin-1 [29].

Therefore, we propose a hypothesis that a promising 
approach is to upregulate the expression of the FBN1 gene 
through DNA methylation, a key epigenetic mechanism, 
thereby increasing the synthesis of functional fibrillin-1 from 
normal FBN1 allelic gene against the effects of HI mutational 
type. Consequently, adjustment of DNA methylation profiles 
may offer a novel approach to ameliorate the vascular and 
skeletal abnormalities associated with MFS, ultimately im-
proving patient outcomes.

DNA Methylation

CpG islands (CGIs) and DNA methylation

CpG dinucleotides, which consist of cytosine and guanine 
linked by a phosphodiester bond, make up less than 1% of 
the human genome. However, they tend to cluster in regions 
called CGIs, which are typically defined as DNA sequences 
of at least 200 base pairs with a GC content exceeding 50% 
[39]. Approximately 29,000 CGIs are identified in the human 
genome, predominantly located near transcription start sites 
or within promoter regions associated with the first exon. In 
mammalian genomes, around 70% of CGIs are constitutively 
methylated, whereas cytosines in CGIs located within promot-
ers typically remain hypomethylated [40, 41].

DNA methylation is catalyzed by DNA methyltransferases 
(DNMTs), which transfer a methyl group from S-adenosylme-
thionine (SAM) to the fifth carbon of the cytosine ring, form-
ing 5-methylcytosine (5mC) [42]. The DNMT family in mam-
mals comprises enzymatically active DNMT1, DNMT3A, and 
DNMT3B, along with DNMT2 and DNMT3L. DNMT1 rec-
ognizes hemimethylated CpG dinucleotides (where methyla-
tion occurs on only one DNA strand) and methylates the com-
plementary strand, ensuring the maintenance of methylation 
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patterns during DNA replication. This process is essential for 
preserving methylation stability in progeny cells. DNMT3A 
and DNMT3B, on the other hand, are responsible for de novo 
methylation and establish genome-wide methylation patterns 
during the preimplantation blastocyst stage. Subsequently, 
DNMT1 maintains these patterns during cell division, ensur-
ing their stability and fidelity [43]. During development, cell-
specific gene expression is regulated by the coordinated activ-
ity of ten-eleven translocation (TET) enzymes, which play a 
key role in active DNA demethylation, along with DNMT3A 
and DNMT3B [44]. Additionally, DNMT2 primarily catalyz-
es tRNA methylation [45], while DNMT3L, despite lacking 
catalytic activity, enhances the function of DNMT3A and DN-
MT3B [46].

DNA demethylation occurs via two primary mechanisms. 
Passive demethylation arises when DNMT1 fails to maintain 
methylation during replication, leading to progressive dilution 
of methylation marks over successive cell divisions [47]. Ac-
tive demethylation is achieved through the sequential oxida-
tion of 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcy-
tosine (5fC), and 5-carboxylcytosine (5caC) by TET enzymes 
[48]. These intermediates are subsequently removed through 
base excision repair pathways [49].

DNA methylation regulation and inhibitors

Based on their proximity to CGIs, methylation sites are cat-
egorized into CpG shores (within 2 kb of a CGI), CpG shelves 
(2 - 4 kb from a CGI), and open seas (the remaining genomic 
regions). Methylation levels in these regions vary and can sig-
nificantly impact gene expression [50-52]. For instance, stud-
ies in the field of MFS have reported associations between 
CpG shore methylation and transcriptional repression [8]. Re-
search on DNA methylation has traditionally focused on pro-
moter methylation but is now expanding to include gene body, 
enhancer, and insulator methylation [53, 54].

Generally, hypermethylation of promoter regions repress-
es gene expression, whereas hypomethylation facilitates it. 
Mechanistically, this can occur through the recruitment of me-
thyl-CpG-binding domain (MBD) proteins, which block tran-
scription factors from binding to methylated DNA, or through 
methylation-dependent recruitment of repressive chromatin 
remodelers, leading to heterochromatin formation and tran-
scriptional silencing [55]. However, an increasing number of 
studies indicate that promoter hypermethylation may also cor-
relate with elevated expression of certain genes, depending on 
factors such as the specific methylated region or the number 
of methylated CpG sites. For instance, studies have reported 
the number of core methylation sites in promoters of the same 
gene as critical role for regulating gene expression range from 
1 to 52 [56-58]. While the density of CpGs does not always 
directly correlate with transcriptional regulation, defining the 
range of methylation sites within promoter regions remains a 
critical consideration.

Gene body methylation (GBM) is a widely conserved 
epigenetic modification. In the human genome, while CpG 
sites predominantly cluster in promoter regions, 40-50% are 
located within gene bodies, where methylation is more preva-

lent [59, 60]. Typically, promoter hypermethylation suppresses 
transcription, whereas gene body hypermethylation often cor-
relates with active transcription [61, 62]. However, a meta-
analysis revealed that the relationship between GBM levels 
and gene expression is not linear but spindle-shaped, with both 
low and high levels of GBM reducing gene expression, while 
moderate methylation enhances it. The underlying mecha-
nisms may include not only the suppression of transcriptional 
isoforms driven by intragenic alternative promoters and the 
regulation of splicing but also the spatial facilitation of RNA 
polymerase binding and its interaction with chromatin acces-
sibility [59, 61, 63]. Exons tend to have higher methylation 
levels than introns, with more extensive methylation in house-
keeping genes than in regulatory genes [64, 65], and tissue-
specific methylation patterns are more commonly observed in 
intragenic CGIs [66].

DNA methylation inhibitors are broadly categorized into 
nucleoside analogs and non-nucleoside analogs. Nucleoside 
analogs include 5-azacytidine (5-aza), 5-aza-2’-deoxycytidine 
(decitabine, DAC), zebularine, and 5-fluoro-2’-deoxycytidine 
(FdCyd). Non-nucleoside analogs include procaine, procain-
amide, nanaomycin A, hydralazine, valproic acid, and natu-
ral compounds such as epigallocatechin-3-gallate (EGCG), 
genistein, and curcumin [41]. Among these, 5-aza and DAC 
are the most commonly used and have been approved by the 
European Medicines Agency and the United States Food and 
Drug Administration (FDA) for treating acute myeloid leuke-
mia (AML), myelodysplastic syndromes, and chronic myelo-
monocytic leukemia [41, 67]. These agents are incorporated 
into DNA during the S phase of the cell cycle as active triphos-
phate nucleotides, forming covalent bonds with DNMTs and 
inhibiting their activity, thereby inducing DNA demethylation 
[68]. 5-aza reduces DNA methylation levels, influencing cel-
lular phenotypes by increasing the expression of genes associ-
ated with the differentiated SMC phenotype and suppressing 
inflammatory factors [68]. It also inhibits fibroblast-to-myofi-
broblast differentiation in the presence of TGF-β, thereby re-
ducing tissue fibrosis [69]. DAC exhibits approximately 90% 
higher demethylation efficiency than 5-aza [70]. However, 
both agents are non-specific DNMT inhibitors and are suscep-
tible to degradation by cytidine deaminase (CDA), which is 
abundant in the gastrointestinal tract, leading to reduced bioa-
vailability. Parenteral administration can mitigate this issue but 
exacerbates side effects. Combining DAC with cedazuridine, 
a CDA inhibitor, has enabled oral administration and received 
FDA approval for clinical use [71]. Zebularine and FdCyd, as 
optimized derivatives of 5-aza, exhibit reduced CDA-mediat-
ed degradation, lower toxicity, and improved tissue specificity 
[72, 73].

Exploring DNA Methylation in MFS

Of greatest interest and concern for the study of DNA methyla-
tion alterations within the field of MFS is whether the FBN1 
locus is specifically methylated and altered in MFS relative to 
degenerative aneurysms and whether this results in changes 
in fibrillin-1 protein expression. It was shown that fibrillin-1 
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expression levels vary significantly in different tissues and or-
gans, and a 4.4-fold interindividual difference in FBN1 mRNA 
was observed in skin fibroblasts from MFS patients, which 
may be attributed to the differential methylation levels of CpG 
[9, 32]. Dong analyzed the whole-genome methylation levels 
of aortic tissues of MFS patients and controls and the results 
did not reveal altered methylation levels of the FBN1 locus. 
However, the control group selected for this study used age 
and sex as matching variables rather than patients with aortic 
aneurysms, so this is not sufficient evidence in response to the 
results of MFS-specific methylation alterations [6]. Malecki 
also did not find methylation changes in the upstream and 
internal regions of the FBN1 gene by examining peripheral 
blood leukocyte methylation levels. It should be noted that the 
methylation levels of peripheral blood leukocytes used in their 
study did not accurately match the specific methylation chang-
es in diseased aortic tissues [7]. Arai et al studied FBN1 single-
gene methylation levels in porcine embryonic cells and fibro-
blasts and found that the proportion of hypomethylated alleles 
(the ratio of unmethylated sites to total measured sites in CpG 
banks) upstream of the FBN1 promoter was significantly and 
positively correlated with gene expression levels. Treatment 
with the demethylation inhibitor 5-aza reduced the methyla-
tion level of the FBN1 promoter region and increased fibril-
lin-1 protein expression, suggesting that promoter methylation 
inhibits FBN1 expression. Examination of the promoter region 
of the FBN1 gene in human cell lines on MRC5, AM936EP, 
Edom22, PAE551, and UtE1104 revealed heterogeneous lev-
els of CGI shore methylation, but these cell lines were not de-
rived from aortic tissue [8, 9]. The level of fibrillin-1 protein 
expression is primarily influenced by the methylation status of 
the wild-type FBN1 allele. In contrast, the methylation level of 
the transcription product of the haploinsufficient allele has lit-
tle effect on fibrillin-1 expression, as it is eliminated by NMD 
during splicing or translation. However, high expression of 
the dominant-negative allele may exacerbate the symptoms of 
MFS [8, 29].

In addition, DNMTs and TETs-related enzyme families 
may play an important role in the methylation level of the 
FBN1 locus during embryonic developmental stages. It has 
now been shown that demethylation and remethylation of 
the FBN1 locus occurs from porcine gametes to blastocysts 
to mulberry embryos [9]. Passaging culture experiments with 
FBN1 knockout fibroblasts have shown that the methylation 
level of the FBN1 promoter increases with the number of pas-
sages, leading to a decrease in the mRNA/preRNA ratio [8]. 
It is worth mentioning that SMCs from diseased aortas de-
rived from MFS have not been studied by DNA methylation 
methods alone. Studies have shown that aortic SMCs with the 
ability of secreting fibrillin-1, and mice with specific FBN1 
gene knockout in SMC can actively induce aortic aneurysm 
in mice [74]. Our study and related researches demonstrated 
that abnormal fibrillin-1 expression leads to abnormal TGF-β 
pathway and induces SMC apoptosis [20, 75], and this vicious 
cycle probably contributes to the occurrence of aortic lesions 
in MFS. In addition, one hypothesis is proposed that the dif-
ferent levels of methylation formed on the WT-type FBN1 al-
lele during early developmental stages can cause differences 
in fibrillin-1 output, thus contributing to the phenomenon of 

heterogeneity in the timing of aortic lesion onset in patients 
with the same causative gene within the MFS family [8].

The researches about whether methylation sites located in 
different DNA regulatory sequences affect FBN1 gene expres-
sion in different ways are limited. Arai et al focused on the 
CGI shore in the promoter region [9], while Dong and Malecki 
found that most of the CpG methylation differences detected at 
the global genome level were distributed within the gene body, 
with a few located in the promoter region and the 3'UTR [6, 
7]. Holden et al analyzed the methylation distribution of the 
65 exons of the FBN1 gene, and found that the highest propor-
tions of CpG dinucleotides were found in exon 1 (9%), exon 
44 (6.5%), exon 24 (5.3%), and exon 27 (4.8%), all of which 
significantly exceed the CpG proportion of approximately 1% 
of the human genome [76]. Some evidence suggests that the 
strongest correlation between methylation and transcription is 
not located at the gene promoter but up to 8 kilobases (kb) 
downstream of the promoter, specifically within the gene (0.3 
- 8 kb) [77]. In our previous study, we collected aortic tissues 
from patients with aortic dissection and healthy controls and 
performed Illumina DNA methylation profiling, observing sig-
nificant non-CpG site methylation in normal aorta as well as 
a global loss of DNA methylation in the non-CGI region of 
patients [78]. All of this evidence suggests that the methylation 
sites regulating FBN1 gene expression are not only located in 
the promoter, but are more likely to be located within other 
DNA regulatory sequences yet to be discovered.

In addition to the possible methylation alterations and 
therapeutic targets of the FBN1 locus, the expression levels 
and potential alterations in methylation levels of other minor 
loci that may affect the MFS phenotype deserve further inves-
tigation. Methylation assays for both peripheral blood leuko-
cytes and aortic tissues from patients with MFS demonstrated 
that genes corresponding to methylation-altered loci were 
predominantly enriched in inflammatory responses, oxida-
tive stress, mitochondrial dysfunction, and mechanical stress 
responses. Among them, the expression of the inflammatory 
cytokines interleukins (IL) IL-10, IL-17, IL-36g, and IL-38 
was upregulated, a finding validated by immunofluorescence 
of MFS aortic tissue [10-12]. The corresponding CpG site with 
the highest altered methylation levels was located in the 3'UTR 
region of IL-17RA and correlated with the severity of the 
clinical phenotype [12, 79]. In addition, increased promoter 
methylation of PON2, CYP1A1, and TP53INP1 involved in 
oxidative stress and decreased methylation of FLJ44606 cor-
related with increased aortic diameter, worsening of left ven-
tricular ejection fraction (LVEF), and increased left ventricular 
end-diastolic diameter (LVEDD) [10]. Van Andel et al found 
that aorta root diameter of patients with MFS was negatively 
correlated with methylation levels at the cg00702593 locus, 
corresponding to the SAMD4A gene, whose expression prod-
uct inhibits angiogenesis and is involved in myopathy. Meth-
ylation levels of the MEF2D and LOC100506 genes were 
positively and negatively correlated, respectively, with aortic 
events (all-cause mortality, aortic coarctation/rupture, or sur-
gery) [80]. DNA methylation may contribute to aortic events 
by affecting the expression of numerous genes leading to aber-
rant pathway changes that ultimately affect the phenotype of 
MFS. Liddy et al found that most proteins (65%) in the TGF-β 
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pathway exhibited significantly reduced CpG site methylation, 
primarily in the promoter region, when analyzing peripheral 
blood leukocytes from MFS patients. This suggests that ab-
errant methylation affects the expression of genes related to 
the TGF-β pathway in MFS [81]. Additionally, high levels of 
active TGF-β have been detected in the extracellular medium 
of MFS SMCs, which may be attributed to epigenetic modi-
fications [82]. Dong used aortic tissues from MFS patients to 
identify six pathways associated with differentially methylated 
sites through KEGG analysis. These pathways include HIF-
1, JAK-STAT, cGMP-PKG, sphingolipid, Rap1, and PI3K/
AKT [6]. Among them, the PI3K/AKT signaling pathway has 
multiple cross-linking effects, including the ability to induce 
SMC phenotypic transformation, improve vasodilatory func-
tion, and prevent aortic aneurysm formation [83-85]. Notably, 
during aneurysm formation, the loss of elastin and the depo-
sition and increased cross-linking of collagen translate into 
biomechanical changes, including reduced distensibility and 
increased stiffness of the aorta [86]. Studies have shown that 
MFS patients exhibit a compensatory elevation of lysyl oxi-
dases (LOX), an extracellular enzyme that facilitates the cova-
lent cross-linking of collagen and elastin, promoting extracel-
lular matrix maturation. This is evidenced by increased aortic 
strength and a reduced risk of rupture after aortic dilatation in 
both MFS patients and a mouse model. When an LOX inhibi-
tor was administered in the mouse model, aortic stiffness and 
strength were reduced, leading to an increased risk of rupture 
after aortic dilatation [87, 88]. In addition, the histopathologi-
cal features of MFS aneurysm tissues include elastic lamel-
lae fragmentation and disintegration, excessive apoptosis of 
SMCs, and increased expression of MMP-2 and MMP-9 [89], 
all of which have been shown to increase the risk of aortic 

disease. The potential regulation of DNA methylation behind 
the phenomenon of elevated Lox and MMPs in MFS has not 
yet been investigated.

According to the key findings discussed in this review, 
Figure 1 outlines potential future directions for research in this 
field, which could focus on conducting detailed analyses of 
methylation sites and regions within regulatory elements or the 
gene body of FBN1 gene with HI mutational type; investigat-
ing whether DNMTs, TETs, and other methylation-catalytic 
enzymes exhibit alterations in methylation patterns or expres-
sion levels during early developmental stages in individuals 
with MFS; and exploring additional potential methylation 
changes in genes that may influence the clinical symptoms ob-
served in MFS patients.

Conclusion and Perspective

Heterogeneity in the timing of onset and severity of clini-
cal symptoms among MFS patients with the same causative 
gene in the family has long been of great interest. The current 
study shows that the type of gene variant is not clearly associ-
ated with the clinical symptoms of MFS, and that the clinical 
symptoms of MFS correlate with the number of structurally 
intact FBN1 gene products. DNA methylation, as an impor-
tant branch of epigenetics, has been investigated to explore its 
effect on MFS. Currently, correlation studies of methylation 
alterations in the promoter region of the FBN1 gene, second-
ary genes and related genes of molecular pathways have ini-
tially demonstrated the great potential of DNA methylation as 
a therapeutic target for MFS. By addressing the challenges, 
coupled with the development of methylation-targeted drugs, 

Figure 1. Schematic representation of hypothesized mechanisms linking DNA methylation to aortic aneurysm progression. This 
figure highlights: 1) the potential impact of gene body hypermethylation on gene expression, and the complex relationship 
between promoter and gene body methylation in regulating FBN1 with HI mutational type; 2) the potential of DNMT and TET 
enzymes, and other methylation-modifying substances, as research tools and therapeutic agents; and 3) the involvement of lysyl 
oxidases, MMPs, IL-17RA, and genes within the TGF-β and PI3K/AKT pathways, including other potentially methylation-regu-
lated genes. Me: methylation; HI: haploinsufficiency; TGF-β: transforming growth factor-beta; MMPs: matrix metalloproteases; 
DNMT: DNA methyltransferases; TET: ten-eleven translocation.
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the future prospect of utilizing drug-based approaches as a po-
tential treatment for MFS is promising, though further research 
is needed to validate its efficacy.
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