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|dentification and functional validation of a 2
novel FBNT variant in a Marfan syndrome
family using a zebrafish model
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Abstract

Background Marfan syndrome (MFS) is an inherited autosomal dominant disorder that affects connective tissue
with an incidence of about 1in 5,000 to 10,000 people. 90% of MFS is caused by mutations in the fibrillin-1 (FBNT)
gene. We recruited a family with MFS phenotype in South China and identified a novel variant. This study investigated
whether this genetic variant is pathogenic and the potential pathway related to lipid metabolism in MFS.

Methods A three-generation consanguineous family was recruited for this study. Whole exome sequencing (WES)
was utilized on family members. The 3D structure of the protein was predicted using AlphaFold. CRISPR/Cas9 was
applied to generate a similar fon7 nonsense mutation (fbn1*") in zebrafish. RNA-seq analysis on zebrafish was
performed to identify potential pathways related to MFS pathogenesis.

Results Our study identified a novel variant [NM_000138.5; ¢.7764 C> G: p.(Y2588%)] in FBNT gene from the family
and identified the same site mutation among the proband along with her son and daughter. Structural modeling
showed the p.Y2588* mutation resulted from a truncated protein. Compared to wild-type zebrafish, the F2 generation
fon 17/~ zebrafish exhibited MFS phenotype. RNA-seq analysis indicated that many genes related to leptin are
up-regulating, which could affect bone development and adipose homeostasis.

Conclusion A novel variant was identified in FBN1 gene. In a zebrafish model, we found functional evidence
supporting the pathogenicity of the detected nonsense mutation. Our research proposes a possible mechanism
underlying the relationship between lipid metabolism and MFS. These findings can help improve the clinical
diagnosis and treatment of MFS.
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Introduction

Marfan syndrome (MEFS), an inherited autosomal
dominant condition, affects the connective tissue and
occurs in approximately 1 in every 5,000 to 10,000
individuals [1]. MFS presents with a spectrum of
signs and symptoms that can vary widely. The condi-
tion predominantly affects the skeletal, cardiovascular,
and ocular systems, although the impact extends to all
fibrous connective tissues throughout the body. The
most significant health risks are associated with the
dilation and dissection of the ascending aorta, which
are the primary causes of morbidity and mortality in
MES patients. Additionally, certain individuals with
MES may exhibit a pronounced deficiency in subcuta-
neous adipose tissue, leading to an unusually slender
physical appearance.

Fibrillin-1, encoded by the FBNI gene, is a large
extracellular matrix glycoprotein rich in cysteine
and capable of calcium binding. It functions as a key
structural element of microfibrils, offering essential
mechanical support in both elastic and non-elastic
connective tissues. Multiple gene loci related to MFS
have been discovered, of which FBN1 is the most criti-
cal gene [2]. Over 3000 MES patients have been iden-
tified with more than 1800 pathogenic variants in the
FBNI gene, with missense mutations being the most
prevalent, succeeded by nonsense mutations and
minor insertions or deletions [3].

According to the NCBI database, 310 organisms
have orthologs with the human FBNI gene, including
mice, rats, pigs, and zebrafish [4]. Sequencing studies
in zebrafish have uncovered that around 70% of human
genes possess functional counterparts in this species.
Lately, the CRISPR/Cas9 genome-editing technology
has made significant strides and is being utilized in
zebrafish to modify gene transcription and function [5,
6]. Given the genetic similarities between humans and
zebrafish, as well as the powerful genome editing tools
available, zebrafish represent an ideal model system
for genetic research on Marfan syndrome.

In this study, we report on a female patient clini-
cally diagnosed with MFS who exhibited typical MFS
characteristics and aberrant right subclavian artery.
Whole Exome Sequencing (WES) was performed on
four members of the patient’s family to identify the
causal variant for MFS. We discovered an exonic vari-
ant of the FBNI gene (c.7764 C>@G) in the proband,
her daughter, and her son. AlphaFold is an artificial
intelligence system designed to predict the structure
of protein [7]. The pathogenicity of this FBN1 vari-
ant was verified through computer prediction and
functional studies. We generated a transgenic line of
fbnl*'~ zebrafish by CRISPR/Cas9 system and stud-
ied the phenotype in fbnl*'~ zebrafish. Additionally,
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we conducted RNA sequencing on zebrafish models
to analyze potential differential genes associated with
MES and subsequently validated them using RT-qPCR
and Western blotting.

Methods

Patients and clinical data

In this study, we enrolled a three-generation consan-
guineous family. We conducted home visits to gather
clinical data and family history through interviews.
With the consent of each participant, we collected
peripheral blood samples from both affected and unaf-
fected family members. The study was approved by the
Institutional Review Board of Guangdong Provincial
People’s Hospital.

Affected family members underwent clinical assess-
ments by certified clinicians and cardiologists, who
utilized family history, symptoms, and medical records
to establish a diagnosis. Upon admission, patients
underwent a series of diagnostic imaging and tests,
including computed tomography angiography (CTA),
transthoracic echocardiography (TTE), and electro-
cardiogram (ECG), to ascertain an MFS diagnosis.
Concurrently, blood and urine samples were collected
for laboratory analysis. The systemic features of MES
were scored using the revised Ghent nosology. Addi-
tionally, their offsprings underwent physical examina-
tions, TTE, and computed tomography (CT) scans to
assess their likelihood of an MFS diagnosis.

DNA isolation and whole exome sequencing
Constitutional DNA was extracted from peripheral
blood using standard protocols, involving phenol-
chloroform extraction and ethanol precipitation meth-
ods. Genomic DNA of 1-3 pg was fragmented to an
average size of 150 bp using a S220 Focused-ultrason-
icator (Covaris, Massachusetts, USA). A DNA Sample
Prep Reagent Set (MyGenostics, Beijing, China) was
used for the preparation of standard Illumina libraries,
including end repair, adapter ligation, and PCR ampli-
fication, which would be further sequenced by DNB-
SEQ (DNBSEQ-T?).

After sequencing, the raw data were saved as a
FASTQ format. Both Illumina sequencing adapters
and low quality reads (<80 bp) were filtered by cut-
adaptor software (http://code.google.com/p/cutadap
t/). The clean reads were mapped to the UCSC hgl9
human reference genome using the parameter BWA of
Sentieon software.(https://www.sentieon.com/). The
duplicated reads were removed using the parameter
driver of Sentieon software, and the parameter driver
is used to correct the base, so that the quality value of
the base in the reads of the final output BAM file can
be closer to the real probability of mismatch with the
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reference genome, and the mapped reads were used
for the detection of variation. The variants of SNP and
InDel were detected by the parameter driver of Sen-
tieon software. Then, the data would be transformed
to VCF format. Variants were further annotated by
ANNOVAR software (http://annovar.openbioinformat
ics.org/en/latest/), and associated with multiple data-
bases, such as, 1000 genome, ESP6500, dbSNP, EXAC,
Inhouse (MyGenostics), HGMD, and also predicted by
SIFT, PolyPhen-2, MutationTaster, GERP++.

In this study, four steps were used to select the
potential pathogenic mutations in downstream analy-
sis: (i) Mutation reads should be more than 5, and
mutation rate should be no less than 30%; (ii) The
mutations should be removed, when the frequency
of mutation was more than 5% in 1000G, ESP6500,
and Inhouse database; (iii) The mutations should be
dropped, if they were in InNormal database (MyGen-
ostics); (iV) The synonymous mutations should be
removed, when they were not in the HGMD database.
After that, the rest mutations should be the potential
pathogenic mutations for further analysis. Evaluation
of variant pathogenicity was performed using stan-
dards and guidelines from the American College of
Medical Genetics and Genomics (ACMG) [8].

Homology modeling and function prediction

The amino acid sequence was retrieved from the Uni-
Prot database [9] and formatted into a FASTA file.
The protein of FBN1 was deconstructed into three
segments. AlphaFold used the known FBN1 sequence
to predict the 3D structure of the protein by search-
ing for proteins with known structures homologous
to the sequence in the protein database [10]. Through
the homology modeling software MODELLER 9.15,
a script salign.py is written to compare the target
sequence with the template sequence. After sequence
alignment, upload the coordinate file of the template
protein, write a script model_mult.py, and run the
script to construct the protein model. The quality of
the predicted model was assessed using MolProbity,
ensuring that it met the standards for protein geom-
etry. The final structure was analyzed to elucidate
potential functional sites and binding motifs [11].

Zebrafish care and husbandry

Transgenic Tg (kdrl: EGFP) and Tg (myl: EGFP) zebraf-
ish possessing a green fluorescent heart [12] were
obtained from the China zebrafish resource center
(Wuhan Hubei, China). These two transgenic zebraf-
ish models exhibit green fluorescence in their blood
vessels and heart, respectively. The fish were housed in
a zebrafish recirculating breeding system, maintained
at a temperature of 26 +2°C with a 14-hour light and
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10-hour dark photoperiod. For reproduction, mating
was conducted at an equal 1:1 ratio, allowing for natu-
ral spawning to occur.

Generation of Cas9 Transgenic zebrafish

A novel pathogenic variant [NM_000138.5;
c.7764 C>G: p.(Y2588*)] was identified in FBNI gene
by carrying out WES for the proband, her son and
daughter, and her husband. In the NCBI database (
https://www.ncbi.nlm.nih.gov/gene/XM_01735199
0.2), the 7764 locus of the human FBNI gene corre-
sponded to the 2588 locus of the zebrafish fbnl gene,
and this design is based on the NCBI database. fbnl
sgRNAs (CRISPR1: GGGTATCTGTGCTCCTGTCC
ACGCGG; CRISPR2: GGTATCTGTGCTCCTGTC
CACGCGG; CRISPR3: GTATCTGTGCTCCTGTCC
ACGCGQG) were designed and synthesized by Shang-
hai Generay Biotech Co., Ltd. The target sequences
are in exon 19. A mixture consisting of 1 nl of each
sgRNA (concentrated at 80-100 ng/pl) and Cas9 pro-
tein was precisely injected into the FO embryos. These
injected FO embryos were nurtured until they reached
sexual maturity, after which eight pairs of mature adult
zebrafish were bred to generate F1 generation embryos
for subsequent analysis.

Genotyping of Transgenic zebrafish

Genomic DNA was obtained by alkaline lysis method
from F1 embryos at 24 hours post-fertilization (hpf).
Performing PCR amplification of genomic DNA using
forward (5>-ACACAGCTGTATCTCAAGTGTT-3)
and reverse (5-GTGTGTTTTACCTCTGCAGCTC-3)
primers in thermal cycler (Thermo Fisher, Shanghai,
China) to determine the genotype. The PCR protocol
initiated with a denaturation step at 95 °C for 3 min,
followed by 35 cycles of denaturation at 95 °C for 15 s,
annealing at 60 °C for 30 s, and extension at 72 °C for
12 s, with a final extension at 72 °C for 5 min to com-
plete the process. The PCR reaction was conducted
utilizing the aforementioned primers and PCR proto-
col. To confirm the genotype carried by the mutants,
the PCR amplicons were recombined into the pEASY-
T3 Cloning vector (CT301, Transgen, Beijing, China).
Following the transformation process, a singular bacte-
rial colony was carefully selected for subsequent DNA
sequencing. FO individuals harboring heritable muta-
tions were chosen to breed with Tg(kdrl: EGFP) and
Tg(myl: EGEP) zebrafish lines to produce F1 progeny.
Genomic DNA was extracted at two months post-fer-
tilization for genotyping, and the identified F1 fbni*/"
heterozygotes were utilized in subsequent studies.
Adult F1 fbnI*'~ zebrafish were then interbred to gen-
erate F2 transgenic offspring for further investigation.
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Morphology assessment

The morphology of F2 embryos/larvae and wild-
type (WT) control group were subsequently fixed on
glass slides with 4% methylcellulose (Yuanye, Shang-
hai, China), and the cardiovascular phenotype was
recorded by employing an upright microscope (Axio
Lab. Al, Carl Zeiss, Germany). Dorsal and ventral
view image data were imported into the Image] soft-
ware (version, V1.53q). The initial sample size for
both the F2 fbnl*'~ zebrafish experimental group and
the WT control group was 743. Statistical analysis
was conducted to compare the abnormal phenotypes
between the F2 and WT groups. The experiment was
conducted thrice to ensure reliability. Statistical analy-
sis was performed using SPSS 22.0 software, with sig-
nificance set at p <0.05. A Chi-square test was utilized
to evaluate the data regarding abnormal angiogenesis
phenotypes in both the F2 and WT groups at 120 hpf.
In this study, a total of 743 animals were used across
three independent experiments. Specifically, the first
experiment included 240 animals, the second experi-
ment included 249 animals, and the third experiment
included 254 animals.

Whole-mount Alcian blue staining

Zebrafish larvae at 144 hpf WT and fbnl*/~ zebrafish
were processed for the visualization of bone and carti-
lage using Alcian Blue 8GX (Solarbio, Beijing, China).
Initially, the larvae were fixed in 2% paraformaldehyde
for 2 h with gentle rocking. Subsequently, they were
stained in an acid-free, double-stain solution contain-
ing 120 mM MgCl, overnight, which provides superior
differentiation of cartilaginous and osseous structures
compared to acidic conditions. After staining, the lar-
vae were bleached with 3% hydrogen peroxide (H,0,)
for 25 min, followed by treatment with 1% potassium
hydroxide (KOH). The specimens were then dehy-
drated with 20% glycerol and 0.25% KOH overnight,
with a subsequent increase to 50% glycerol and 0.25%
KOH for a second overnight incubation. Finally, the
prepared samples were stored in a solution of 50%
glycerol and 0.1% KOH at 4 °C. The cartilaginous phe-
notype was recorded by employing an upright micro-
scope (Axio Lab. Al, Carl Zeiss, Germany). Ventral
view image data were imported into the Image] soft-
ware (version, V1.53q).

RNA isolation, cDNA library preparation, and RNA
sequencing (RNA-Seq)

Total RNA was extracted from 120 hpf fbni+/- zebraf-
ish and WT zebrafish embryos by utilizing the Total
RNA Isolation Kit (RC101, Vazyme, Nanjing, China),
according to the manufacturer’s protocol. Assays of
total RNA quality were carried out on an Agilent 2100
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Bioanalyzer (Agilent, CA, USA), agarose gel electro-
phoresis, and nanophotometer. The first strand of
cDNA was synthesized utilizing the M-MuLV reverse
transcriptase system, with fragmented mRNA serving
as the template and a random oligonucleotide as the
primer. Following this, the RNA strand was degraded
using RNaseH. Subsequently, the second strand of
cDNA was synthesized from dNTPs with the aid of
the DNA polymerase I system. The purified double-
stranded cDNA underwent end repair, a tail, and liga-
tion of sequencing adaptors to finally establish 12
c¢DNA libraries consisting of three repeats in each set
and were sequenced in paired-end 150 bp mode using
the Illumina HiseqTM 2500/4000 platform. RNA
library sequencing was assisted by Gene Denovo Bio-
technology, Ltd (Guangzhou, China).

Global and differential gene expression analysis
Differential gene expression analysis was performed
utilizing the DESeq228 software package, identify-
ing differentially expressed genes (DEGs) with a fold
change threshold of greater than 1.5 and a p-value cut-
off of less than 0.05. The biological functions of these
significantly expressed genes were categorized based
on annotations from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database and the Gene Ontol-
ogy (GO) consortium. GO terms and KEGG pathways
with a p-value below 0.05 were deemed to be signifi-
cantly enriched and thus considered in the analysis.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from 120 hpf fbnl+/- zebraf-
ish and WT zebrafish embryos by utilizing the Total
RNA Isolation Kit (RC101, Vazyme, Nanjing, China),
according to the manufacturer’s protocol. Comple-
mentary DNA (cDNA) was synthesized from 1 pg of
total RNA using the High-Capacity ¢cDNA Reverse
Transcription Kit (EZ Bioscience) in a 20 pL reac-
tion volume. The reaction conditions were 25 °C for
10 min, followed by 37 °C for 120 min, and finally 85 °C
for 5 min. The cDNA was diluted to a final concentra-
tion of 10 ng/pL with nuclease-free water and stored
at -20 °C until use. qPCR was performed using SYBR
Green PCR Master Mix (EZ Bioscience) on an Applied
Biosystems 7500 Real-Time PCR System. Each 20 pL
reaction contained 10 pL of SYBR Green Master Mix,
2 pL of cDNA, and 200 nM of each primer. The cycling
conditions were 95 °C for 10 min, followed by 40 cycles
of 95 °C for 15 s, and 60 °C for 1 min. A melting curve
analysis was performed to confirm the specificity of
the amplification. The relative expression levels were
calculated using the 2"-AACT” method.
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Zebrafish protein extraction and Western blot analysis

At 120 hpf, both WT and F2 fbul*~ zebrafish were
swiftly dissected and flash-frozen in liquid nitro-
gen. Subsequently, tissue samples were homogenized
in Radio-Immunoprecipitation Assay (RIPA) buffer,
which consists of 50 mM Tris-HCI at pH 7.4, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
and a mixture of protease inhibitors (Roche Complete
Mini, EDTA-free). Lysates were sonicated on ice to
shear DNA and further homogenized using a poly-
tron homogenizer. Following a 30-minute incubation
on ice, the lysates were centrifuged at 14,000 rpm for
15 min at 4 °C to sediment the debris. The supernatant
was then carefully collected, and the protein concen-
tration was measured using the BCA protein assay kit
(Thermo Fisher Scientific).

Protein samples (30 pg per lane) were mixed with
loading buffer (Absin, Shanghai, China) and boiled for
5 min at 95 °C. Proteins were resolved via SDS-PAGE
on a 10% polyacrylamide gel and subsequently trans-
ferred onto a nitrocellulose membrane. This mem-
brane was then blocked with a solution containing
5% non-fat dry milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) for 1 h at ambient temperature.
The primary antibodies were diluted in TBST with
5% bovine serum albumin (BSA) and incubated with
the membrane overnight at 4 °C. After washing with
TBST, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibodies for 1 h
at room temperature. After additional washing steps,
protein bands were revealed using an enhanced chemi-
luminescence (ECL) detection system. The intensities
of these bands were subsequently quantified employ-
ing Image] software.

Ethical compliance and ethical considerations

All procedures performed in studies involving human
participants were in accordance with the ethical stan-
dards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.
Informed consent was obtained from all individual
participants included in the study. All animal experi-
ments were conducted in accordance with the guide-
lines of the Guangdong Provincial People’s Hospital
Animal Care and Use Committee and were approved
under the ethical approval number KY2023-519-
02. The guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals
used for scientific purposes and the NIH Guide for the
Care and Use of Laboratory Animals were strictly fol-
lowed to ensure the welfare of the animals.
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Ethics statement

This article adhered to the ethical guidelines for
research and publication as outlined by the Guang-
dong Provincial People’s Hospital. Formal written con-
sent was obtained from all individual participants for
the publication of images in Fig. 1a and b.

Results

Family recruitment and clinical presentation

A 33-year-old female was admitted with a 4-year his-
tory of shortness of breath and heart palpitations.
Physical examination revealed that the patient was
155 cm tall and exhibited Marfanoid features, includ-
ing scoliosis, slender limbs, and spider toes (Fig. 1A).
The three-dimensional (3D) reconstructions of the
spine and aorta also revealed scoliosis, Stanford type
A aortic dissection, aortic coarctation, and aberrant
right subclavian artery in the patient (Fig. 1B). The
patient had an elder brother and two elder sisters. Her
father had passed away suddenly in his thirties. The
patient is the mother of two children: a 9-year-old boy
and an 11-year-old girl. According to the growth and
development reference standards for Chinese chil-
dren published by the National Health Commission of
China, the 97th percentile (P97) for a 9-year-old boy is
153.3 cm. For an 11-year-old girl, the P97 is 159.2 cm.
Notably, the heights of her son and daughter are
158 cm and 172 cm, respectively. These values are sig-
nificantly higher than the average heights for children
of the same age in China, placing them well above the
97th percentile for their respective age and sex groups.
And they presented with scoliosis, high myopia, and
slender limbs, suggesting a familial pattern of Marfan
syndrome. The family was interviewed (Fig. 1C), and
peripheral blood samples were collected for further
genetic analysis after obtaining informed consent and
approval from the Institutional Review Boards (IRB).

Identification of a novel FBN1 mutation

WES was performed on the proband, her son and
daughter, and her husband. The identified genetic vari-
ant was subsequently validated using Sanger sequenc-
ing in all other family members. A novel variant
[NM_000138.5; ¢.7764 C>G: p.(Y2588*)] was identi-
fied in the FBNI gene and evaluated for segregation
within the family (Fig. 2A). This new variant located
in coding exon 63 of the FBNI gene, results from a C
to G substitution at nucleotide position 7764. Sanger
sequencing did not detect the same mutation in other
family members (Fig. 2B), suggesting that the patient’s
variant is a de novo mutation that has been inherited
to her son (III-1) and daughter (III-2) (Fig. 1C), they
are now receiving medical treatment and follow-up
care. The variant is classified as Likely Pathogenic
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Fig. 1 Marfanoid symptoms of the patient. (A) Clinical manifestations of the spine, hands, and feet. (B) CT three-dimensional (3D) reconstructions of the
spine and aorta. These reconstructions revealed “scoliosis”and “Stanford type A aortic dissection, aortic coarctation, and aberrant right subclavian artery”.
The red circle indicated the right subclavian artery of ectopic origin. (C) Family pedigree. The red arrow indicates the proband. Blank filling indicates not
affected, black filling indicates affected and genetically confirmed, and green filling indicates affected but not genetically tested. A line through the shape
indicates the dead member
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Fig. 2 WES identified a novel FBNT mutation [NM_000138.5; .7764 C> G: p.(Y2588%)] and thestructural reconstruction. (A). BAM illustration of WES in the
proband'’s family of four. The gray area indicated the second-generation capture coverage. At position c.7764, the C/G ratio is as follows: C: 103 (forward:
35 +, reverse: 68 -), comprising 47% of the total; G: 116 (forward: 42 +, reverse: 74 -), comprising 53% of the total. (B). The Sanger sequence of other 4 family
members showed no mutation in ¢.7764. (C). Protein prediction models of WT FBN1 and p.Y2588* mutated FBN1. The p.Y2588* mutation leads to the sub-
stitution of the 2588th amino acid of the wild-type FBN1 protein with a premature stop codon, resulting in an FBN1 protein with only 2588 amino acids,
thereby lacking 283 amino acids. (D). Structural models for the wild-type and mutant FBN1 proteins in 2487aa-2686aa region. The p.Y2588* variant also
led to a more loosely arranged and structurally abnormal conformation in the 2487aa-2588aa region of the protein, prior to the premature termination

(LP) based on ACMG criteria (PS3, PM2,PM6), this
variant is not observed in population databases, such
as gnomAD. This absence from population data-
bases strengthens the argument for its potential
pathogenicity.

Potential consequences of the mutation and FBN1 protein
model predicting

The p.Y2588* mutation resides in the 31st calcium-
binding EGF-like (cbEGF) domain (Fig. 3A), where it
causes the entire protein to comprise only 2588 amino
acids. This results in the absence of 283 amino acids.
Specifically in terms of structure, the C-terminal of
FBN1 lacks 283 amino acids, leading to the deficiency
of 17 B-folded structures, 4 a-helix structures, and var-
ious loop structures (Fig. 2C).

Using the 2487aa-2686aa region of the FBN1 protein
as a template with online Swiss-Model (https://swiss
model.expasy.org/), we predicted the structural mod-
els for the WT and mutant FBN1 proteins. We found
that in addition to the premature termination and the
loss of the C-terminal 283 amino acids, the p.(Y2588%)
variant also led to a more loosely arranged and struc-
turally abnormal conformation in the 2487aa-2588aa
region of the protein, prior to the premature termina-
tion (Fig. 2D).

Generation of fbn1*/~ zebrafish

Comparative analyses using NCBI and Ensembl
resources revealed that the FBNI gene is orthologous
between humans and zebrafish (Fig. 3A), indicating
that zebrafish is a suitable model organism for genetic
research on FBNI mutations. The p.Y2588* mutation
resides in the 31st calcium-binding EGF-like domain
(Fig. 3A), which corresponds to the 19th calcium-
binding EGF-like domain in the zebrafish fbnl gene
(Fig. 3B). To generate an fbnl mutant zebrafish model,
we designed three single-guide RNAs (sgRNAs) tar-
geting exon 28 of the zebrafish fbnl gene and tested
their efficiency by co-injecting them with Cas9 protein
into one-cell stage zebrafish embryos. DNA sequenc-
ing of the target-specific PCR products confirmed
that the edited fbnl allele contained several nucleo-
tide deletions and a 4-nucleotide insertion, which
induced a frameshift during protein translation and
introduced an early stop codon. This resulted in a
nonsense mutation and the production of a truncated

fbnl protein(Fig. 3C). Finally, we generated F2 trans-
genic zebrafish by mating adult F1 fbni*'~ fish with Tg
(kdrl: EGFP) and Tg (myl: EGFP) zebrafish. PCR analy-
sis and sequencing verified that the randomly selected
F2 fbnl*'~heterozygous mutants carried the desired
mutations. These results demonstrate the successful
establishment of a transgenic line of fbnl*'~ zebraf-
ish, which can serve as a model for further genetic and
functional studies on fbn1 mutations.

F2 fbn1*'~ zebrafish exhibit morphological, vascular, and
cardiac defects

Then, we examined whether our transgenic zebrafish
exhibit abnormal phenotypes of Marfan syndrome.
Figure 4 demonstrates the morphological characteris-
tics of F2 fbnl*'~ zebrafish during the early stages of
development (72 and 120 hpf). Compared to wild-type
zebrafish, the F2 fbn1*/~ zebrafish exhibited several key
features of Marfan syndrome, including aortic arches
bleeding, abnormal angiogenesis, decreased cardiac
volume, cardiac function defects, and curly tail. The
normal wild-type zebrafish showed minimal pericar-
dial effusion and no tail defects. In contrast, moder-
ately affected morphant exhibited a small amount of
pericardial effusion, protruding mouth, and a curly
tail; while severely affected morphants had large peri-
cardial effusion, protruding mouth, and severe tail
curvature (Fig. 4A). Notably, some F2 fbnI*/~zebrafish
exhibited aortic arch bleeding as early as 72 hpf. Car-
diac function analysis, including measurements of
fractional shortening (FS), ejection fraction (EF), and
heart rate (HR), revealed abnormal systolic function
and reduced cardiac volume in the F2 fbnl*'~ zebraf-
ish throughout development (Fig. 4B-C). Additionally,
the F2 fbnl*'~ zebrafish at 72 and 120 hpf displayed
vascular defects, such as non-cavitated blood vessels,
increased dorsal aorta diameter, and disordered inter-
segmental vasculature, compared to wild-type controls
(Fig. 4D). Taken together, these findings suggest that
the fbnl*'~ zebrafish model the characteristic mor-
phological, vascular, and cardiac abnormalities associ-
ated with Marfan syndrome, likely due to the p.Y2588*
mutation in the FBNI gene.

The initial sample size for the F2 fbnI*/~ zebraf-
ish experimental group and WT control group was
120 individuals each. The experiment was repeated
three times to ensure reliability of the results. The
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overall death rate in F2 fbnl*'~ group was about 4%.
The abnormal angiogenesis phenotypes of F2 fbnl*'~
and W'T groups were quantitatively analyzed. The dor-
sal aorta diameters were measured and intersegmental
vascular defects were assessed in both groups at 120
hpf. The results from the three experimental replicates
demonstrated that the abnormal angiogenesis in the
F2 group was significantly lower compared to the WT
control group at 120 hpf (» <0.05) (Fig. 4E).

F2 fbn1*~ zebrafish exhibits cartilage malformations

In WT zebrafish larvae, no alterations in cartilage and
bone elements were observed. In contrast, F2 fbni*/~
zebrafish displayed enlarged Meckel’s cartilage and an
increased distance to the ceratohyal, indicative of a
potential cartilage development defect associated with
the p.Y2588* mutation in the fbnl gene (Fig. 4F-G).
Furthermore, we employed a T-test to analyze the ratio
of the distance from Meckel’s cartilage (m) to the cera-
tohyal (ch) relative to head length in both F2 fbni*'-
and WT zebrafish. This analysis revealed that the ratio
in the fbnl*'~ group was significantly higher than that
in the WT group (p <0.05).

RNA-seq data revealed differentially expressed genes are
predominantly associated with skeletal development and
lipid metabolism

To elucidate the molecular pathways potentially impli-
cated in MFS, we conducted a comprehensive tran-
scriptional analysis utilizing RNA-seq. This analysis
compared global gene expression profiles between
untreated wild-type zebrafish larvae at 5 days post-
fertilization and their fbnI*~ counterparts. Initially,
we employed DESeq?2 for a differential gene expression
screen. The pairwise comparisons between the two
groups revealed an identical number of differentially
expressed genes (DEGs), totaling 27,309, comprising
25,522 known genes and 1,787 novel genes. Specifi-
cally, the comparison between WT and mutant (MU)
zebrafish identified 5,157 DEGs. Among these, 1,900
genes were up-regulated, while 3,257 were down-reg-
ulated. The expression correlation, measured by Pear-
son’s correlation coefficient (R2), was exceptionally
high, ranging from 99.7 to 99.9% for the WT replicates
(WT-1, WT-2, WT-3) and 98.9-99.2% for the MU rep-
licates (MU-1, MU-2, MU-3). Principal Component
Analysis (PCA) demonstrated a clustered distribution
characteristic of the fbni*'~ group, suggesting a simi-
larity in the underlying molecular composition among
these samples (Fig. 5A-C). Volcano plots were utilized
to visualize the extent of gene expression variation,
highlighting significant DEGs involved in cardiovas-
cular development, ossification, and lipid metabo-
lism (Fig. 5D). A heatmap was employed to depict the
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expression patterns of these biologically relevant DEGs
(Fig. 5E). An additional heatmap presented the com-
prehensive expression profiles of all DEGs between
the WT and F2ﬂm1+/' zebrafish (Fig. 5F). Collectively,
these analyses confirmed the reliability of the sequenc-
ing data and established a foundation for subsequent
investigative endeavors.

In our comprehensive RNA-sequencing analysis,
a significant upregulation was observed for multiple
genes associated with the leptin signaling pathway,
including leptin receptor genes (lepa and lepb), as well
as foslla and fosl2, which are known to play crucial
roles in adipocyte differentiation and energy homeo-
stasis. Conversely, a downregulation was noted for
irxSa, wntll, and ctnnbl, genes that are integral to
the regulation of lipid metabolism (Table 1). Addition-
ally, we identified an upregulation of tgfbla and tgf-
br2a, which are key components of the transforming
growth factor-beta (TGF-P) signaling pathway, which
in patients with Marfan syndrome, the TGF-f signal-
ing pathway is typically upregulated (Fig. 6A).

RT-qPCR and Western blotting analysis identified the gene
expression trends observed in RNA-Seq

To quantitatively assess the expression levels of the
genes of interest, RT-qPCR was performed using spe-
cific primers for lepa, lepb, fosl2, irx5a, wntll, ctnnbl,
and tgfbla. The relative expression levels were normal-
ized to the housekeeping gene gapdh, which exhibited
stable expression across all samples. The amplification
efficiency of all primers was determined to be approxi-
mately equal, ensuring accurate comparison of expres-
sion levels. The RT-qPCR data revealed a significant
up-regulation of lepa, lepb, and fosi2 (p<0.05), con-
sistent with the RNA-Seq findings. Conversely, irx5a,
wntll, and ctnnbl exhibited a significant down-reg-
ulation (p<0.05), aligning with the RNA-Seq results.
Additionally, tgfbla showed a significant increase in
expression (p<0.05), corroborating the high-through-
put sequencing data (Fig. 6B). The WB analysis con-
firmed the upregulation of lepa, foslla, and fosl2
proteins, as evidenced by increased band intensities
(p<0.05). Similarly, a decrease in the protein levels
of irx5a was observed (p <0.05), supporting the gene
expression trends observed in the RNA-Seq and RT-
qPCR analyses (Fig. 6C).

Functional enrichment analysis suggested fbn1 gene
significantly influenced extracellular cellular functions
Subsequent to the identification of DEGs, we con-
ducted enrichment analyses using the KEGG pathway
database and the GO framework. The GO enrichment
analysis highlighted significant enrichment of DEGs
associated with the extracellular region, extracellular
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Fig. 3 Structure analyses of the nonsense mutation in the calcium binding (cb) epidermal growth factor (EGF)-like31 domain. (A-B) Generation of
fbn1*~ zebrafish. The conserved domains of FBN1 protein in zebrafish are shown. The red box indicates the locus of the nonsense mutation, and the red
highlight indicates the target of CRISPR/Cas9 gene editing. WT: wildtype. (C) Sequencing chromatograms of wild type and the mutant allele. The CRISPR/

Cas9 induced the mutation containing a terminator insertion in fon1
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Fig. 4 Phenotypic Spectrum of F2 fbn1*~ Zebrafish larvae. F2 fbn 1%/~ Zebrafish were phenotyped with light microscopy in the zebrafish representative
images are shown. Number of animals=743, N=3. Data were compared using an independent two-sample t-test, and the P-values were calculated to
assess the significance of the difference in means between the two groups. Values of *P<0.05 were considered significant. (A) Comparison of the mor-
phology between F2 fbn1*/~ and WT zebrafish larvae at 72 hpf in the brightfield. WT zebrafish shows minimal pericardial effusion and no tail defects; A
moderately affected morphant with a small amount of pericardial effusion, protruding mouth, and a curly tail; A severely affected morphant with a large
pericardial effusion, protruding mouth, and severe tail curvature. The white arrow in the figure refers to the aortic arches bleeding (B) Comparison of the
heart between F2 fbn1*/~ and WT zebrafish larvae at 72 hpf. (C) Comparison of the cardiac function between F2 fon1*~ and WT zebrafish larvae at 72 hpf.
F2 fon1*/~ zebrafish appear significant defects in ejection fraction and fraction shorting. (D) F2 fbn1*~ Zebrafish larvae show angiogenesis abnormalities
phenotype. WT zebrafish phenotype (120 hpf). F2 fbn1*/~ Zebrafish shows the blood vessels are not cavitated. Some F2 fbn1*~ Zebrafish shows the
increased dorsal aorta diameter phenotype and intersegmental vascular disorders. (E) Incidence of angiogenesis abnormalities in F2 fbn1+~ Zebrafish
larvae at 120 hpf. hpf: hours post-fertilization; FS: fraction shorting; EF: ejection fraction. (F). Photomicrographs of 144 and 168 hpf zebrafish larvae at the
ventral view. All cartilage and bones appear normally shaped and developed in WT zebrafish. F2 fbn1*/~ zebrafish exhibits bigger Meckel’s cartilage and
the increased distance from Meckel's cartilage to the ceratohyal increased. (G). The ratio of the distance from Meckel’s cartilage to ceratohyal and the
length of head in F2 fon1*/~ and WT zebrafish. N: number of independent experiments; WT: wild type; hpf: hour post fertilization; ns: no sense; **: p< 0.01;

%< 0,001

space, external encapsulating structures, and extracel-
lular matrix, suggesting that the fbnl gene significantly
influences extracellular cellular functions (Fig. 7A-B).

Employing the hierarchical classification system
of the KEGG database, we tallied the pathways and
their constituent genes that were enriched. Our find-
ings from the top 20 KEGG enrichments revealed a
substantial enrichment of DEGs in pathways linked to
retinol metabolism and modified cell adhesion, extra-
cellular matrix (ECM)-receptor interaction, and focal
adhesion. These observations suggest that the fbnl
mutation’s mechanism potentially disrupts adipose tis-
sue homeostasis and induces pathological changes in
blood vessels, particularly through pathways intercon-
nected with endocrine and signal transduction systems
(Fig. 7C-D).

Discussion
Since the FBNI1 gene was identified as the causative
agent of MFS, a total of 6,633 variants have been docu-
mented in the most comprehensive FBN1 mutation
database to date [9]. Variations are found throughout
the entire length of the gene, with 1,919 of pathogenic
and 1,309 of likely pathogenic. Single-gene muta-
tions consist of 93.4% of all variations. In our study,
we recruited a family exhibiting the MFS phenotype
from Southern China and discovered a novel FBNI
variant, [NM_000138.5; c.7764 C>G: p.(Y2588%)],
which, to our knowledge, has not been previously
reported in the existing literature. A similar nonsense
variant (rs1555394144; FBN1 Q2594*) is reported
in ClinVar. This nonsense variant results in a prema-
ture stop codon, leading to a truncated protein. This
mechanism, similar to the novel variant Y2588*, which
is associated with Marfan syndrome and related dis-
orders. The variant reported in ClinVar also provides
further evidence supporting the pathogenicity of the
variant Y2588*.

The FBNI gene is widely expressed across various
human tissues, encompassing cartilage, tendons, the

cornea, ocular zonules, and the cardiovascular system
[13]. As annotated in the Kyoto Encyclopedia of Genes
and Genomes (KEGG), the FBN1 protein participates
in the TGE-p signaling pathway, specifically within the
hsa04350 pathway. Beyond its structural functions,
fibrillin microfibrils play a role in maintaining tissue
homeostasis by interacting with cell surface recep-
tors like integrins and with growth factors, including
TGE-B and bone morphogenetic proteins (BMPs) [14,
15]. Elevated levels of active TGF-fB, resulting from
diminished fibrillin, have been associated with the
pathogenesis of MES in mice with fibrillin-1 deficien-
cies. The most prominent features observed in these
mice, as well as in MFS patients with heterozygous
FBN1 mutations, include lung emphysema, vascular
complications, and excessive bone growth [16].

A very similar mutation of NM_000138.5(FBNI):
c.7763 A>G (p.Y2588C) to our study was reported
with uncertain significance in MFS (https://www.ncb
i.nlm.nih.gov/clinvar/variation/571222/). In this par-
ticular mutation, the tyrosine residue at codon 2588
is replaced with cysteine, an amino acid with signifi-
cantly different characteristics, within the cbEGEF-like
domain. The majority of FBNI mutations identified
to date have involved either the substitution or the
introduction of cysteine residues within these cbEGF
domains [17]. This amino acid position is highly con-
served in available vertebrate species, this alteration is
predicted to be deleterious by in silico analysis. Fur-
thermore, based on internal structural assessment, this
alteration disrupts proper disulfide-mediated folding
of ¢cbEGF domain 41 [18] and is likely to be patho-
genic. However, Keith et al. pointed out that the avail-
able evidence was currently insufficient to determine
the role of this variant in the disease. Therefore, it has
been classified as a variant of uncertain significance
[19]. Faivre et al. found that missense mutations of
FBNI eliminating a cysteine had a higher probability
of resulting in disease than mutations creating a cyste-
ine [20]. Mutations leading to a premature termination
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Fig. 5 Whole transcriptome RNA-seq profile of larval zebrafish. (A) Gene expression abundance distribution plot. Tthe horizontal axis depicts the log10-
transformed transcripts per million (tpm), signifying higher expression levels at greater values. The vertical axis represents gene abundance, defined as the
proportion of genes at a given expression level relative to the total number of detected expressed genes. Each color in the plot corresponds to a distinct
sample, with the distribution curve’s peak highlighting the most concentrated region of gene expression across the samples. (B) Principal Component
Analysis. The coordinates along the first principal component (PC1) are shown, accompanied by the percentage in parentheses that denotes PC1’s con-
tribution to sample variability. Similarly, the second principal component (PC2) is represented, with its contribution to sample differences indicated. The
plot’s colored dots correspond to individual samples, visually demonstrating their relationships in the multivariate space. (C) Differential gene expression
plot. Horizontal axis: Paired comparison samples; Vertical axis: Number of differentially expressed genes. (D) Differential gene expression volcano plot. In
the volcano plot, significant genes involved in cardiovascular development, ossification, and fluid metabolism are specifically marked, indicating their role
in the biological processes of interest. (E). Heatmap of expression of these significant differential genes that are marked in the volcano plot. (F). Heatmap
of expression of differential genes in the WT and F2 fbn1*/~ zebrafish. The heatmap summarizing the expression profiles of all differentially expressed
genes between the wild-type and F2 heterozygous fbn1+/— zebrafish, providing an overview of the genetic differences that may underlie phenotypic

variations

codon (PTC), namely nonsense and frameshift muta-
tions, were plotted against cysteine mutations to deter-
mine if the latter were more frequently associated with
major manifestations at the cardiovascular level [21].

This newly identified alteration [NM_000138.5;
€.7764 C > G: p.(Y2588*)] in FBN1, as discovered in our
study, is anticipated to lead to loss of function through
premature protein truncation or nonsense-mediated
mRNA decay, and is interpreted as a mutation caus-
ing the disease. In zebrafish, we identified functional
evidence of the detected nonsense mutation, which
aligns with the clinical significance suggesting a patho-
genic or likely pathogenic nature indicated in all 427
known nonsense variants of FBN1 [22]. The EGF-like
domain truncation resulting from fbn1*/~ mutation in
our study caused noticeable aortic arches bleeding,
abnormal angiogenesis, decreased cardiac volume,
cardiac function defects, and morphological defects in
zebrafish larvae, reminiscent of human MFS and other
ﬂanl”" models [23, 24]. We also found that this non-
sense variant led to a more loosely arranged and struc-
turally abnormal conformation prior to the premature
termination, which may further impair the function of
the protein.

Clinical evidence showed that certain variants in the
PTC of FBNI and the neonatal region (exons 25-33)
are independently significant predictors of severe
scoliosis development [25, 26]. In our investigation,
scoliosis was observed in the proband as well as her

daughter and son, and this was confirmed using a
zebrafish model, in which the fbnI*/~ zebrafish exhib-
ited severe tail curvature and abnormal Meckel’s car-
tilage. Measurements of the ratio between Meckel’s
cartilage and head length were higher in the fbni*/-
zebrafish compared to wild-type. We demonstrated
that this genetic variation is responsible for the onset
of severe scoliosis in individuals with Marfan syn-
drome. Patients carrying this particular pathogenic
fbnl variant should be closely monitored for progres-
sion of scoliosis [26].

RNA-seq analysis revealed that genes associated
with the TGF-pB signaling pathway were upregulated
in fbnl*/~ zebrafish. This is consistent with the fact
that alterations in fbnl gene result in loss-of-function
of fbnl, which leads to liberation on TGF-f, and the
subsequent activation of Smad-mediated gene expres-
sion. the activated TGF-f promotes Smad-mediated
gene expression [27, 28]. TGF-p signaling regulates
a wide variety of cellular processes in many different
cell types, and its effects are context-dependent. The
upregulation of the TGF- pathway has been shown to
promote the occurrence of thoracic aortic aneurysms
(TAA) and skeletal abnormalities in patients with MFS
[29, 30]. The analysis did show decreased expression of
the irx5a gene and increased expression of fos/1a and
fosl2 genes, all of which have been implicated in bone
development [29].

Table 1 Expression of lipid metabolism-related genes in the WTgroup and fon1*/~ group

Gene WT-1 WT-2 WT-3 WT-mean MU-1 MU-2 MU-2 MU-mean Pvalue

foslla 3326 1.93 3.037 2.764 130.99 125.907 90.316 115.7 0.000910
lepb 0 0 0.124 0.041 134.995 180.088 127.848 147.6 0.000835
lepa 0.169 0.144 0 0.104 16.229 15.11 13426 14.92 0.000054
fosl2 5.802 6.204 4436 5481 30.738 32329 36919 3333 0.000134
irx5a 32729 32.24 26407 3046 17.608 18401 22.11 19.37 0.010763
wntl1 42957 43.844 3741 4140 11916 11.503 13.283 12.23 0.000151
ctnnbl 11.916 11.503 13.283 12.23 173.509 188.357 180.502 180.8 0.000003
tgfbla 4122 4483 4.245 4.283 18.109 18.215 16.167 17.50 0.000040
tgfbr2a 1.31 1.267 0.903 1.160 9.862 12.931 8457 1042 0.002223
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Fig. 6 (A). Heatmap of expression of these significant differential genes that related to bone development and lipid metabolism. (B) gRT-PCR. The bar

graph shows expression of lepa, lepb, fosl2, irx5a, ctnnb1, wnt11, and tgfb1

a mRNA in fbn1*~ zebrafish. The results were obtained using 10 zebrafish per

each experimental group and are expressed as mean + SEM. Data were compared using an independent two-sample t-test, and the P-values were calcu-
lated to assess the significance of the difference in means between the two groups. Values of *P<0.05 were considered significant. (C). Western blotting
analysis. Proteins related to lipid metabolism were detected by western blotting for their presence and quantity. *: p <0.05; **: p<0.01; ***: p <0.001. Full-

length blots/gels are presented in Supplementary Fig. 1

Interestingly, these bone development-related genes
(irxSa, foslla, and fosi2) are also involved in lipid
metabolism, along with increased expression of lepa
and lepb. Individuals with MEFS frequently develop
type 2 diabetes (T2DM) and exhibit a lipodystrophic
phenotype characterized by very low overall body fat
levels [31, 32]. The human homolog of irx5a, known
as IRX5, has been shown to promote adipogenesis,

repress glycolysis, and elevate leptin expression in
human adipocytes [33]. Additionally, adipocyte-spe-
cific Fosl2-knockout mice demonstrated a significant
reduction in serum leptin levels [34]. Downregula-
tion of the IRX5 gene has been shown to reduce body
weight and white adipose tissue (WAT) mass in both
mice and humans through a combination of cell-
autonomous mechanisms and sympathetic nervous
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Fig. 7 Differential gene expression analysis. (A) The bar chart of GO enrichment analysis. The x-axis represents the second-level GO terms, the y-axis
represents the number of differentially expressed genes in that term, with red indicating upregulation and green indicating downregulation. (B) bubble
diagram of the top 15 noticeably enriched pathways. The graph is plotted with p-values of significance for various pathways. The abscissa denotes the
gene-rich factor (i.e, the number of differential genes enriched to the current pathway/the number of that species enriched to the current pathway),
and the ordinate represents the pathway. Bubble size represents the number of genes enriched in different pathways, and bubble color represents the
degree of enrichment in different pathways. (C) statistical plot of the grade B classification of each pathway of the differentially enriched genes. (D) circle-
marker plots of the top 15 significantly enriched differential pathways. Outside the circle is a sitting ruler of the gene number. Different colors represent

different KEGG A Class

system-induced changes [35]. Furthermore, the down-
regulation of IRXS5 also can increase the expression
and function of leptin in the hypothalamus by modu-
lating the number and function of neurons sensitive
to leptin signaling, thereby potentially affecting food
intake and energy expenditure [36].

However, the specific mechanisms underlying the
relationship between lipid metabolism and the role of
IRX5 and leptin require further research for detailed
elucidation. Patients with MFS should be monitored
not only for cardiovascular system complications but
also for metabolic disturbances, as the disease appears
to have a significant impact on lipid metabolism and
associated pathways.

Overall, MFS serves as a proof-of-concept clini-
cal challenge with unmet needs in both diagnosis and
treatment. Despite the extensive research have con-
ducted on the function of FBNI, our study has con-
tributed novel insights to the overall understanding
of FBNI. Accurate diagnosis of MFS is particularly
important, which relies on the detection of deleterious
mutations in the FBNI gene, alongside the identifica-
tion of syndromic symptoms. However, genetic testing
often reveals FBNI variants that are not conclusively
linked to disease pathogenesis [37].

Another objective of our study is to develop a zebraf-
ish-based model that facilitates the rapid classifica-
tion of unknown variants in the FBNI gene, thereby
aiding in MFS diagnosis [38]. Additionally, this model
will enable efficient screening of drug libraries to iden-
tify potential new therapies, potentially leading to the
discovery of patient-specific treatments. Zebrafish as
an innovative and efficient tool to enhance the clini-
cal diagnosis and treatment of MFS is possible on the
horizon.
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