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Abstract 
A fundamental event in the formation of heart valves involves the transformation of endocardial cells within the outflow 
tract (OFT) and atrioventricular canal (AVC) cushions through a process known as endothelial-to-mesenchymal transition 
(EndMT). Aberrant EndMT is a primary cause of congenital valvular malformations. Manic Fringe (MFNG) has been previ-
ously associated with cardiovascular development, although its role in heart valve development remains underexplored. In 
this study, we seek to enhance our understanding of MFNG’s involvement in valve formation and its association with EndMT. 
Staining results of histological section revealed the expression of MFNG in the AVC and OFT from embryonic day 9.5 to 
10.5 (E9.5–E10.5), when EndMT takes place. Cellular data demonstrated that MFNG exerts a positive regulatory influence 
on the EndMT process, promoting endothelial cell (EC) migration by enhancing the activity of the Notch signalling pathway. 
MFNG knockdown mediated by antisense morpholino oligonucleotides (MO) injection caused abnormal development of the 
heart and valves in zebrafish. Furthermore, through whole-exome sequencing (WES), we identified a heterozygous MFNG 
mutation in patients diagnosed with tetralogy of Fallot-pulmonary valve stenosis (TOF-PS). Cellular and molecular assays 
confirmed that this deleterious mutation reduced MFNG expression and hindered the EndMT process. In summary, our 
study verifies that MFNG plays a role in promoting EndMT mediated by the Notch signalling pathway during the heart and 
valve development. The MFNG deleterious variant induces MFNG loss of function, potentially elucidating the underlying 
molecular mechanisms of MFNG’s involvement in the pathogenesis of congenital heart valve defects. These observations 
contribute to our current genetic understanding of congenital heart valve disease and may provide a potential target for 
prenatal diagnosis and treatment.
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Key messages
•	 Our examination revealed, for the first time, that MFNG exhibited high expression levels during EndMT of heart valve 

development in mice.
•	 Our findings provide compelling evidence that MFNG plays a role in promoting EndMT mediated by the Notch signalling 

pathway.
•	 Our results identified, for the first time, a deleterious MFNG p. T77M variant that inhibited the EndMT process by 

downregulating the activity of the Notch signalling pathway, thereby preventing the normal valve formation. MFNG may 
serve as an early diagnostic marker and an effective therapeutic target for the clinical treatment of congenital heart valve 
defects.
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Introduction

Cardiac valve defects are significant contributors to morbid-
ity and mortality during the perinatal and neonatal periods 
and represent the most prevalent subset of cardiovascular 
malformations, accounting for over 50% of congenital car-
diovascular defects [1]. These congenital valvular issues 
are integral components of complex cardiovascular condi-
tions, including pulmonary valve stenosis (PS) in tetralogy 
of Fallot (TOF) and aortic valve stenosis (AS) in hypoplastic 
left heart syndrome (HLHS) [2], both of which can have 
dire consequences. Despite their high incidence, treatment 
options for congenital heart valve defects remain limited and 
generally exhibit unfavorable long-term prognoses [3].

It is well established that the development of heart valves 
commences with the EndMT process, which becomes most 
pronounced around E9.5 in mice [4–6]. Aberrant EndMT 
can lead to congenital valvular malformations [7]. Dur-
ing this process, the endocardial cells within the AVC and 
OFT change when stimulated by adjacent cardiomyocytes, 
reducing cell–cell connections and initiating EndMT [8]. 
Many previous studies have shown that the major molecular 
mechanisms governing zebrafish cardiac valve formation are 
quite similar to those found in mammalian hearts. The first 
phase of heart valve formation in the zebrafish is that the 
endocardial cells at the AVC undergo the EndMT process, 
which occurs at 36 h post-fertilization (hpf). The endocardial 
cells at the AVC proliferate and extend into the cardiac jelly 
at 80 hpf to contribute to the formation of cushion, and then, 
cardiac cushion begins its morphogenetic rearrangement at 
105 hpf to form the mature valve leaflets [9]. EndMT is char-
acterized by the gradual transformation of ECs, which lose 
their typical characteristics and take on mesenchymal traits 
under stimulation [10, 11]. These transformed cells acquire 
a spindle-shaped, elongated morphology and gain mobility 
and invasive capabilities due to the loss of cell–cell junc-
tions [10–12]. Multiple signalling pathways, including the 
classical TGFβ signalling pathway and the Notch signalling 
pathway, are involved in regulating EndMT-associated valve 
formation, with the Notch pathway playing a crucial role in 
the heart valve development [13, 14].

Development of heart valves is a complex process involv-
ing interactions among various cell types and intricate 
genetic programs [15–18]. Mounting evidence exhibits the 
genetic basis of congenital valvular malformations [2, 16, 
19]. Notable mutations such as G296S in GATA4 contribute 
to pulmonary valve abnormalities, as observed in a mouse 
model carrying this human mutation, which results in pul-
monary valve stenosis (PS) [20–23]. Variants in NOTCH1 
and SMAD6 are linked to bicuspid aortic valve (BAV) and 
have been found to have functional deficiencies in vitro, and 

targeted GATA5 deletion in mice leads to a partially BAV 
phenotype [24–29].

MFNG, a member of the glycosyltransferase family, plays 
a central role in modulating Notch signalling. It introduces 
N-acetylglucosamine (GlcNAc) into the O-fucosylated EGF-
like regions of Notch receptors, promoting the binding of 
Delta ligands to Notch receptors and inhibiting the binding 
of Jagged ligands to Notch receptors [30–32]. Previous stud-
ies have shown that MFNG facilitates ventricular trabeculae 
formation, ventricular maturation, and compaction during 
embryonic mouse development [33, 34]. However, the con-
nection between MFNG and heart valve development has not 
been adequately elucidated.

In this investigation, our examination revealed that 
MFNG exhibited high expression levels during the embry-
onic development of heart valves in mice. Subsequent 
in vitro experiments further confirmed MFNG’s role in 
promoting the EndMT process, underlining its significant 
association with heart valve formation. MFNG has also been 
shown to play a crucial role in zebrafish embryonic heart 
valve development. Moreover, recent advances in our under-
standing of the mechanisms governing heart valve develop-
ment, alongside improved human genome sequencing tech-
niques, have unveiled numerous genetic factors contributing 
to congenital heart valve disease in humans. To ascertain the 
pivotal role of MFNG in the heart valve development, we 
conducted a study involving patients diagnosed with TOF-
PS. To identify MFNG variants, these individuals under-
went WES. Remarkably, we detected one pathogenic MFNG 
mutation in these patients. This MFNG variant was found 
to alter mRNA and protein expression levels, consequently 
inhibiting the EndMT process by downregulating the Notch 
signalling pathway. These findings provide compelling evi-
dence that the MFNG variant plays a significant role in the 
development of congenital valvular defects. Hence, we have 
successfully confirmed that MFNG is intricately involved in 
the regulation of the EndMT process, mediated by the Notch 
signalling pathway, during heart valve development.

Methods

Study population and DNA extraction

In this study, we enrolled 40 patients diagnosed with TOF-
PS and 60 patients diagnosed with pulmonary atresia with 
ventricular septal defect (PA-VSD), confirmed by both car-
diac echocardiography and evaluation performed by a spe-
cialist cardiologist. Additionally, 120 unrelated healthy con-
trols without congenital heart valve defects were recruited 
from Shanghai Xin Hua Hospital. All participants in the 
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patient cohort were members of the Chinese Han com-
munity, ranging in age from newborns to 17 years. DNA 
extraction was performed according to the standard protocol, 
employing the QIAamp DNA Blood Mini Kit (QIAGEN, 
Germany). The study design adhered to the principles of the 
Declaration of Helsinki.

WES, Sanger sequencing, and variant analysis

WES was conducted on all samples utilizing the Illumina 
HiSeq 2500 platform to screen for mutations. Nonsynony-
mous variations in the encoding regions of MFNG, with a 
frequency of less than 0.1% in normal control individuals 
(i.e., less than 0.1% in the 120 healthy participants and pub-
licly available variation databases, including ExAC), were 
considered. To further validate the candidate MFNG variant, 
Sanger sequencing was employed. In this study, rare muta-
tions were defined as those with a minor allele frequency 
(MAF) less than 0.5%. The pathogenicity of the MFNG 
mutation was assessed using various bioinformatic web-
sites, including SIFT (http://​sift.​jcvi.​org/​www/​SIFT_​enst_​
submit.​html), Mutation Taster (http://​www.​mutat​ionta​ster.​
org/), PolyPhen-2 (http://​genet​ics.​bwh.​harva​rd.​edu/​pph2/), 
and CADD (https://​cadd.​gs.​washi​ngton.​edu/​info).

Conservation analysis of MFNG protein sequence

MFNG protein sequences from various species, includ-
ing Homo sapiens (human), Mus musculus (house mouse), 
Rattus norvegicus (rat), Macaca mulatta (rhesus monkey), 
Bos taurus (cattle), and Pan troglodytes (chimpanzee), were 
obtained from NCBI (https://​www.​ncbi.​nlm.​nih.​gov/​prote​in/). 
The Clustal X software (http://​www.​clust​al.​org) was utilized 
to assess the conservation of MFNG protein sequences.

Plasmids and site‑specific mutagenesis

A full-length human MFNG ORF was inserted into the 
pCDH-CMV-MCS-EF1-copGFP-T2A-Puro vector to con-
struct the wild-type (WT) MFNG expression plasmid. To 
introduce mutations, the QuikChange XL site-directed 
mutagenesis kit (Stratagene, La Jolla, CA, USA) was 
employed. All plasmids were subjected to verification for 
integrity and accuracy via Sanger sequencing.

Cell culture, transient transfection, and treatment

Human umbilical endothelial cells (HUVECs) from passages 
four to seven were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM, Invitrogen, CA, USA), supplemented 

with 10% fetal bovine serum (MP Biomedicals, USA) and 
1% penicillin–streptomycin solution (Gibco, USA). Transfec-
tions were performed by separately introducing 3 µg of empty 
vector, oe-MFNG, and oe-MUT plasmids into HUVECs using 
FuGene HD (Promega, USA) when the cell concentration in 
the 6-well plate reached 70–80%. After 24 or 48 h of transient 
transfection, HUVECs were harvested for subsequent experi-
ments. To induce EndMT in vitro, HUVECs were treated with 
transforming growth factor beta 2 (TGFβ2, 10 ng/ml, R&D, 
302-B2) for 48 h as the treatment group, or with 0.1% bovine 
serum albumin (BSA) for 48 h as the control group when 
they reached 70–80% confluence. HUVECs were starved with 
basal medium for 12–16 h before treatment, and the medium 
with TGFβ2 or 0.1% BSA was freshly replaced every day. 
Additionally, DAPT (Sigma-Aldrich, St. Louis, CA, USA) 
was added to the cell medium (20 µg/ml) and renewed every 
other day to inhibit the Notch pathway.

Lentivirus assembly and transduction

To stably overexpress MFNG in HUVECs, the pCDH vector 
containing human MFNG (pCDH-MFNG) was constructed. 
After synthesizing the MFNG overexpression lentiviral 
vector, a mixture of psPAX2, pMD2.G, and the modified 
pCDH-CMV-MCS-EF1-copGFP-T2A-Puro containing the 
MFNG coding sequence was co-transfected into Hek-293 T 
cells at a ratio of 4:2:1. Polyethyleneimine (PEI) was used 
for transfection at a ratio of 3:1 (PEI µg: total DNA µg). The 
viral supernatants were collected at 48 and 72 h and filtered 
through a 0.45-µm filter. Subsequently, HUVECs were trans-
duced with the lentivirus at a 1:1 ratio of viral supernatants 
to fresh medium, supplemented with 8 µg/ml polybrene. 
After 48 h of incubation, 2 µg/ml puromycin was added to 
the culture medium to select for transfected cells. To knock 
down MFNG in HUVECs, recombinant lentiviruses carry-
ing MFNG-targeting small interfering RNA (sh-MFNG) 
were designed and synthesized. The lentiviral transfer vector 
(pLKO.1-TRC) was constructed, and sh-MFNG expression 
was driven by the U6 promoter. Lentivirus packaging and 
cell transfection followed previously established protocols.

Wound healing assay

HUVECs were seeded into 6-well plates at a density of 5 × 105 
cells per well. When the cells reached approximately 95% 
confluence, they were serum-starved for 16 h. Subsequently, 
cell monolayers were scratched using 200-µl pipette tips and 
washed three times with PBS. The cells were then incubated 
with fresh medium containing 1% FBS for 24 h, and images 
were captured at 0 and 24 h after scratching. ImageJ software 
was used to analyze the wound area healing.

http://sift.jcvi.org/www/SIFT_enst_submit.html
http://sift.jcvi.org/www/SIFT_enst_submit.html
http://www.mutationtaster.org/
http://www.mutationtaster.org/
http://genetics.bwh.harvard.edu/pph2/
https://cadd.gs.washington.edu/info
https://www.ncbi.nlm.nih.gov/protein/
http://www.clustal.org
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Fig. 1   Expression of MFNG in mice during embryonic heart devel-
opment. a qRT-PCR analysis of MFNG mRNA levels during the 
embryonic heart development of mice. GAPDH served as an internal 
reference. b Immunofluorescence staining revealed the endogenous 

distribution of MFNG at E9.5–E11.5 and E13.5 in mouse embryos. 
Scale bars = 50 µm. All data presented here were obtained from five 
independently repeated biological experiments
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Fig. 2   Upregulation of MFNG in TGFβ2-induced EndMT. a The 
transition of HUVECs from their typical cobblestone-like shape to 
spindle-like cells with protrusions after 48  h of exposure to 10  ng/
ml TGFβ2 was visualized under a light microscope (upper). F-actin 
staining with phalloidin revealed elongated HUVECs with protru-
sions. Scale bars = 25 µm. b qRT-PCR analysis was used to estimate 
the relative mRNA levels of MFNG, α-SMA, VIMENTIN, SLUG, 
and CD31 in HUVECs. GAPDH was employed as a loading control. 
c Western blot displayed the alterations in protein levels of EndMT-

specific markers and MFNG following a 48-h treatment with 10 ng/
ml TGFβ2. β-actin was used as a loading control. The band density 
of MFNG, CD31, SLUG, VIMENTIN, and α-SMA on the Western 
blot was quantified using ImageJ software. d Cellular immunofluo-
rescence demonstrated a significant upregulation of MFNG expres-
sion in HUVECs after TGFβ2 treatment. Scale bars = 25 µm. All data 
reported here were obtained from three independently repeated bio-
logical experiments
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Transwell assay

Samples with 2 × 105 cells were resuspended in a serum-free 
culture medium after trypsinization and plated on the upper 
layer of transwell chambers (Corning, USA). The residue 
cells on the upper side migrated toward the lower chamber 
with a gradient of 20% FBS. The cells on the top surface of 
the membrane were wiped out, leaving only the cells with the 
ability to migrate. These cells were washed three times with 
PBS, fixed with 4% paraformaldehyde (PFA) for 15 min, and 
stained with crystal violet for 30 min after 24 h of incubation. 
The inverted microscope was used to capture the images of 
migrated cells.

Quantitative real‑time PCR

Total RNA was extracted from HUVECs and reverse 
transcribed into cDNA using a reverse transcriptase kit 
(TaKaRa, Japan). Quantitative real-time PCR (qRT-PCR) 
was performed on the Applied Biosystems 7500 system 
using SYBR Green (TaKaRa, Japan). GAPDH was used as 
an internal reference. The qRT-PCR settings were as follows: 
3 min at 50 °C and 30 s at 95 °C, followed by 40 cycles of 
10 s at 95 °C and 30 s at 60 °C. The relative gene expression 
was quantified using the ΔΔCt calculation method. The spe-
cific primer sequences are listed in supplementary Table 1.

Western blot

HUVECs were collected by scraping and lysed with RIPA 
buffer (Beyotime, P0013B) containing a mixture of pro-
tease and phosphatase inhibitors (PMSF, 1:100) for 30 min 
on ice. Protein concentration was determined using the 

BCA protein quantification kit (Beyotime, P0010). Equal 
amounts of protein from each group were separated by 
SDS-PAGE and transferred to an NC membrane. After 
blocking with 5% skim milk for 1.5 h at room tempera-
ture, the membranes were incubated overnight at 4 °C with 
specific primary antibodies. Subsequently, the membranes 
were incubated with secondary antibodies conjugated to 
horseradish peroxidase (HRP) for 1.5 h at room tempera-
ture. Gel images were captured using the Tanon gel imag-
ing system, and each band was normalized to the loading 
control β-actin. Immunoblots were analyzed by densitom-
etry using ImageJ software.

Cellular and tissue immunofluorescence staining

For cellular staining, HUVECs cultured on coverslips were 
fixed in 4% PFA for 15 min. Subsequently, they were per-
meabilized with 0.5% Triton X-100 in PBS for 10 min and 
then blocked with 5% BSA for 1.5 h at room temperature. 
Following the removal of the blocking buffer, the primary 
antibody diluted in the blocking buffer was applied to the 
HUVECs and incubated overnight at 4 °C. The next day, 
HUVECs were exposed to fluorescence-conjugated sec-
ondary antibodies for 1.5 h at room temperature to visual-
ize the specific target protein. After the secondary anti-
body incubation, DAPI (Vector Laboratories, USA) with 
an anti-fluorescence quenching agent was used to stain cell 
nuclei. For staining of tissue sections, paraffin-embedded 
heart tissue sections were dewaxed in xylene and rehy-
drated through a graded alcohol series: 100% ethanol, 90% 
ethanol, 75% ethanol, and distilled water. Antigen retrieval 
was performed by heating in sodium citrate buffer (pH = 6) 
for 6 min, followed by cooling to room temperature. The 
steps for permeabilization of tissue sections, blocking with 
5% BSA, and subsequent incubation with primary and 
secondary antibodies were the same as those described 
for cells. Finally, a fluorescence microscope was used to 
detect red, green, and blue channels.

Maintenance of zebrafish, microinjection 
of morpholinos into the embryos, and hematoxylin–
eosin staining

The Tg (myl7: EGFP) transgenic line embryos labelled 
with green fluorescence were purchased from the China 
Zebrafish Resource Center and maintained at 28.5  °C 
under standard laboratory conditions. All the experiments 
received approval from the Animal Care and Use Commit-
tee of Xinhua Hospital. Morpholino antisense oligos (MO), 
chemically modified oligonucleotides, can cause aberrant 
splicing by targeting splice junctions. They remain effec-
tive in blocking protein synthesis of the targeted gene(s) for 

Fig. 3   Induction of EndMT by MFNG overexpression in HUVECs. 
a qRT-PCR analysis was conducted to determine the relative mRNA 
levels of MFNG, with GAPDH as the loading control. b Western 
blot confirmed MFNG overexpression in HUVECs, with β-actin as 
the loading control. The band density of MFNG was quantified. c 
Light microscopy (upper) illustrated the morphological changes in 
HUVECs after MFNG overexpression. F-actin staining with phal-
loidin using a fluorescence microscope (lower) revealed the trans-
formation of HUVECs into mesenchymal stellate cells with long 
protrusions and filopodia 48 h post-transfection. Scale bars = 25 µm. 
d Western blot depicted alterations in EndMT-related markers in 
HUVECs with MFNG overexpression compared to the control 
group, with a quantitative analysis of the relative protein expres-
sions of MFNG, CD31, SLUG, VIMENTIN, and α-SMA using 
ImageJ software. e Cellular immunofluorescence staining for CD31 
(red), VIMENTIN (red), and MFNG (green). Nuclei were counter-
stained with DAPI. Scale bars = 25  µm. f, g Representative images 
of cell wound healing assays and quantification of the scratch repair 
rate. Scale bars = 250 µm. h, i Assessment of the migratory ability of 
HUVECs overexpressing MFNG via the transwell assay and quantifi-
cation of migrated HUVECs. Scale bars = 100 µm. All data presented 
are from three independently repeated biological experiments

◂



58	 Journal of Molecular Medicine (2025) 103:51–71

TG
F
2（
-）

TG
F
2（
+）

0

20

40

60

80

100

A
re
a
re
co

ve
re
d(
%
) shNC

sh2

✱

✱✱

✱✱✱

ns

TGF 2（-） TGF 2（+）
0.0

0.5

1.0

1.5

VI
M
EN

TI
N

re
la
tiv

e
pr
ot
ei
n
ex

pr
es

si
on

（
fo

ld
ch

an
ge
）

shNC
sh2

ns

✱
✱

ns

a b

c

d

sh
NC sh

1
sh
2
sh
3

0.0

0.5

1.0

1.5

R
el
at
iv
e
pr
ot
ei
n
ex

pr
es

si
on

（
fo

ld
ch

an
ge
）

shNC
sh1
sh2
sh3

✱
✱
ns

TGF 2（-） TGF 2（+）
0.0

0.2

0.4

0.6

0.8

1.0

C
D
31

re
la
tiv

e
pr
ot
ei
n
ex

pr
es

si
on

（
fo

ld
ch

an
ge
）

shNC
sh2ns

✱✱

✱✱

ns

TG
F
2（
-）

TG
F
2（
+）

0.0

0.5

1.0

1.5

2.0

M
ig
ra
te
d
ce

lls
|F
ie
ld
s shNC

sh2
ns

✱✱✱✱✱

ns

shNC sh1 sh2 sh3
0

1

2

3

4

M
FN

G
re
la
tiv

e
m
R
N
A
ex

pr
es

si
on

（
fo
ld

ch
an

ge
）

shNC
sh1
sh2
sh3

✱
✱

ns

e

g

f

h



59Journal of Molecular Medicine (2025) 103:51–71	

3–4 days. Zebrafish MFNG MO1 (5′-AGC​ACC​ATT​AGC​
TTA​CTC​ACT​TTT​T-3′) and MO2 (5′-ATG​AAT​AGA​TGT​
GAT​ACT​GAC​CGT​C-3′) were designed and synthesized 
by Gene Tools (OR, USA). A standard control MO (5ʹ-
CCT​CTT​ACC​TCA​GTT​ACA​ATT​TAT​A-3ʹ) was employed 
as a negative control. For knockdown assays, MO were 
injected into the yolk sac of embryos when they were at 
the 1–2 cell stage using a pressure microinjection device 
(PICOSPRITZER® III, Parker, USA). qRT-PCR analy-
sis of MFNG cDNA collected from the whole embryos 
30 h after the injection was employed to confirm MO effi-
ciency. The preliminary experiment was then carried out 
to evaluate the appropriate injection concentration of MO. 
The embryos were examined periodically, and their pheno-
types within each group were recorded at 72 hpf. Zebrafish 
embryos were fixed in 4% PFA, followed by dehydration 
through a graded ethanol series, clearing in xylene, and 
embedding in paraffin wax. Longitudinal sections of 4 µm 
thickness were dewaxed, dried, and stained with hematoxy-
lin and eosin (HE) according to standard protocols. The 
resulting images were acquired using a Leica microscope.

In vitro OFT explant culture and isolation of ECs 
from the OFT explants

The cultures of the OFT explants were carried out in accord-
ance with the previously described methodology. The rat tail 
collagen-type I matrices (Corning, 354236) were allowed 
to polymerize in an incubator set at 37 °C and 5% CO2. 
The OFT tissue was dissected in sterile PBS from E10.5 
embryos. The OFT cushions were exposed by using sharp 
tweezers and secured with the cushion-side facing down-
wards on the collagen gels, which were allowed to facilitate 
the attachment of the cushions. After overnight adhesion, 
adenoviral infections were performed to analyze the effects 

of MFNG overexpression and mutation on the OFT explants. 
To express MFNG or MFNG mutation, the OFT explants 
were infected with adenovirus containing either MFNG 
(AdV-MFNG) or the MFNG mutation (AdV-MUT), which 
were tagged with GFP, or empty adenovirus (AdV-GFP). 
Endocardial cells that underwent transformation were identi-
fied as the spindle-shaped cells that migrated away from the 
explants or invaded the gel. Bright-field images and GFP 
fluorescence images of OFT explants were obtained using 
a Leica microscope. Explants were fixed and stained with 
α-SMA to detect mesenchymal cells. Cell numbers were 
determined by manual counting. The ECs isolated from the 
OFT explants were collected for further research after infec-
tion with AdV-MFNG, AdV-MUT, or AdV-GFP and sub-
sequent removal of the myocardial tissue using collagenase 
type II (Sigma-Aldrich).

Statistical analysis

All measurement data were analyzed using GraphPad Prism 
8 and presented as the mean ± standard error (SEM). The 
experiments were independently repeated at least three 
times. The statistical significance of observed differences 
was assessed using a two-tailed t-test between the two 
groups. One-way analysis of variance (ANOVA) with Tuk-
ey’s multiple comparison test when more than two groups 
are compared. Two-way ANOVA was used to test for differ-
ences between groups with multiple factors. For zebrafish 
MO assays, the chi-squared test (and Fisher’s exact test) was 
applied to compare the proportions of zebrafish embryonic 
phenotypes between the ctrl-MO group and the MFNG-MO 
group. A p-value less than 0.05 was considered significant.

Results

MFNG was observed in both endocardial 
and mesenchymal cells within the AVC and OFT 
of the mouse heart during the E9.5–E11.5 
developmental stage

The most intense EndMT occurs during the E9.5 to E11.5 
developmental stage, which plays a pivotal role in the 
embryonic heart valve development of mice. Despite previ-
ous studies not associating MFNG with heart valve devel-
opment, our qRT-PCR analysis was conducted to investi-
gate MFNG expression throughout mouse embryonic heart 
valve development (Fig. 1a). The results revealed that at the 
transcriptional level, MFNG expression peaked at E9.5 and 
gradually declined till E13.5. To gain further insights into 
the spatiotemporal distribution of MFNG, immunofluores-
cence analysis was performed on normal mouse embryos 
(Fig. 1b). This analysis confirmed the presence of MFNG 

Fig. 4   Attenuation of TGFβ2-induced EndMT in HUVECs by MFNG 
deprivation. a Verification of the knockdown efficiency of three 
MFNG-targeted shRNAs with different interference sequences at the 
transcriptional level. b Western blot confirmed successful MFNG 
knockdown in HUVECs, with corresponding quantitative analy-
sis. β-actin served as the loading control. c Representative images 
illustrating the endothelial morphological phenotype of HUVECs 
transduced with MFNG shRNA lentivirus. The morphology of 
HUVECs infected with equal doses of sh-NC and sh-MFNG differed 
in response to TGFβ2. MFNG knockdown in HUVECs blocked the 
morphological changes induced by TGFβ2. Scale bars = 25  µm. d 
Western blot displayed alterations in EndMT markers, along with 
corresponding quantitative analysis. β-actin was used as an internal 
control. e–h MFNG deprivation hindered TGFβ2-induced HUVEC 
migration. e, f Representative images of cell wound healing assays 
and quantification of the scratch repair rate. Scale bars = 250  µm. 
g, h The transwell migration assay was performed, and the rela-
tive number of migrated cells per high-power field was measured. 
Scale bars = 100 µm. All data reported are from three independently 
repeated biological experiments
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in the endocardial and mesenchymal cells of the AVC and 
OFT at E9.5–E11.5 in mice, indirectly suggesting a potential 
association between MFNG and the EndMT process during 
heart valve development.

MFNG was upregulated in a cellular EndMT model

The process of EndMT is characterized by alterations 
in endothelial cell morphology, molecular markers, and 
cellular functionality. Changes in cell polarity and significant 
cytoskeletal reorganization lead to morphological shifts. The 
expression of EndMT-specific genes and the corresponding 
proteins in endothelial cells change at both transcriptional and 
translational levels. Additionally, endothelial cells undergoing 
EndMT exhibit enhanced motility and increased migratory 
potential. To assess the occurrence of EndMT from these 
three perspectives, we used TGF-β2, a well-established 
regulator of the EndMT process, to induce EndMT in 
HUVECs as an in vitro model. Following treatment with 
TGFβ2 for 48  h, HUVECs underwent a morphological 
transformation from cobblestone-like endothelial cells 
to spindle-shaped mesenchymal cells, indicating their 
enhanced motility (Fig. 2a). qRT-PCR and Western blot 
analyses revealed downregulation of endothelial cell marker 
(CD31) and upregulation of mesenchymal markers (α-SMA 
and VIMENTIN) and SLUG at both transcriptional and 
translational levels following TGFβ2 induction (Fig. 2b, 
c), confirming the successful establishment of an in vitro 
EndMT model. We also observed an upregulation of MFNG 
expression during TGFβ2-induced EndMT, which was 
further validated by qRT-PCR and Western blot (Fig. 2b, 
c). Immunofluorescence staining results provided additional 
evidence of altered cell morphology, with significant increases 
in VIMENTIN and MFNG expression (Fig.  2d). These 
findings confirm the upregulation of MFNG during the 
EndMT process and suggest its role in modulating EndMT.

MFNG acted as a positive regulator of EndMT

To further investigate the role of MFNG in the activation of 
EndMT, both gain-of-function and loss-of-function strate-
gies for MFNG were employed. Lentiviral transfection was 
conducted for 2 days, followed by a 2-day puromycin selec-
tion to obtain positive cells. The efficiency of the transfec-
tion was assessed at both the transcriptional (Figs. 3a and 
4a) and translational levels (Figs. 3b and 4b), revealing suc-
cessful MFNG overexpression, and the highest knockdown 
efficiency was achieved with shMFNG-2. HUVECs overex-
pressing MFNG exhibited typical stromal cytoplasmic exten-
sions and cytoskeletal rearrangements (Fig. 3c). Conversely, 
MFNG depletion in HUVECs attenuated the TGFβ2-induced 
EndMT when compared to sh-NC groups, as evidenced by the 
morphological changes of HUVECs (Fig. 4c).

Furthermore, our data showed that MFNG overexpres-
sion led to a significant downregulation of endothelial mark-
ers and upregulation of mesenchymal markers and SLUG 
at both the transcriptional (Fig. 3a) and translational levels 
(Fig. 3d). In line with these observations, MFNG deple-
tion suppressed TGFβ2-induced EndMT, as reflected by the 
changes in EndMT-related markers (Fig. 4d). Cellular immu-
nofluorescence after MFNG overexpression confirmed typical 
variations in HUVEC cell morphology and changes in pro-
tein markers associated with EndMT (Fig. 3e). These findings 
collectively affirmed that MFNG acts as a positive regulator 
of EndMT. Lastly, the impact of MFNG overexpression and 
depletion on cell migration was assessed using scratch and 
transwell assays (Figs. 3f, g and 4e, f and Figs. 3h, i and 4g, h, 
respectively), confirming that MFNG facilitates the EndMT 
process. These experiments provide further evidence crucial 
role of MFNG in EndMT.

MFNG possessed the critical function in the EndMT 
via Notch signalling pathway

Numerous prior studies have established that MFNG can 
modulate the Notch signalling pathway by altering their 
ligand-binding specificity during development. Furthermore, 
activation of the Notch signalling in endothelial cells leads 
to significant changes in morphology, phenotype, and func-
tion, indicative of mesenchymal transformation. In light of 
this, we sought to investigate whether lentivirus-mediated 
overexpression of MFNG in HUVECs influences the EndMT 
process through the Notch signalling pathway. As depicted 
in Fig. 5a and b, MFNG overexpression resulted in a sub-
stantial increase in mRNA levels of HEY1 and NICD (the 
cleaved and activated form of Notch) compared to the control 
groups. To effectively inhibit the Notch pathway activation, 
we employed the potent Notch pathway inhibitor, DAPT, and 

Fig. 5   MFNG promoted EndMT by upregulating the activity of 
Notch signalling pathway. a–d Transcriptional analysis revealed that 
HUVECs overexpressing MFNG exhibited increased expression of 
Notch pathway molecules such as HEY1 and NICD, along with ele-
vated levels of EndMT-associated genes, including VIMENTIN. Con-
versely, CD31 expression was restored following DAPT treatment. 
GAPDH was utilized as an internal reference for these evaluations. 
e, f Western blot analysis, represented by the accompanying blots and 
quantitative data, confirmed these findings at the protein level, illus-
trating alterations in EndMT markers and Notch pathway molecules. 
β-actin served as the loading control. g, i Cell migration capabilities 
were assessed through wound healing and transwell assays. h Quan-
titative analysis of wound area healing was conducted using ImageJ 
software. j The quantification of cell migration ability was performed 
by counting cells per field. All data presented are the result of three 
independently repeated biological experiments
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observed a significant reduction in Notch signalling pathway 
activity at the mRNA level, irrespective of the presence of 
MFNG overexpression (Fig. 5a, b). These findings were cor-
roborated at the translational level by Western blot results, 
which showed that MFNG upregulated the expression of 
markers associated with the Notch pathway, thus enhancing 
Notch signalling pathway activation (Fig. 5e). To further 
investigate whether MFNG promotes EndMT through the 
Notch signalling pathway, we employed DAPT to inhibit 
Notch pathway activation. We observed that the promoting 
effect of MFNG on EndMT was attenuated following the 
blockade of Notch signalling pathway, at both the mRNA 
(Fig. 5c, d) and protein expression levels (Fig. 5f). Finally, 
the scratch assay (Fig. 5g, h) and the transwell assay (Fig. 5i, 
j) demonstrated that MFNG overexpression facilitated cell 
migration and invasion. Intriguingly, the migratory and 
invasive capabilities of HUVECs were reduced after DAPT 
treatment. In summary, we have substantiated that the Notch 
signalling pathway is, at the very least, partially downstream 
of MFNG, and these data suggest that MFNG promotes the 
EndMT process by activating the Notch signalling pathway.

Fig. 6   MFNG role in zebrafish is fundamental for heart and valve 
development. a qRT-PCR analysis of the relative transcript level of 
MFNG during embryogenesis from 24 to 60 hpf. Data are shown 
as the mean ± SEM, n = 6. b Schematic representation of MFNG 
exons with the target sites of MFNG MO-1 and MFNG MO-2, 
which induce MFNG deficiency in zebrafish embryos by target-
ing the 3-exon–3-intron junction and the 4-exon–4-intron junction, 
respectively. c The efficacy of MFNG MO1 was confirmed by qRT-
PCR. Data are presented as mean ± SEM, n = 4. d The lethality of 
ctrl-MO and MFNG-MO embryos from 8 to 48 hpf. The chi-square 
test was used for statistical analysis. e The heart rate of ctrl-MO and 
MFNG-MO embryos at 72 hpf. f Bright-field views of live ctrl-MO 
and MFNG-MO embryos at 72 hpf. Note the pericardial edema (red 
arrowhead) and tail deformity (black arrowhead). g Compared to the 
ctrl-MO group, the MFNG-MO group exhibited a significantly higher 
number of pericardial edema and tail deformities. h, i Lateral views 
of ctrl-MO embryos and MFNG-MO embryos at 72 hpf, captured in 
the Tg (myl7: EGFP) background. Zebrafish embryos in the MFNG-
MO group displayed absent regular heart looping. The chi-square 
test was used for statistical analysis. j Sections of zebrafish embryos 
stained with HE at 120  h post-MO injection. In the MFNG-MO 
group, the valve leaflets observed in the ctrl-MO group are absent. 
The red arrow represents the heart valve, and the red oval denotes the 
atrioventricular boundary

◂

Table 1   Frequency and spectrum of patients with congenital heart 
valve defects in this study

TOF-PS TOF with pulmonary valve stenosis, PA-VSD PA with ven-
tricular septal defect

Diagnoses Number Percentage (%) Age

TOF-PS 40 40% 1 month–13 years
PA-VSD 60 60% 3 months–12 years
Total 100 100% 1 month–13 years

Ta
bl

e 
2  

C
lin

ic
al

 in
fo

rm
at

io
n 

an
d 

m
ut

at
io

ns
 o

f M
FN

G
 in

 p
at

ie
nt

s w
ith

 c
on

ge
ni

ta
l h

ea
rt 

va
lv

e 
de

fe
ct

s

Th
e 

st
an

da
rd

 o
f e

ac
h 

sc
or

in
g 

so
ftw

ar
e 

is
 S

IF
T 

so
ftw

ar
e 

sc
or

e ≤
 0.

05
 (h

ar
m

fu
l),

 >
 0.

05
 (h

ar
m

le
ss

); 
m

ut
at

io
n 

ta
ste

r g
iv

es
 a

 ju
dg

m
en

t o
f t

he
 ri

sk
 o

f m
ut

at
io

n,
 d

iv
id

ed
 in

to
 “

di
se

as
e-

ca
us

in
g”

 a
nd

 
“p

ol
ym

or
ph

is
m

”;
 P

ol
yP

he
n-

2 
sc

or
e <

 0.
5 

(B
en

ig
n)

, >
 0.

5 
(p

os
si

bl
y 

da
m

ag
in

g)
; t

he
 c

lo
se

r t
he

 sc
or

e 
is

 to
 1

, t
he

 h
ig

he
r t

he
 ri

sk
 o

f d
is

ea
se

 (p
ro

ba
bl

y 
da

m
ag

in
g)

F 
fe

m
al

e,
 T

O
F 

te
tra

lo
gy

 o
f F

al
lo

t, 
PS

 p
ul

m
on

ar
y 

va
lv

e 
ste

no
si

s

Pa
tie

nt
 ID

G
en

de
r

A
ge

 (y
ea

r)
C

ar
di

ac
 p

he
no

-
ty

pe
Lo

ca
tio

n 
in

 
ge

ne
Fu

nc
tio

n
N

uc
le

ot
id

e 
ch

an
ge

A
m

in
o 

ac
id

 
ch

an
ge

SI
FT

M
ut

at
io

n 
ta

ste
r

Po
ly

Ph
e2

 
_H

D
IV

10
00

 g
en

om
es

 
al

le
le

 fr
e-

qu
en

cy

Ex
A

C
_A

LL
 

al
le

le
 fr

eq
ue

nc
y

82
F

1
TO

F|
PS

Ex
on

1
no

ns
yn

on
y-

m
ou

s S
N

V
c.

C
23

0T
p.

T7
7M

0 
(D

)
1.

0 
(D

)
1.

0 
(D

)
-

0



64	 Journal of Molecular Medicine (2025) 103:51–71

a b

c

MFNG HEY1 NICD
0

2

4

6

R
el
at
iv
e
m
R
N
A
ex

pr
es

si
on

（（f
ol
d
ch

an
ge
））

ctrl
oe-MFNG
oe-MUT

✱✱
✱✱

✱ ✱
✱✱✱✱

MFNG VIMENTIN -SMA SLUG CD31
0

2

4

6

8

R
el
at
iv
e
m
R
N
A
ex

pr
es

si
on

（（
fo

ld
ch

an
ge
））

ctrl

oe-MFNG

oe-MUT

✱ ✱ ✱

✱

✱✱✱✱

✱✱

✱
✱✱

✱

d e

f



65Journal of Molecular Medicine (2025) 103:51–71	

MFNG knockdown mediated by splice‑blocking MO 
injection leads to abnormal heart development 
and absence of valve structure in zebrafish

To investigate the effects of MFNG on heart and valve 
development in zebrafish, the expression profile of MFNG 
during zebrafish development was first investigated by 
qRT-PCR analysis. The results showed that MFNG mRNA 
levels elevated from 24 to 48 hpf, peaking at 48 hpf, a crit-
ical stage in zebrafish embryonic heart valve development, 
and then decreased at 60 hpf (Fig. 6a). Thus, MFNG was 
expressed in the developing embryonic heart valves, con-
sistent with our previous findings in mice. To investigate 
the function of MFNG at different stages of heart devel-
opment, MO1 and MO2 were separately injected into Tg 
(myl7: EGFP) transgenic embryos expressing endogenous 
EGFP. The knockdown efficiency of MO1 and MO2 was 
confirmed by qRT-PCR. Our data indicated that MO1 had 
a higher knockdown efficiency compared to MO2. Conse-
quently, MO1 was selected for injection into the yolk sac 
of embryos to observe the resulting phenotype (Fig. 6b, 
c; SI1). Compared to the ctrl-MO embryos, MFNG-MO 
embryos showed a higher lethality, with a statistically 
significant difference observed between the two groups 
at 48 hpf (Fig. 6d). In addition, the MFNG-MO group 
displayed severe pericardial edema, tail deformity, abnor-
mal heart rate, and absent regular heart looping at 72 hpf, 
distinguishing them from the ctrl-MO group (Fig. 6e–i). 
Further analysis using hematoxylin and eosin staining of 
zebrafish hearts at 120 h post-MO injection revealed that, 
compared to the ctrl-MO group, the valve leaflets in the 

MFNG-MO group failed to form properly (Fig. 6j). Taken 
together, these observations reveal that MFNG knockdown 
disrupts both heart and valve development, leading to a 
lethal phenotype.

A pathogenic heterozygous MFNG variant 
was identified in patients with TOF‑PS

The development of abnormal heart valves is commonly 
observed in complex congenital cardiovascular conditions, 
such as pulmonary valve stenosis, which represents the 
most severe phenotype of TOF. In our study, we identified 
a pathogenic heterozygous variant of the MFNG gene in 
40 patients with TOF-PS through WES. We meticulously 
ruled out any influence from other known pathogenic genes, 
and it is important to note that we did not find any MFNG 
mutations in the 120 healthy controls (Table 1). The specific 
MFNG variant, denoted as p.T77M, resulted in amino acid 
substitutions and was predicted to be deleterious based on 
assessments by various bioinformatics software tools such 
as SIFT, PolyPhen-2, and Mutation Taster (Table 2). As 
depicted in Fig. 7a, the candidate mutation in the MFNG 
gene was validated through Sanger sequencing chromato-
grams. Figure 7b illustrates that the MFNG variant is located 
in exon 1, with the amino acid substitution occurring in close 
proximity to the glycosylation domain. Moreover, multiple 
sequence alignments of the MFNG protein across various 
vertebrates, as presented in Fig. 7c, revealed a high degree of 
conservation at the amino acid substitution site, underscor-
ing the potential functional consequences of this alteration 
in the MFNG protein.

The MFNG variant inhibited the EndMT process 
via the Notch pathway

To gain further insights into the impact of the MFNG 
mutation on the EndMT process through the Notch signal-
ling pathway, we conducted an in-depth assessment of the 
consequences on both aspects. Our findings, as validated 
through qRT-PCR (Fig. 7d, e) and Western blot analysis 
(Fig. 8a), indicated that the MFNG mutation resulted in a 
downregulation of its expression. This decrease in MFNG 
expression was corroborated by cellular immunofluores-
cence results (Fig. 7f). In contrast to the overexpression 
group, the mutated group exhibited a significant increase 
in the expression of endothelial markers, along with a 
decrease in mesenchymal markers and SLUG at both the 
mRNA and protein levels (Figs. 7d and 8a). Furthermore, 
the MFNG variant was associated with the suppression 
of molecules connected to the Notch signalling pathway 
(Figs. 7e and 8b). OFT explants were microdissected from 
wild-type hearts at E10.5 and infected with green fluores-
cent protein (GFP)-tagged adenovirus containing MFNG 

Fig. 7   Validation and in silico analysis of the MFNG variant. a 
Sequences showing the MFNG missense variant, identified in both 
patients and healthy controls, with arrows indicating heterozygous 
nucleotide changes. b Depiction of the MFNG gene’s exon and pro-
tein structure, highlighting the location of the genetic variation within 
this study. Exon 1 of MFNG harbored the base substitutions. The 
amino acids were primarily composed of glycosylation and disulfide 
bond domains. c The MFNG mutation was found to exhibit a high 
degree of conservation across vertebrates, as evidenced by the Clustal 
X alignment of the MFNG protein in various species. Stars indicate 
identical residues. In our study, human umbilical vein endothelial 
cells (HUVECs) served as the control group. HUVECs transfected 
with the MFNG wild-type plasmid were designated as the overex-
pression group (oe-MFNG), while HUVECs transfected with the 
MFNG mutant plasmid were designated as the mutant group (oe-
MUT). d, e The relative mRNA expression of MFNG, genes asso-
ciated with EndMT, and molecules related to the Notch pathway in 
HUVECs subjected to various treatments was meticulously assessed, 
employing GAPDH as a reference gene. Significantly distinct mRNA 
expression levels of MFNG, EndMT-related genes, and Notch path-
way molecules were evident when comparing the oe-MFNG and oe-
MUT groups. f Cellular immunofluorescence staining underscored 
the diminished expression of MFNG in the oe-MUT groups com-
pared to the oe-MFNG groups, as visualized through microscopic 
images. Scale bars = 25 µm
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(AdV-MFNG), MFNG mutation (AdV-MUT), or empty 
adenovirus (AdV-GFP). The endothelial cells (ECs) isolated 
from OFT explants were pooled for qRT-PCR and West-
ern blot analysis. The results were consistent with those 
obtained from HUVECs (Fig. SI2). Our experiments utiliz-
ing scratch and transwell assays (Fig. 8c–f) demonstrated 
that the MFNG mutation hindered the migration ability of 
HUVECs. Finally, the potential roles of the MFNG muta-
tion in the EndMT process during OFT development were 
investigated. Our results show that the AdV-MUT-infected 
OFT explants exhibited a markedly diminished capacity 
for migration compared to the AdV-MFNG-infected OFT 
explants (Fig. 8g). The number of α-SMA-positive mes-
enchymal cells of outgrowth was quantified for each OFT 
sample (Fig. 8g), and we observed that a significant reduc-
tion in AdV-MUT samples compared to the AdV-GFP sam-
ples. These results strongly suggest that the MFNG variant 
downregulates the activity of the Notch signalling pathway, 
consequently inhibiting the EndMT process. Furthermore, 
MFNG is necessary for cell migration during endocardial 
cushion formation.

Discussion

While previous studies have indicated the potential involve-
ment of MFNG in vertebrate cardiovascular development, 
its role in heart valve development has remained relatively 
uncharted. Our investigation uncovered elevated MFNG 
expression in endothelial and mesenchymal cells within 
the AVC and OFT during the crucial E9.5–E11.5 stage 

of murine embryonic development. Subsequent cellular 
and molecular experiments strongly indicated that MFNG 
upregulates Notch signalling activity, thereby promoting the 
EndMT process. In addition, MFNG knockdown via MO in 
zebrafish caused a higher lethality, severe pericardial edema, 
heart looping disorder, and absence of valve structure in 
zebrafish. Consequently, our findings represent the first evi-
dence of a connection between MFNG and the Notch signal-
ling pathways during heart valve development.

Fringe proteins, a group of 40 kDa type II membrane 
proteins, are abundantly localized in the Golgi apparatus 
[35–37], and they belong to the beta-1,3-N-acetyl-glucosa-
minyltransferases (GlcNAcTs) [32, 38]. MFNG’s crucial 
role in cardiovascular development is well established. 
During ventricular development, the temporal and spatial 
specificity of Notch receptor-ligand interactions is intricately 
regulated by MFNG. Positioned in the ventricular endocar-
dium, MFNG facilitates Delta signalling to activate endo-
cardial Notch1 between mouse embryonic day E8.5–10.5, 
significantly contributing to cardiomyocyte proliferation 
and trabecular growth. Interestingly, a reduction in MFNG 
levels after E11.5 tilts the balance toward Jagged signalling 
to Notch1, resulting in the formation of functional ventricu-
lar wall [33]. Furthermore, MFNG and Dll4 co-expression 
is observed in endothelial cells of coronary vessels during 
mouse embryonic day E13.5–E15.5, potentially enhanc-
ing MFNG’s role in augmenting Dll4 signalling to Notch. 
Significantly, enforced MFNG expression interferes with 
arterio-venous differentiation, coronary plexus remodelling, 
and perivascular cell maturation at E16.5 [39]. However, 
MFNG’s potential involvement in heart valve development 
has remained inadequately explored.

Furthermore, MFNG has been implicated as a regula-
tor of the epithelial-to-mesenchymal transition (EMT) [32], 
prompting us to investigate its role in this critical process 
during heart valve formation. We observed that MFNG 
was highly expressed in the endocardial and mesenchymal 
cells of the AVC and OFT at E9.5–E11.5, pivotal sites and 
phases in EndMT events during heart valve development 
[40]. This intriguing finding strongly suggested that MFNG 
is intimately linked to heart valve formation. Our cellular 
experiments shed light on the mechanism by which MFNG 
influences cardiac valve development. Surprisingly, MFNG 
upregulated mesenchymal markers and enhanced the migra-
tion capability of endothelial cells, aligning with its role in 
promoting a claudin-low breast cancer phenotype through 
facilitating migration. Hence, our gain and loss-of-function 
experiments collectively indicate that MFNG may exert pos-
itive regulatory control over the occurrence and development 
of EndMT. Consequently, our work underscores the indis-
pensable role of MFNG in modulating EndMT-associated 
valve development.

Fig. 8   MFNG mutation blocked EndMT by inhibiting Notch path-
way. a, b To delve deeper, we conducted an examination of the rela-
tive protein expression of MFNG, EndMT-related markers, and 
molecules associated with the Notch pathway in HUVECs subjected 
to various treatments, with Western blot analysis. The intensity of 
protein expression was quantified using ImageJ software, normal-
ized to β-actin expression. Additionally, we conducted representa-
tive experiments, such as cell c wound healing assays and e transwell 
assays, which provided visual evidence that the MFNG variant had 
a restraining effect on the migration capacity of HUVECs. Quantita-
tive statistics for cell wound d healing assays and f transwell assays 
(f) were also included. It is worth noting that all data presented here 
were derived from three independently repeated biological experi-
ments. g Bright-field images demonstrate mesenchymal cell out-
growth from adenovirus-infected explants. GFP fluorescent images 
represent all cells infected with adenovirus. The mesenchymal cells 
migrating from endothelial cells were marked with the α-SMA anti-
body (red). The cell nuclei were stained with DAPI, which produces a 
blue signal. The quantitative analysis results demonstrate a significant 
reduction in the number of migrating mesenchymal cells in the pres-
ence of the MFNG mutation. High magnification results are shown in 
Fig. SI3. h A schematic model of the mechanisms of MFNG-medi-
ated heart valve formation. MFNG exerts a positive regulatory influ-
ence on the EndMT process by enhancing the activity of the Notch 
signalling pathway, thereby promoting the heart valve development
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Endocardial cells undergo the EndMT process, which is a 
transformative phenomenon essential for the development of 
cardiac septa and valves [41]. Numerous signalling pathways 
contribute to the initial establishment and specification of 
EndMT in heart valves, such as the BMP, TGF-β, and Notch 
signalling pathways [4, 42, 43]. However, the intricate mech-
anisms governing their activation and suppression remain 
incomplete. It has been documented that the Fringe family of 
glycosyltransferases can modulate the Notch signalling path-
way by elongating carbohydrates within the Notch extracellu-
lar domain (NECD). Consequently, we embarked on an explo-
ration of MFNG’s impact on the Notch signalling pathway to 
unveil the underlying mechanism by which MFNG promotes 
EndMT. By scrutinizing the transcriptional and translational 
levels of molecules linked to the Notch pathway and EndMT 
following the substantial expression of MFNG, we discov-
ered that MFNG overexpression heightened Notch signalling 
activity, thereby propelling the EndMT process. Furthermore, 
even in the presence of MFNG overexpression, when Notch 
signalling was obstructed, the EndMT process and the migra-
tory capability of endothelial cells were impeded. In sum, our 
data substantiate that MFNG plays an active role in regulating 
EndMT and cell migration during heart valve formation by 
enhancing Notch signalling activity.

The zebrafish has been used as a model organism and is a 
powerful tool to model human heart and valve development 
due to its rapid organogenesis and optical accessibility [44]. 
It has been reported that knocking down the MEIS2 ortholog 
in zebrafish results in a cardiac morphogenesis phenotype, 
including a smaller and non-looping heart [45]. Knocking out 
tnni1b in zebrafish results in the defects of atrioventricular 
valve development [46]. To investigate the role of MFNG in 
heart and valve development in vivo, MFNG was knocked 
down by injecting MO into zebrafish embryos. Our results 
suggest, for the first time, that the normal function of MFNG 
may be essential for embryonic heart and valve development.

Prior research has definitively established the involve-
ment of genetic factors in regulating heart valve develop-
ment by impacting the EndMT process [47–49]. To pro-
vide further clarity on the association between MFNG and 
heart valve development, we performed WES to identify the 
MFNG variant in 40 TOF-PS patients, revealing a poten-
tially disease-causing mutation. This mutation was predicted 
to be deleterious by various bioinformatics software. Addi-
tionally, in an in vitro transfection assay, we confirmed that 
this mutation reduced MFNG expression and inhibited the 
EndMT process. Furthermore, the MFNG mutation sup-
pressed Notch signalling activity, suggesting that MFNG 
mutation may hinder heart valve development by reduc-
ing Notch activity. This study furnishes the initial evidence 
supporting the notion that MFNG pathogenic heterozygous 
mutations may participate in regulating human congenital 
heart valve developmental malformations.

MFNG belongs to the beta-1,3N-acetylglucosaminyl-
transferases (GlcNAcTs) family [38]. Glycosyltransferases 
perform a vital regulatory role in glycosylation, a pivotal 
biological mechanism governing protein structure and stabil-
ity [32]. MFNG has the capacity to modify Notch signalling 
by elongating O-linked fucose residues within the Notch 
receptor EGF-like domains [50], thereby altering Notch-
Delta/Jagged affinity and impacting the Notch pathway’s 
activity [34, 40, 50]. Regrettably, our study did not focus on 
elucidating how the MFNG variant influences the glycosyla-
tion process.

In conclusion, our results present the first evidence of the 
involvement of MFNG in heart valve development. MFNG 
exhibited high expression in both endocardial and mesen-
chymal cells situated within the AVC and OFT endocardial 
cushions during the E9.5–E11.5 period in mice. Our cellular 
experiments demonstrated that MFNG can enhance EndMT 
by elevating the activity of the Notch signalling pathway. 
MFNG knockdown via MO in zebrafish caused abnormal 
heart and valve development. Furthermore, the identification 
of MFNG pathogenic mutations in patients with congenital 
heart valve developmental defects, along with cell transfec-
tion experiments confirming that the MFNG variant inhib-
its EndMT by reducing Notch signalling pathway activity, 
indicates that MFNG could be a novel susceptibility gene 
for congenital heart valve defects. Thus, the pivotal role of 
MFNG in EndMT significantly influences the pathogenesis 
of these EndMT-related heart valve defects.
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