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Abstract

Background: Marfan syndrome (MFS) is a rare genetic disorder caused by mutations

in the Fibrillin-1 gene (FBN1) with significant clinical features in the skeletal, cardio-

pulmonary, and ocular systems. To gain deeper insights into the contribution of epi-

genetics in the variability of phenotypes observed in MFS, we undertook the first

analysis of integrating DNA methylation and gene expression profiles in whole blood

from MFS and healthy controls (HCs).

Methods: The Illumina 850K (EPIC) DNA methylation array was used to detect DNA

methylation changes on peripheral blood samples of seven patients with MFS and

five HCs. Associations between methylation levels and clinical features of MFS were

analyzed. Subsequently, we conducted an integrated analysis of the outcomes of the

transcriptome data to analyze the correlation between differentially methylated posi-

tions (DMPs) and differentially expressed genes (DEGs) and explore the potential role

of methylation-regulated DEGs (MeDEGs) in MFS scoliosis. The weighted gene co-

expression network analysis was used to find gene modules with the highest correla-

tion coefficient with target MeDEGs to annotate their functions in MFS.

Results: Our study identified 1253 DMPs annotated to 236 genes that were primarily

associated with scoliosis, cardiomyopathy, and vital capacity. These conditions are

typically associated with reduced lifespan in untreated MFS. We calculated correla-

tions between DMPs and clinical features, such as cobb angle to evaluate scoliosis

and FEV1% to assess pulmonary function. Notably, cg20223687 (PTPRN2) exhibited

a positive correlation with cobb angle of scoliosis, potentially playing a role in ERKs

inactivation.

Conclusions: Taken together, our systems-level approach sheds light on the contribu-

tion of epigenetics to MFS and offers a plausible explanation for the complex pheno-

types that are linked to reduced lifespan in untreated MFS patients.
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1 | INTRODUCTION

Marfan syndrome (MFS) is a connective tissue disease that affects an

estimated 1 in 5000 individuals and is inherited in an autosomal domi-

nant pattern.1 Mutations in the FBN1 gene, responsible for encoding

the extracellular matrix constituent fibrillin-1, have been identified as

the cause of this condition. This protein is responsible for forming

microfibrils, complex structures that provide tissues with both elastic-

ity and structural support.2

The clinical presentation of MFS is distinguished by an extensive

spectrum of phenotypic manifestations, encompassing features like

bone abnormalities, skin anomalies, respiratory complications, ocular

impairments, joint laxity, spinal cord defects, and cardiovascular sys-

tem dysfunctions.3 Previous studies were mainly focused on the car-

diovascular system, which causes death in MFS patients throughout

their lives.3 However, untreated scoliosis also impairs cardiorespira-

tory functions and has a prominent effect on lifespan reduction.4 Sco-

liosis can decrease chest wall compliance and indirectly reduce lung

compliance due to progressive atelectasis and air trapping, signifi-

cantly increasing breathing work, cardiovascular dysfunction, causes

of cardiorespiratory morbidity, and mortality.5–7

MFS exhibits considerable phenotypic variation, including within

families that carry the same genetic mutation.8 Numerous patient

characteristics have been explored to explicate the significant pheno-

typic variation observed in MFS.9 A diverse array of mutation types

and sites in the FBN1 gene has been linked to disease severity and

response to pharmaceutical interventions.9–13 Reduced expression of

the wildtype FBN1 allele has been implicated in contributing to dis-

ease severity.14 In addition, altered expression patterns of FBN1 tran-

script isoforms were identified in MFS patients relative to unaffected

individuals.15 Furthermore, genetic variants in other genes at distinct

chromosomal regions, such as COL4A1 and PRKG1, have been linked

to exacerbating aortic pathology in MFS, thereby implying the

involvement of potential pathogenic genes beyond FBN1.16

Recent research has demonstrated that DNA hypomethylation

patterns within the CpG island shores of the FBN1 gene are linked to

differential expression levels of FBN1 in porcine liver and fetal fibro-

blasts, thus suggesting its role in regulating tissue/cell type-specific

gene expression.17 Moreover, hypermethylation of the FBN1 gene

has been identified as a potential biomarker for multiple cancers in

various patient groups.18–20 Notably, Arai et al.21 proposed a possible

link between DNA methylation ambiguity within the CpG island shore

of FBN1 and FBN1 mRNA levels, thus suggesting its involvement in

MFS. However, an epigenome-wide association study (EWAS) did not

detect any methylation sites near the FBN1 gene that were linked to

the MFS phenotype.8 Instead, the study found several other methyla-

tion loci significantly associated with aortic dimensions, aortic dilation

rate, and aortic events in patients with MFS. Nevertheless, differen-

tially methylated positions (DMPs) associated with scoliosis of MFS is

not fully investigated.

This report evaluates DNA methylation and transcription profiles

from whole blood in MFS with scoliosis required spinal deformity cor-

rection. We hypothesized that DNA methylation levels would:

(1) correlate with the specificity of organ involvement especially spinal

deformity in MFS, (2) reflect the severity of MFS, and (3) regulate

gene expression.

2 | MATERIALS AND METHODS

2.1 | Patients and controls enrollment

The procedures involving human participants in this study were

ethically reviewed and approved by the Institutional Ethics Review

Board of the Second Xiangya Hospital, People's Republic of China.

All individual participants included in the study provided informed

consent. The cohort comprised seven patients who required spinal

deformity correction, and they were clinically diagnosed with classi-

cal MFS based on the current Ghent nosology.22 In order to

exclude any potential cardiac or extracardiac abnormalities, all

healthy controls (HCs) underwent a physical examination, which

included measuring blood pressure and transcutaneous oxygen sat-

uration. Additionally, full-length spine X-ray shows no spinal defor-

mity and none of them exhibited any heart dysfunction on the

echocardiogram.

2.2 | Sample collection

Whole blood samples were collected from all participants between

8:00 and 11:00 am following an overnight fast. PAXgene blood tubes

and EDTA tubes were used for blood collection. After collecting

whole blood samples in PAXgene blood tubes, the specimens were

allowed to incubate at room temperature for a period of 2 h. This step

was carried out to ensure complete lysis of blood cells and optimize

RNA preservation in the samples. The tubes were subsequently stored

at a temperature of �20�C until RNA isolation was performed.

2.3 | Illumina 850K (EPIC) DNA methylation array

Total DNA was isolated and purified using the DNeasy Blood Kit

(Cat#69504, QIAGEN, Germany). Bisulfite conversion of the blood

DNA was carried out using the EZ DNA Methylation-Gold™ Kit

(D5005, Zymo, USA). To determine the overall DNA methylation sta-

tus of 12 specimens under investigation, we used the Illumina Infinium

Methylation EPIC 850K BeadChip, which provided high-throughput

profiling of CpG methylation at single-nucleotide resolution. All

discovery-phase samples were subjected to rigorous quality control

tests before being analyzed using the Infinium® MethylationEPIC

BeadChip (Illumina, San Diego, CA) following the manufacturer's

instructions at Shanghai Biotechnology Corporation. The methylation

level was scored based on β values ranging from 0 (unmethylated) to

1 (fully methylated). Probes containing single-nucleotide polymor-

phisms and probes located on the sex chromosome were initially

excluded. Subsequent quality control and normalization of raw data
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were performed using the bio-conductor R package minfi (v1.18.6).

Imputation and normalization were subsequently carried out using the

K-nearest neighbor method and the Subset-quantile Within Array

Normalization (SWAN) algorithm Beta Mixture Quantile dilation

methods, respectively. A threshold value of 0.1 for the delta β was

used for filtration, with a p-value of 0.05.

2.4 | Functional enrichment analysis of
differentially methylated genes

Gene Ontology analysis was carried out using Metascape23 with

default parameters. The Metascape software can be accessed freely

at https://metascape.org. Before visualization, the observed gene

count was transformed into a gene ratio (number of observed/total

number of genes in a specific term). For visualization, the top 20 signif-

icant GO terms were chosen and ordered by utilizing hierarchical clus-

tering on the distance of �log10 p-value.

2.5 | Enrichment analysis of differentially
methylated genes in DisGeNET

The DisGeNET database combines multiple disease gene databases

and is utilized to investigate disease-related genes.24 We used Metas-

cape, an online tool that includes multiple enrichment methods, to

query DisGeNET and determine the proportion of genes enriched in

MFS-related phenotypes.23

2.6 | Correlation analysis

The severity of scoliosis was quantified using the Cobb angle method

to assess the major curvature (Figure 4D)25 by full-length spine x-ray.

The Cobb angle was defined as the angle between the superior end-

plate of the upper vertebrae and the inferior endplate of the lower

vertebrae. Vital capacity was evaluated following the recommenda-

tions of the Thoracic Society/European Respiratory Society,26 and the

percentage of predicted values (% predicted) for FEV1 was calculated.

All methods were performed in accordance with approved guidelines

and regulations. Correlations between DNA methylation and the

Cobb angle of scoliosis and FEV1% predicted were assessed using

Spearman's correlation coefficient.

2.7 | Protein–protein interaction networks
construction and hub gene identification

The STRING database (version 11) which contains all known and

protein–protein interaction (PPI) networks,27 was utilized to investi-

gate functional interactions between proteins. PPI networks of differ-

entially methylated genes (DMGs) were constructed based on the

STRING online tool. Following the removal of unconnected nodes

from the network, DMGs PPIs were visualized using Cytoscape (ver-

sion 3.7.2). The CytoNCA plug-in of Cytoscape was applied to calcu-

late degree centrality, betweenness centrality, and closeness

centrality.

2.8 | Transcriptome sequencing

RNA-sequencing (RNA-seq) analysis of whole blood was performed

by Shanghai Biotechnology Corporation (Shanghai, China). Total RNA

was extracted from our samples using the RNeasy Mini Kit (Qiagen,

Germany), which ensured high-quality RNA isolation. Paired-end

libraries were constructed using the TruSeq™ RNA Sample Prepara-

tion Kit (Illumina, USA), according to the manufacturer's instructions.

Poly-A-containing mRNA molecules were initially purified using

poly-T oligo-attached magnetic beads, followed by fragmentation into

smaller pieces using divalent cations under 94�C for 8 min. The

cleaved RNA fragments were then converted into first-strand cDNA

with random primers and reverse transcriptase, while second-strand

cDNA synthesis was carried out using DNA polymerase I and RNase

H. The resulting cDNA fragments underwent an end repair process,

had a single “A” base added to each of them, and were ligated with

adapters. After purification and PCR enrichment, the final cDNA

library was created. The purified libraries were quantified using the

Qubit® 2.0 fluorometer (Thermo Scientific, USA) and validated with

the Agilent 2100 Bioanalyzer (Agilent Technologies, USA) to confirm

insert size and calculate mole concentration. Cluster generation was

achieved using cBot with the library diluted to 10 pM, and sequencing

was carried out on the Illumina NovaSeq6000 (Illumina, USA), deliver-

ing high-throughput sequencing data of exceptional quality. To quan-

tify gene expression levels in each sample, we calculated the

fragments per kilobase per million mapped fragments (FPKM) value

for each gene. Differential expression analysis was then performed

using the edgeR package.28 The threshold of different expression

genes (DEGs) screening was set as follows: Fold-change ≥2 and

p-value ≤ 0.05.

2.9 | The weighted gene co-expression network
analysis

The weighted gene co-expression network analysis (WGCNA) R

package was utilized to identify co-expression modules from the

entire transcript dataset.29 The soft-thresholding power was set to

5 to optimize model fit using a scale-free topology approach. A

dynamic tree-cutting algorithm with a minimum module size of

100 was used to determine initial module assignments. To summarize

the transcription profile of each module, we calculated its first princi-

pal component (the module eigengene). Module eigengenes were

subsequently analyzed for correlation with methylation-regulated

DEGs (MeDEGs). Modules with the highest correlation coefficient

with MeDEGs were labeled as hub modules to annotate the function

of MeDEGs.30
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2.10 | Statistical analysis

Statistical significance of two independent groups was determined

using Student's t-test. The correlation between differentially

expressed genes and methylation levels was evaluated using Spear-

man's correlation coefficient. In both cases, statistical significance was

established at p < 0.05. All statistical analyses were carried out using

R 4.0.0.

3 | RESULTS

3.1 | Genome-wide DNA methylation profiles

All MFS patients presented with scoliosis requiring spinal correction,

and the phenotype of MFS in our study was demonstrated in

Figure 1A. An overview of the study design is illustrated in Figure 1B.

The corresponding Manhattan plot highlighted that these DNA

methylation sites were distributed across the genome (Figure 2A).

PCA analysis revealed apparent methylation differences between

MFS patients and HCs (Figure 2B). Using p-value <0.05 and β

difference ≥0.1 criteria, we identified 1253 DMPs which allocated to

236 genes. Of these, 509 (40.6%) DMPs were hypermethylated and

744 (59.4%) were hypomethylated. The volcano map displayed the

differential methylation positions (Figure 2C). As indicated in

Figure 2D,E, majority of differentially methylated probes located in

the gene body, with 34% hypermethylated and 40% hypomethylated.

Additionally, CpG island-based regions of significantly hypermethy-

lated or hypomethylated CpG sites were dispersed in CpG islands

(Figure 2D,E).

3.2 | Identification of MFS phenotype-related
DMPs and hub genes analysis

To determine the general diseases associated with the 236 DMGs, we

utilized gene ontology databases and publicly available metascape.org

tool for pooling the DisGeNET database (Figure 3A).24 Interestingly,

the enriched terms were closely related to MFS phenotypes such as

scoliosis, cardiomyopathy, and vital capacity, which contained

64 DMPs annotated to 44 DMGs, 66 DMPs annotated to 42 DMGs,

and 38 DMPs annotated to 27 DMGs, respectively. We then screened

out the DMGs enriched in these three MFS-associated phenotypes

and conducted an analysis of PPI network using the STRING database,

which was imported into Cytoscape for evaluating interactive rela-

tionships between candidate genes. The topological parameters of

nodes based on degree, betweenness, and closeness were calculated

using the CytoNCA plugin of the Cytoscape software. For scoliosis,

TLE1 (cg14095100, cg20926353), PLXNA2 (cg10587082), CSMD1

(cg00259849), PAX3 (cg04302623), and FBXW7 (cg17682313) were

the top five genes with high betweenness centrality (Figure 3B).

3.3 | Correlations between phenotype-related
DMPs and clinical features of MFS

Among the DisGeNET enrichment of DMGs, scoliosis was the top

two enrichments (Figure 3A), containing 64 DMPs. The differential

methylation of these 64 DMPs was demonstrated in the cluster heat

map (Figure 4A). Of these, 31 (48.4%) were hypermethylated, while

33 (51.6%) were hypomethylated. Most of the 64 DMPs are located

in the gene body (72%), followed by 50-UTR (16%; Figure 4B).

F IGURE 1 Overview of the study. (A) Patients included and phenotypes of MFS in our study. (B) Flowchart of bioinformatics analysis we
conducted. DEGs, differentially expressed genes; DMGs, differentially methylated genes; DMPs, differentially methylated positions; HCs, healthy
controls; MeDEGs, differentially methylated DEGs; MFS, Marfan syndrome.
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F IGURE 2 Identification of DNA methylation differences between MFS and HCs. (A) Manhattan plot showing chromosomal locations of
�log10 (p values) for the difference at each locus in autosome. (B) PCA plot for divergent autosomal CpG methylation values. (C) Volcano plot of
the differential methylation analysis showing 1253 DMPs. Vertical dotted lines: delta β ≥ 0.1 or ≤ �0.1; Horizontal dotted line: the significance
cutoff (p-value = 0.05). (D, E) The genomic distribution of differentially methylated probes in the gene context and CpG-island neighborhood.
DMPs, differentially methylated positions; HCs, healthy controls; MFS, Marfan syndrome; PCA, principal component analysis; TSS, transcription
start site; UTR, untranslated region.
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Additionally, 12% were enriched within CpG islands (Figure 4C).

Correlation analysis revealed a significant relationship between the

cobb angle (Figure 4D) and methylation state of multiple CpG sites.

The top five Spearman's correlation coefficients are shown in

Figure 4E–I.

Cardiomyopathy-associated DMPs containing 66 CpG sites

(Figure 5A). Among these, 22 (33.3%) were hypermethylated, while

44 (66.7%) were hypomethylated. Most of the 66 DMPs are located

in the gene body (55%), followed by TSS200 and TS1500 (13%;

Figure 5B). Additionally, 18% were enriched within CpG islands

(Figure 5C). Among the MFS patients included in our study, three had

received cardiovascular surgery. We further compared the different

methylation levels between patients with the history of cardiac sur-

gery and no history of cardiac surgery in the 66 DMPs. Three DMPs

showed significant differences between the two groups: cg00598125

(HLA-DRB1), cg24359717 (FBXO32), and cg27107292 (HLA-DRB1;

Figure 5D–F).

The DisGeNET enrichment (Figure 6A) identified 38 DMPs asso-

ciated with vital capacity, with 15 (39.5%) being hypermethylated and

23 (60.5%) being hypomethylated. The majority of the 38 DMPs are

located in the gene body (76%), followed by 1stExon (11%;

Figure 6B). Additionally, 18% were enriched within CpG islands

(Figure 6C). Correlation analysis revealed a significant relationship

between the GOLD grade of FEV1% predicted (Figure 6D–H) and

methylation state of multiple CpG sites. The Spearman's correlation

coefficients of the top 5 relationships are depicted in Figure 6D–H.

3.4 | Integrative analysis of gene expression
and methylation

Our transcriptome sequencing data demonstrated obvious differences

between MFS patients and HCs, as shown by PCA analysis

(Figure 7A). Utilizing only differentially expressed transcripts with a

F IGURE 3 Identification of MFS phenotype-related DMGs. (A) Summary of 236 DMGs (1253 DMPs) enrichment analysis based on
DisGeNET database. (B) Hub genes analysis of 49 DMGs (64 DMPs) enriched in scoliosis by the PPI network. (C) Hub genes analysis of 42 DMGs
(66 DMPs) enriched in cardiomyopathy by the PPI networks. (D) Hub genes analysis of 29 DMGs (38 DMPs) enriched in vital capacity by the PPI
network. DMGs, differentially methylated genes; DMPs, differentially methylated positions; PPI, protein–protein interaction.
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2-fold or greater change in MFS versus HCs, we identified a total of

734 transcripts, including 283 downregulated and 451 upregulated

transcripts (p-value < 0.05, fold change ≥ 2) (Figure 7B). Intersection of

DEGs and DMGs enriched in scoliosis generated MeDEGs, where four

MeDEGs were obtained, such as PTPRN2, CSMD1, LINC01006, and

SYCP2L (Figure 7C). All four DMPs were located in the gene body of

MeDEGs (Figure 7D–G). Specifically, cg20223687 was hypermethy-

lated and corresponded with upregulated PTPRN2; cg00259849 was

hypomethylated and corresponded with upregulated CSMD1;

cg24702579 was hypomethylated and corresponded with upregu-

lated LINC01006; cg16277915 was hypermethylated and corre-

sponded with downregulated SYCP2L. Furthermore, by intersecting

the DEGs and DMGs enriched in cardiomyopathy, we identified two

MeDEGs: an increase in HLA-DRB1 and a decrease in IGF1R

(Figure S1A,B). The corresponding DMPs for HLA-DRB1 are pre-

sented in Figure 5D,F. Additionally, hypermethylation of cg13297560

in the gene body of IGF1R is shown in Figure S1C. No MeDEGs were

identified in relation to vital capacity in MFS.

3.5 | Identification of co-expression modules
related to PTPRN2 associated with scoliosis defines
a link to ERKs inactivation

To gain a systems-level understanding of the function of MFS

scoliosis-related MeDEGs, we performed a WGCNA analysis to

F IGURE 4 Analysis of scoliosis-related DMPs. (A) Heatmap of methylation changes at the 64 DMPs. (B, C) The genomic distribution of DMPs
in the gene context and the CpG-island neighborhood. (D) Representative images of an MFS patient with scoliosis in posteroanterior views and
full-length spine x-ray showing a main curve using cobb angle measurement. (E–I) The top five Spearman's correlation coefficients between
scoliosis-related DMPs and cobb angle of scoliosis. DMPs, differentially methylated positions; MFS, Marfan syndrome.
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evaluate the potential regulatory effect of the four MeDEGs on scoli-

osis in MFS. We identified 17 co-methylation modules that could be

described by module eigengenes (Figure 8A). The salmon module was

significantly correlated with PTPRN2 (R = 0.62, FDR = 0.03). We fur-

ther explore the function of salmon module genes by GO enrichment

analysis using Metascape. This analysis identified multiple GO terms

at an FDR < 0.05, and the top 20 terms were presented (Figure 8B).

Notably, the salon module exhibited enrichment in ERKs inactivation.

4 | DISCUSSION

The objective of this study was to investigate the heterogeneity of

MFS phenotypes through an integrative analysis of DNA methylation

and transcriptome data. Our results revealed that DNA

methylation can effectively distinguish between MFS and HCs, with

DMGs primarily enriched in scoliosis, cardiomyopathy, and vital

capacity—conditions often associated with reduced lifespan in

untreated MFS. Further analysis unveiled a positive correlation

between the upregulation of cg20223687 (PTPRN2) and the cobb

angle of scoliosis, suggesting its potential involvement in ERKs inacti-

vation. Taken together, our findings have identified DNA methylation-

regulated genes that may provide crucial insights into the biological

mechanisms underlying MFS phenotypic regulation.

Cardiovascular dysfunction is a major cause of reduced lifespan

and mortality of MFS patients.31 In a study conducted by Mitzi et al.,8

seven DMPs were identified that were associated with cardiovascular

diseases and significantly linked to aortic diameters in MFS patients.

Additionally, they found five DMPs (SAMD4A, IGF2BP3, PIP4K2A,

BMP15, and HDAC4) that were linked to clinical events.8 In our study,

we discovered 66 DMPs located within 42 genes, which were

enriched in cardiomyopathy. Notably, three DMPs, annotated

to HLA-DRB1 (cg00598125 and cg27107292), and FBXO32

(cg24359717), were associated with clinical events related to cardiac

surgery. HLA-DRB1 belongs to the HLA class II beta chain paralogs

and plays a crucial role in the immune system.32,33 Teodora et al.

F IGURE 5 Analysis of cardiomyopathy-related DMPs. (A) Heatmap of methylation changes at the 66 DMPs. (B, C) The genomic distribution
of differentially methylated probes in the gene context and CpG-island neighborhood. (D-F) 3 CpG sites were different between patients with the
history of cardiac surgery and no history of cardiac surgery among the 66 DMPs. DMPs, differentially methylated positions; MFS, Marfan
syndrome.
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demonstrated, through microarray data analysis, that increased

expression of HLA-DRB1 was associated with key clinical features in

MFS patients, including the severity of aortic root dilatation and spe-

cific skeletal abnormalities.34 Furthermore, Deng revealed an associa-

tion between HLA-DRB1 gene polymorphism and idiopathic dilated

cardiomyopathy.35 Our RNA-sequencing data, consistent with the

findings of Teodora et al.,34 also showed increased expression of

HLA-DRB1 in MFS, suggesting its potential involvement in cardiovas-

cular dysfunction in MFS. FBXO32 (MAFbx1/Atrogin1) is a muscle-

specific F-Box protein with E3 ligase activity that specifically localizes

at the sarcomere in the heart.36 Although the DMP (cg24359717) in

the body region of FBXO32 was associated with clinical events

related to cardiac surgery, no significant difference in expression level

was observed. Another DMG that was enriched in cardiomyopathy

and showed differential expression in our study was IGF1R. The bind-

ing of IGF1R in the IGF-1 signaling pathway of smooth muscle cells

and fibroblasts is crucial for normal vascular wall development.37

Recently, IGF1R has been identified as a critical gene involved in aor-

tic dissection.38 These findings improve our understanding of the

mechanisms underlying cardiovascular dysfunction in MFS patients.

Pulmonary involvement is observed in approximately 63% of

MFS, and it is characterized by either restrictive or obstructive

lung disease resulting from spinal deformities or abnormal lung

parenchyma.39–43 In our study, we identified DMGs enriched in vital

capacity, including 38 CpG sites. Among these, cg01160692 (HIC1),

cg10109763 (NRG1), cg23774988 (ETS1), cg10975399 (ERC2), and

cg13436558 (EBF1) showed the strongest association with FEV1%

predicted. HIC1, a growth regulatory gene, has been linked to tumors

and Miller–Dieker syndrome when hypermethylated or deleted in its

genomic region.44,45 Furthermore, genetic variants (rs3803809) of

HIC1 have shown an association with vital capacity.46 In our study,

we found hypermethylation of cg01160692 in the first exon of HIC1,

which was associated with a lower vital capacity measured by FEV1%

predicted. NRG1 encodes a membrane glycoprotein involved in

F IGURE 6 Analysis of vital capacity-related DMPs. (A) Heatmap of methylation changes at the 38 DMPs. (B, C) The genomic distribution of
differentially methylated probes in the gene context and CpG-island neighborhood. (D–H) The top five Spearman's correlation coefficient
between lung function-related DMPs and FEV1% were predicted. DMPs, differentially methylated positions.
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cell–cell signaling and plays a crucial role in multiple organ system

growth and development.47–49 Previous studies have reported signifi-

cant associations between NRG1 gene variants (rs35033136 and

rs7000590) and diffusing capacity of carbon monoxide in European

ancestry white and African-American cohorts.50 In our study, hyper-

methylation of cg10109763, located in the TSS1500 region of NRG1,

was associated with a lower vital capacity. The Ets family of genes

encodes transcription factors, among which ETS1 is an early hypoxia-

responsive gene highly expressed in organs undergoing branching

morphogenesis, such as the lung.51 Reduced expression levels of

ETS1, regulated by miRNA, have been linked to susceptibility to high-

altitude pulmonary edema under hypobaric hypoxia conditions.52 In

our study, we observed hypermethylation of cg23774988 in the body

region of ETS1, which was associated with a lower vital capacity.

ERC2 encodes a protein belonging to the Rab3-interacting molecule

(RIM)-binding protein family, involved in regulating neurotransmitter

release at the cytomatrix in active zones (CAZ) complex.53,54 Genetic

variants (rs4955883) of ERC2 have shown an association with vital

capacity.46 In our study, hypermethylation of cg10975399 in the body

region of ERC2 was associated with a higher vital capacity measured

by FEV1% predicted. EBF1+ fibroblasts have been suggested as

potential progenitor cells of lung pericytes during early lung develop-

ment.55 These fibroblasts contribute to matrix deposition and are

associated with invasive, proliferative, and contraction phenotypes

linked to progressive pulmonary fibrosis.56 In our study, hypermethy-

lation of cg13436558 in the body region of EBF1 was associated with

a higher vital capacity measured by FEV1% predicted. Despite abnor-

mal methylation modifications, these genes showed unchanged gene

expression. Further validation is needed, but these DMPs hold poten-

tial as biomarkers for assessing vital capacity in MFS patients.

Scoliosis is a prevalent spinal deformity in individuals with MFS,

with reported prevalence ranging from 52% to 100%.57,58 Rapid

aggravation of scoliosis tends to occur during infancy and adoles-

cence, which coincide with periods of rapid height growth.59–62 Indi-

viduals with untreated scoliosis, particularly those with severe cases,

are at an increased life shortening and mortality.4 The higher mortality

seen in individuals with untreated severe scoliosis can be attributed to

structural changes that impede the thoracic cavity, resulting in restric-

tive lung disease, cardiovascular complications, and respiratory fail-

ure.4,63–65 Both genetics and epigenetics play important roles in the

occurrence and development of scoliosis.66 Genome-wide association

studies (GWAS) have been valuable for identifying genetic variants

associated with scoliosis as a polygenic disease, such as TLE1,

PLXNA2, PAX3, FBXW7, and CSMD1. These genes exhibited the

highest degrees of association in the PPI analysis conducted on

the DMGs associated with scoliosis in our study. The TLE1 gene vari-

ant (rs11139357) has been implicated in congenital scoliosis,67 while

PLXNA2 gene variants (rs17011903 for adolescent idiopathic

F IGURE 7 Differential transcriptome analysis. (A) 3D-PCA analysis. (B) The volcano plot of DEGs with 283 downregulated and
451 upregulated transcripts. Vertical dotted lines: Log2FC ≥1 or ≤ �1; Horizontal dotted line: the significance cutoff (p-value = 0.05).
(C) Intersection of DEGs and DMGs enriched in MFS scoliosis generated four MeDEGs. (D–G) Boxplot displays the four DMPs in MeDEGs. 3D-
PCA, three-dimensional principal component analysis; DEGs, differentially expressed genes; MeDEGs, methylation regulated DEGs.
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scoliosis68 and rs7516841 for congenital scoliosis67) have been identi-

fied. Abnormal expression of PAX3 has been associated with anoma-

lous paravertebral muscle development in adolescent idiopathic

scoliosis.69 Furthermore, a significant association has been reported

between the FBXW7 gene variant (rs4315757) and congenital scolio-

sis.67 CSMD1, encoding a complement control protein involved in

F IGURE 8 WGCNA was used to identify the hub module genes of the four MeDEGs associated with MFS scoliosis. The analysis revealed
17 gene modules (A) that were correlated with the four MeDEGs. The hub modules, which exhibited the strongest correlation with PTPRN2 and
a p-value <0.05, were selected for further investigation. Among these, the salmon module displayed a significant correlation with PTPRN2
(R = 0.62, FDR = 0.03). To gain insight into the gene functions of PTPRN2 in MFS scoliosis, functional enrichment analyses were conducted on
the hub module genes of the salmon module. (B) The top 20 GO terms were enriched in the salmon gene modules. Notably, the salmon module
exhibited significant enrichment for ERKs inactivation, thus suggesting potential biological functions for this module that are further highlighted in
Figure 8A. GO, Gene Ontology; MeDEGs, methylation regulated differentially expressed genes; MFS, Marfan syndrome; WGCNA, weighted gene
correlation network analysis.
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complement activation and inflammation in the developing central

nervous system, has been associated with scoliosis risk. The CSMD1

gene variants (rs11136775 and rs13260434) have shown associations

with congenital scoliosis,67 and rs11787412 has been linked to ado-

lescent idiopathic scoliosis.68 Notably, CSMD1 showed increased

expression in our study. Associations have also been observed

between the PAX3 gene variant (rs16863633) and both congenital

and adolescent idiopathic scoliosis.68 Emerging evidence suggests that

epigenetics may play a role in the development and progression of

non-Marfan syndrome scoliosis.66,70,71 Specifically, Meng et al.72 have

identified hypomethylation of the cg01374129 site, which is associ-

ated with hyaluronan synthase 2 (HAS2), as a potential independent

predictor for high-risk curve progression in scoliosis. These genetic

variants at specific gene loci, along with DNA methylation modifica-

tions, may collectively regulate the development of spinal curvature.

Besides CSMD1, other DMGs linked to scoliosis, namely

LINC01006, SYCP2L, and PTPRN2, exhibited distinct expression pat-

terns in individuals with MFS. LINC01006 belongs to the long non-

coding RNA (lncRNA) class and increased LINC01006 expression

profiles related to apoptosis and autophagy in peripheral blood mono-

nuclear cells of patients with rheumatoid arthritis.73 A significant asso-

ciation has been reported between the LINC01006 gene variant

(rs2140629) and scoliosis.67 In our study, we observed an increase in

the expression of LINC01006 in the MFS group. SYCP2L was pre-

dicted to be involved in meiotic nuclear division and accelerated

reproductive aging has been observed in females who lack the pres-

ence of a novel centromere protein known as SYCP2L.74 Previous

research has shown associations between the SYCP2L gene variant

(rs1225764) and adolescent idiopathic scoliosis.67 In our study, we

found a decrease in SYCP2L expression among MFS patients, suggest-

ing a potential involvement of SYCP2L in MFS scoliosis.

In MFS-associated scoliosis, PTPRN2 demonstrated increased

hypermethylation of cg20223687 in the gene body and upregulation

of PTPRN2 transcription. A growing body of evidence indicates that

gene body methylation can play a positive role in transcription by

ensuring correct splicing and translation, suppressing spurious gene

transcription, regulating alternative splicing, and promoting stable and

ordered transcription.20 In addition, cg20223687 exhibits a positive

correlation with the cobb angle of the major curve. PTPRN2 is a mem-

ber of the N-type family of PTP receptors, typically expressed in the

nervous system and endocrine cells, and has been shown to play a

role in regulating insulin secretion.75,76 In a study by Liu et al.,67 two

single-nucleotide polymorphisms (SNPs), rs7802459 and rs896773,

located in PTPRN2 were found to be associated with congenital

scoliosis. In individuals with MFS, Mitzi et al.8 found DMPs could

be attributed to PTPRN2. Our study identified hypermethylation

of cg20223687 and upregulation of PTPRN2 transcription in

MFS-associated scoliosis. To further elucidate the potential role of

PTPRN2 in this context, we performed WGCNA and selected the

salmon module as the most relevant gene module with PTPRN2,

which suggested that PTPRN2 may play a role in ERK inactivation.

Notably, ERK signaling is essential for osteoblast and chondrocyte

proliferation and differentiation,77–79 as we previously demonstrated

in adolescent idiopathic scoliosis.80 It is worth noting that in a signifi-

cant number of studies on Marfan-related aortic aneurysms, the ERK

pathway is typically activated.81–83 However, the role of the ERK

pathway in the development of spinal curvature may differ. In our pre-

vious research, we identified mutations and functional deficiencies in

AKAP2 that are associated with adolescent idiopathic scoliosis.80,84

By isolating primary chondrocytes from human growth plates, we dis-

covered that AKAP2 can activate the ERK pathway and promote chon-

drocytes proliferation, enhance differentiation, and promote extracellular

matrix (ECM) synthesis. The functional loss of the AKAP2 gene may lead

to the inhibition of the ERK pathway, resulting in the occurrence of

scoliosis. Therefore, we hypothesize that hypermethylation of

cg20223687 in gene body could lead to increased PTPRN2 transcription,

which may inhibit ERKs signaling pathway and contribute to the progres-

sion of MFS-associated scoliosis. Further cellular and animal experiments

are required to validate these findings. Collectively, our findings provide

new insights into the molecular mechanisms underlying MFS-associated

spinal deformities and may offer promising avenues for developing more

effective therapeutic interventions.

4.1 | Limitation

One potential limitation of our study is the use of whole-blood sam-

ples. Ideally, we would have preferred to analyze connective tissue,

such as aortic, cartilage, or skin tissue, as DNA methylation is tissue-

specific. However, peripheral blood is easily accessible and thought to

represent a signature that is concordant with other tissue types.85

Another limitation of our study is the relatively small sample size.

Nevertheless, the patients we included displayed representative and

typical clinical features. Future research will involve collecting more

clinical samples for validation purposes.

5 | CONCLUSION

To summarize, our study is the first to reveal that differential methyla-

tion sites are primarily enriched in phenotypes associated with

reduced life expectancy in MFS, potentially explaining its phenotypic

heterogeneity. While our findings provide new evidence concerning

epigenetic imbalances and gene dysregulation in MFS scoliosis, addi-

tional mechanistic studies are necessary to fully comprehend how

these epigenetic changes contribute to the observed phenotypes.
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