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SUMMARY

Keywords

The aim of this study was to investigate a novel FBNI gene mutation in a pediatric patient with
Marfan syndrome (MFS) to provide a theoretical basis for genetic counseling. The subject was
a 5-month-old male infant. With informed consent from the proband and his family, 2 mL of
peripheral venous blood was collected from the patient, his father, mother, and sister. DNA was
extracted using a DNA extraction kit with EDTA-K as an anticoagulant. The extracted DNA was
subjected to minigene transcription and bioinformatics analysis. For minigene construction, wild-
type and mutant minigenes were inserted into pcMINI and pcMINI-C vectors, respectively. Four
recombinant vectors were transfected into the HeLa and 293T cell lines. After transfection for 48
hours, RNA was extracted from eight samples. DNA was also extracted from the family members'
samples to construct a library. Target regions were captured using the SureSelect Human All Exon
V6 (Agilent) kit and were sequenced with Illumina NovaSeq (sequencing read length 2x150
bp). Bioinformatic analysis identified the ¢.8226+5del mutation as a variant of uncertain clinical
significance (VOUS). Literature and database reviews confirmed that this mutation had not been
previously reported, identifying it as a novel mutation. The study identified a novel FBNI mutation,
c.8226+5del, that may be associated with clinical features such as low-set ears and distinctive
facial characteristics in the proband. This mutation likely affects normal mRNA splicing, altering
the structure and function of Exon 64 and potentially contributing to the development of autosomal
dominant MFS.

Marfan syndrome (MFS), FBNI, mutation, novel, gene mutation

1. Introduction

Marfan syndrome (MFS) is a hereditary connective
tissue disorder that is inherited in an autosomal
dominant manner. The overall incidence of this disease
is relatively low, approximately 0.01% to 0.02%, with
20% to 30% of cases arising from de novo mutations.
Incidence among live-born infants is about 0.01%
(1,2). Although the incidence in live-born infants is
low, the clinical symptoms are often severe, leading
to a poor prognosis, and most affected children do not
survive beyond 17 months. The primary characteristics
of MFS include skeletal, ocular, and cardiovascular
abnormalities. This disease is closely associated with
age, and patients typically exhibit features such as
a tall and slender stature, elongated limbs, angina,
arachnodactyly, arrhythmias, spinal abnormalities,

and retinal detachment (3). If not promptly managed,
the disease can also affect the skin, lungs, and central
nervous system (4). Currently, the Ghent criteria are the
gold standard for the diagnosis and treatment of MFS.
However, the genetic, environmental, and physical
characteristics of patients can vary significantly,
resulting in diverse clinical presentations and diagnostic
challenges (5).

In the 1990s, Dietz and colleagues proposed that
mutations in the fibrillin-1 (FBNI) are a significant
factor in the development of MFS (6). More recent
research has confirmed that FBN/ is the causative gene
for MFS (7). The current study analyzed the FBNI
gene in a pediatric MFS patient using high-throughput
sequencing. Results revealed a novel mutation site,
further expanding the genetic data associated with this
disease.
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2. Materials and Methods
2.1. Materials

The subject was a 5-month-old male infant who was
delivered via cesarean section at 35 weeks and 4 days
of gestation due to oligohydramnios. This study adhered
to the principles of the Helsinki Declaration and was
approved by the Ethics Committee of the Medical School
(NO. 2020034). Informed consent was obtained from all
participants, with consent for those under 18 years of age
being provided by their guardians.

2.2 Methods
2.2.1. Specimen collection

After obtaining informed consent from the proband's
family, 2 mL of peripheral venous blood was collected
from the patient, his father, mother, and sister. The blood
samples were collected in EDTA-K tubes to prevent
coagulation. DNA was extracted from the samples using
a DNA extraction kit (QIAGEN, Germany) following
standard procedures.

2.2.2. Methods of detection
2.2.2.1. Introduction of restriction sites into minigenes

Leukocyte gDNA was extracted using a DNA extraction
kit, and DNA was amplified using a PCR machine.
The primers used for the reaction are listed in Table 1.
Each PCR tube contained 22 pL of 1.1x Mix, 1 pL of
upstream primer (Primer-F), 1 pL of downstream primer
(Primer-R), and 1 pL (0.5 pg) of gDNA, with RNase-
free water added to reach a final volume of 30 pL.
PCR amplification was performed with an annealing
temperature of 57°C for 30 cycles. The PCR products
were then separated by gel electrophoresis, and the
desired bands were excised and purified.

2.2.2.2. Construction of recombinant vectors

The construction of recombinant vectors involved

Table 1. Experimental primers

restriction digestion, ligation, transformation, and
verification of recombinant clones.

Restriction digestion of recombinant vectors: To
the DNA fragment (25 pL, 500 ng), 3 pL of 10x NEB
buffer, 0.6 uL each of Enzyme 1 and Enzyme 2, and
ddH,O were added to reach a final volume of 30 uL.
The mixture was incubated at 37°C for 2 hours. After
digestion, the recombinant vector was verified with gel
electrophoresis and the desired bands were excised for
purification.

Construction of recombinant vectors: Seven pL of
the digested DNA fragment (wild-type/mutant), 1 pL
of 10x ligase buffer, 1 pL of digested vector, and 1 pL
of ligase were combined. The mixture was incubated
at 4°C overnight for ligation. The ligated product was
transformed into E. coli DH5a competent cells and
incubated at 37°C overnight. Several single colonies
were randomly selected for identification. Verification
methods included colony/liquid PCR and Sanger
sequencing.

2.2.2.3. Cell transfection

The recombinant vectors were transiently transfected into
the HeLa and 293T cell lines following the instructions
provided by the lipofection reagent manufacturer.
Samples were collected 48 hours post-transfection.

2.2.2.4. Minigene transcription analysis

Total RNA was extracted from the transfected cell
samples according to the kit instructions. After
determining the RNA concentration, equal amounts
of RNA were reverse transcribed into cDNA. PCR
amplification was performed using flanking primers
specific to the minigene vector. The resulting gene
transcription bands were detected with agarose gel
electrophoresis. Each band was then excised and
subjected to Sanger sequencing for further analysis.

2.2.3. Bioinformatic analysis

Quality control of the raw data was performed using the
software FastQC. The filtered sequencing reads were

Primer name

Primer sequence (5'-3")

231081-FBNI-F TGGCCTCTCCGAATCACTAG
231361-FBNI-F GGCCCTAGTGGTTTTGAATG
234049-FBNI-R CCAATGGAAATACACGTCCC
234456-FBNI-R GCACCATTACAAACCCTCAC

pcMINI-FBNI-Kpnl-F
pcMINI-FBNI-EcoRI-R
FBNI-mut-R

FBNI-mut-F
pcMINI-C-FBNI-Kpnl-F
pcMINI-C-FBN1-EcoRI-R

GGTAGGTACCTACATGGCCTCCCTCATCTA
TGCAGAATTCCTCCACGTTATTTTTGTCTA
GAAACTAACTTCTGACCACCTCGATATTGG
CCAATATCGAGGTGGTCAGAAGTTAGTTTC
GGTAGGTACCAGGGAACTGGGAATTAGAGG
TGCAGAATTCTTAATGAAGCAAAACCTGGA
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aligned to the GRCh37/hg19 reference genome using
the software BWA (version 0.7.15-hg19). Duplicate
sequences were removed with the software Picard.
Single nucleotide variants (SNVs) and insertion-deletion
variants (Indels) were detected using the GATK toolkit
(version 3.7-0). Copy number variations (CNVs) were
identified using XHMM (version 1.0) and CNVKkit
(version 0.8.4). Annotation of the variants was carried
out using the software Annovar and VEP.

2.2.4. Quality control analysis
2.2.4.1. Data quality control

Throughout the detection and analysis process, quality
control analysis of the samples was performed.
Unqualified samples were excluded. Key metrics
recorded included Q20, Q30, GC content, average
sequencing depth, and coverage of the targeted regions.

2.2.4.2. Sample identification

In this study, high-frequency SNP loci (8-10) were
used as sample identification markers to prevent sample
damage and cross-contamination during testing. NGS
experiments were conducted and SNP locus analysis was
performed simultaneously to ensure that the test samples
were free from cross-contamination.

2.2.5. Pathogenic variant filtering and selection
2.2.5.1. Filtering of high-frequency SNVs/Indels

High-frequency mutations (MAF > 0.01, MAF > 0.05)
were filtered out using population genetic variant
databases such as dbSNP, 1000 Genomes, EXAC, and
gnomAD, along with a local database. For unique cases,
personalized threshold screening was used.

2.2.5.2. Classification of SNVs/Indels and selection of
candidate gene variants

According to ACMG standards, variants are classified
into five categories: pathogenic (P), likely pathogenic
(LP), variants of uncertain significance (VOUS), likely
benign (LB), and benign (B). Using these guidelines,
in-depth studies of suspected pathogenic mutations
that matched the expression profile of the proband we
conducted using Sanger sequencing. However, three
types of SNVs/Indels were excluded from the final
report:

(1) Mutations likely to be benign (as per ACMG
guidelines).

(2) VOUS gene mutations inherited in a dominant
manner from asymptomatic parents.

(3) Potentially pathogenic mutations that did not
meet the patient's clinical criteria (as per ACMG

guidelines).

2.2.6. Filtering and interpretation of known or potentially
clinically significant CNVs

CNVs were interpreted according to ACMG guidelines.
CNVs classified as benign or likely benign were not
included in the report. With the assent of the testing
laboratory, submitting personnel can retrieve information
on the CNVs from the list of excluded variants.

3. Results and Discussion
3.1. Physical examination results

The patient was a 5-month-old male, delivered via
cesarean section at 35 weeks and 4 days of gestation
due to oligohydramnios. Physical examination findings
included: distinct facial features, prominent eyes,
downward slanting palpebral fissures, a broad forehead,
low-set ears, visible veins on the skin, and a normal
height. A fundus examination revealed retinal white spots
and pigment deposition in the left lens.

The patient's mother has had a visual acuity of 0.2-0.4
since childhood without correction, a broad forehead,
prominent eyes, low-set ears, abnormally shaped auricles,
pectus carinatum, pelvic abnormalities, long fingers with
visible surface veins, and irregular teeth alignment. A
fundus examination revealed partial lens dislocation and
surface pigment deposition.

The patient's sister, born to the same parents, has
amblyopia in one eye but otherwise normal facial
features.

3.2. Analysis of transcription results

The minigenes, both wild-type and mutant, were inserted
into the pcMINI and pcMINI-C vectors. These four
recombinant vectors were then transfected into the HelLa
and 293T cell lines. After transfection for 48 hours, RNA
was extracted from a total of eight samples.

3.2.1. Analysis of pcMINI series results

The minigene construction strategy for pcMINI-FBNI-
wt/mut involved inserting part of Intron 63 (346 bp),
Exon 64 (175 bp), and part of Intron 64 (439 bp) into
the pcMINI vector. This vector contains the universal
ExonA-intronA-MCS-intronB-ExonB sequence. After
transfecting the cells, the splicing of ExonA-Exon64-
ExonB was observed for abnormalities. The results are
shown in Figure 1.

RT-PCR results indicated that in both HeLa and 293T
cells, the wild-type minigene produced a single band of
the expected length, 564 bp, named band a. The mutant
minigene produced two smaller bands than the wild-
type, named band b and band c. Sanger sequencing was
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performed on band a from the wild-type and bands b and
¢ from the mutant minigenes in both cell lines.

Sequencing results revealed that wild-type band a
represented normal splicing, with the structure ExonA
(192 bp) - Exon64 (175 bp) - ExonB (57 bp). Mutant
band b exhibited abnormal splicing, with the structure
ExonA (192 bp) - AExon64 (101 bp) - ExonB (57 bp).
Mutant band ¢ also exhibited abnormal splicing, with
Exon64 skipped, resulting in the structure ExonA (192
bp) - ExonB (57 bp).

3.2.2. Analysis of pcMINI-C series results
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The minigene construction strategy for pcMINI-C-
FBNI-wt/mut involved inserting part of Intron 63 (186
bp), Exon 64 (175 bp), Intron 64 (1,189 bp), and Exon
65 (390 bp) into the pcMINI-C vector, which contains
the universal ExonA-IntronA-MCS sequence. After
transfecting the cells, the splicing of ExonA-Exon64-
Exon65 was observed for abnormalities. The results are
shown in Figure 2.

RT-PCR results indicated that in both HeLa and 293T
cells, the wild-type minigene produced a single band of
the expected length, 936 bp, named band a. The mutant
minigene produced two smaller bands than the wild-
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Figure 1. Detection of the pcMINI vector. (A) Sequencing diagram of minigene construction, with wt (wild type) shown on top and mut (mutation)
shown below; (B) Gel electrophoresis of the results of RT-PCR transcription analysis, with bands labeled as a, b, ¢ in HeLa and 293T cells; (C)
Schematic diagram illustrating the minigene construction strategy and splicing pattern; (D) Sequencing results corresponding to splicing bands. The

red asterisk (*) indicates the mutation site.
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Figure 2. Detection of the pcMINI-C vector. (A) Sequencing diagram of minigene construction, with wt (wild type) shown on top and mut (mutation)
shown below; (B) Gel electrophoresis of the results of RT-PCR transcription analysis, with bands labeled as a, b, ¢ in HeLa and 293T cells; (C)
Schematic diagram illustrating the minigene construction strategy and splicing pattern; (D) Sequencing results corresponding to splicing bands. The

red asterisk (*) indicates the mutation site.
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type, named band b and band c. Sanger sequencing was
performed on wild-type band a and mutant bands b and c.

Sequencing results revealed that wild-type band a
represented normal splicing, with the structure ExonA
(192 bp) - Exon64 (175 bp) - Exon65 (390 bp). Mutant
band b exhibited abnormal splicing, with the structure
ExonA (192 bp) - AExon64 (101 bp) - Exon65 (390 bp).
Mutant band ¢ also exhibited abnormal splicing, with
Exon64 skipped, resulting in the structure ExonA (192
bp) - Exon65 (390 bp).

The in vitro minigene assay results indicated that the
¢.8226+5del mutation affects normal mRNA splicing.
Both pcMINI and pcMINI-C vector assays yielded
consistent results. The ¢.8226+5del mutation led to the
deletion of 74 bp on the right side of Exon64, resulting
in the cDNA and protein sequence ¢.8153 8226del
p.Cys2718*, where a premature termination codon (PTC)
was introduced in Exon64 and a truncated protein of
2,717 aa was produced. In addition, the ¢.8226+5del
mutation caused the skipping of Exon64, resulting
in the cDNA and protein sequence ¢.8052 8226del
p-His26851Ile fs*9, where a PTC was introduced
in Exon65 and a truncated protein of 2,692 aa was
produced.

3.3. Sequencing results of FBN/ gene variant
¢.8226+5del

DNA was extracted from samples of the tested family,

and a library was constructed. Target regions were
captured using the SureSelect Human All Exon V6
(Agilent) hybridization capture kit, followed by high-
throughput sequencing using Illumina NovaSeq
(sequencing read length: 2x150 bp). Through
bioinformatic analysis, the variant ¢.8226+5del that was
detected in genetic testing was classified as a VOUS (as
shown in Table 2, Figures 3 and 4).

A significant characteristic of MFS is multiple
systemic developmental mutations in the human body.
Approximately 80% of patients clinically manifest with
lens dislocation or subluxation, and in severe cases,
they may also develop complications such as aortic
aneurysm, contributing to a high mortality rate among
patients. FBNI is located on 15q21.1, spans 235 kb, and
encodes fibrillin-1, consisting of 65 exons. Fibrillin-1,
a glycoprotein with a molecular weight of 350,000
that consists of 2871 aa, forms the extracellular matrix
primarily in elastic or inelastic tissues (8, 9). The protein
is predominantly distributed in systemic elastic tissues,
including the skin, tendons, lungs, cardiovascular system,
and the suspensory ligament of the lens. According to
the HGMD database, there were approximately 2,000
confirmed FBNI gene mutation sites prior to 2018,
with 67% being missense mutations (/0). Clinical
manifestations of MFS are influenced by the location and
type of FBNI gene mutations (/7).

MFS exhibits significant clinical heterogeneity,
primarily affecting the skeletal, ocular, and

Table 2. Sequencing results for FBN1 gene variant ¢.8226+5del

Sequencer Volume of sequencing data  Average depth of target region ~ 20x coverage (%)  Q30(%) Sequencing platform
Patient 15.51G 159.7X 96.91 92.43 Ilumina NovaSe
Mother of the patient 16.33G 175.13X 97.22 94.45 vaseq
Father of the patient 18.37G 205.54X 97.90 94.46

(A)

Figure 3. IGV schematic diagram of sequencing results for FBNI gene variant ¢.8226+5del. (A), Patient; (B), Mother of the patient; (C),

Father of the patient.
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FBN1 c.8226+5del
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Figure 4. Schematic representation of Sanger sequencing validation results for FBNI gene variant ¢.8226+5del in the patient and parents.
(S), Sequencer; (A), Patient; (B), Mother of the patient; (C), Father of the patient.

cardiovascular systems. Major clinical manifestations
include dolichocephaly, underdeveloped cheekbones,
micrognathia, distinctive facial features, aortic aneurysm-
like dilation, aortic valve regurgitation, aortic dissection,
mitral valve prolapse, arachnodactyly, spider-like fingers
and toes, chest deformities, pes planus, ectopia lentis,
myopia, and retinal detachment (/2). In addition, patients
may also present with abnormalities in the lungs, skin,
and central nervous system. Due to the lack of uniform
clinical features of MFS, there is currently limited in-
depth research on expression of the disease genotype (13).
However, studies have confirmed that the pathogenesis
of MFS is associated with FBNI mutations, leading to
systemic connective tissue diseases that significantly
impact the quality of life and daily activities of patients.
Moreover, the disease is hereditary, and some patients
may experience respiratory or circulatory failure crises or
even death, causing serious physical and psychological
harm to the affected children and their families (/4).
Therefore, genetic screening for patients (those with
hereditary MFS, carriers, and infants with cardiovascular
malformations) is of great significance. A positive
screening result requires special attention, timely
notification of the patient and their family, explanation
of disease development and prognosis, enhanced
cooperation between patients and healthcare providers,
and prevention of the further progression of the disease
and complications. There may be two causes of FBN/
gene mutations: mutations occurring during embryonic
development and parental germline mosaicism (75).
Germline mosaicism refers to mutations occurring only
during early embryonic germ cell growth. This cell
lineage accounts for a small proportion of the peripheral
blood genome, and most of the other body cells, except
for a small part of the germ cells, do not carry mutations,
resulting in a low detection efficiency. Therefore, families
of patients with this feature require prenatal genetic
diagnosis (16, 17). The FBNI gene mutation ¢.8226+5del
that was detected in this study has not been reported in
the literature and is classified as a VOUS. MFS caused
by this gene is often inherited in an autosomal dominant
manner. Family testing results confirmed that the mother
of the patient also carried this mutation, and the clinical

phenotype of the mother was similar to that of the
patient. However, whether ¢.8226+5del is the key gene
for the onset of MFS, and the changes in Exon64 caused
by this gene mutation and the resulting alterations in
protein function, is currently unknown and needs to be
studied further for confirmation.

In summary, this study identified a novel variant
site, ¢.8226+5del, in the FBNI gene that may be
associated with clinical features such as "low-set ears"
and a "distinctive facial appearance" in MFS patients.
This mutation may affect the normal splicing of gene
mRNA, leading to changes in the structure and function
of Exon64, thereby causing autosomal dominant
inherited MFS. These findings could provide insights for
subsequent clinical research and genetic testing.
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