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Abstract 

Background:  Conotruncal defects (CTDs) are a type of heterogeneous congenital heart diseases (CHDs), but little is 
known about their etiology. Increasing evidence has demonstrated that fibroblast growth factor (FGF) 8 and FGF10 
may be involved in the pathogenesis of CTDs.

Methods:  The variants of FGF8 and FGF10 in unrelated Chinese Han patients with CHDs (n = 585), and healthy con-
trols (n = 319) were investigated. The expression and function of these patient-identified variants were detected to 
confirm the potential pathogenicity of the non-synonymous variants. The expression of FGF8 and FGF10 during the 
differentiation of human embryonic stem cells (hESCs) to cardiomyocytes and in Carnegie stage 13 human embryo 
was also identified.

Results:  Two probable deleterious variants (p.C10Y, p.R184H) of FGF8 and one deletion mutant (p.23_24del) of FGF10 
were identified in three patients with CTD. Immunofluorescence suggested that variants did not affect the intracellu-
lar localization, whereas ELISA showed that the p.C10Y and p.23_24del variants reduced the amount of secreted FGF8 
and FGF10, respectively. Quantitative RT-PCR and western blotting showed that the expression of FGF8 and FGF10 
variants was increased compared with wild-type; however, their functions were reduced. And we found that FGF8 
and FGF10 were expressed in the outflow tract (OFT) during human embryonic development, and were dynamically 
expressed during the differentiation of hESCs into cardiomyocytes.

Conclusion:  Our results provided evidence that damaging variants of FGF8 and FGF10 were likely contribute to the 
etiology of CTD. This discovery expanded the spectrum of FGF mutations and underscored the pathogenic correla-
tion between FGF mutations and CTD.
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Background
Conotruncal defects (CTDs) are a complex type of con-
genital heart diseases (CHDs) with an approximate 

prevalence of 0.1‰ among live births [1], and approxi-
mately 25–30% of all non-syndromic CHDs. CTDs include 
the following conditions: tetralogy of Fallot (TOF), double 
outlet of right ventricle (DORV), pulmonary atresia with 
ventricular septal defect (PA/VSD), transposition of the 
great arteries (TGA), interrupted aortic arch (IAA), and 
persistent truncus arteriosus (PTA). CTDs are the most 
common type of cyanotic CHDs [2]. They usually require 
catheter-based or surgical treatment early in life, but the 
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mortality rate remains high [3]. The outflow tract (OFT) 
is a conduit through which blood flows from the ventricles 
into the pharyngeal arch arteries (PAA) and their deriva-
tives [4]. The OFT plays a vital role in normal cardiac 
development. During embryogenesis, the OFT under-
goes a series of elaborate remodeling processes, including 
the development of the secondary heart field (SHF) and 
the cardiac neural crest (CNC) [5], which forms the basis 
of the aorta and pulmonary artery [4]. Although increas-
ing studies have shown the major role of genetic factors in 
the pathogenesis of CTDs, the underlying mechanisms of 
genetic determinants remain unclear [6, 7].

Fibroblast growth factors (FGFs) are a group of 
secreted signaling proteins composed of 22 members, 
regulating development, metabolism, and homeostasis 
[8–10]. FGFs have vital roles in normal cardiac morpho-
genesis [11]. FGF8 and FGF10 are members of the FGF 
family, playing a role in paracrine signaling during the 
development of the embryonic heart [12]. FGF8 has been 
shown to be the major FGF ligand driving the develop-
ment of both the SHF and CNC [13, 14]. Moreover, FGF8 
secreted by SHF progenitor cells is thought to be involved 
in the interaction between the SHF and CNC [15]. It has 
been reported that FGF8 is expressed and plays a role in 
the splanchnic mesoderm, cardiac crescent, pharyngeal 
endoderm and ectoderm during the development of OFT 
and pharyngeal arches. Accordingly, embryos of FGF8 
knockout mouse were reported to die early, and even 
conditional knockouts showed severe OFT and right 
ventricle (RV) defects [13, 14, 16, 17]. Likewise, FGF10, a 
specific endogenous marker of the SHF [18], is an impor-
tant regulator of the proliferation of differentiated cardio-
myocytes in developing embryos. Pharyngeal mesoderm 
expressing FGF10 has been shown to give rise to the arte-
rial pole of the heart [18] and finally contributes to the 
formation of the OFT and RV of the mammalian heart. 
However, although at this stage the heart is ectopic and 
the pulmonary artery and vein are absent, formation of 
the OFT proceeds normally in mice lacking FGF10 [19]. 
Nevertheless, the effects on the development of OFT are 
exacerbated in FGF8 and FGF10 compound mutants [20, 
21]. In summary, several studies indicated that FGF8 and 
FGF10 are essential for proliferation of the SHF and nor-
mal morphogenesis of the heart, and have partially over-
lapping functions during formation of the OFT.

Here, using target sequencing, we reported two non-
synonymous variants of FGF8 (p.C10Y and p.R184H) and 
one deletion mutant (p.23_24del) of FGF10 in three CTD 
patients. Our results showed that these variants led to the 
increased mRNA and protein expression of both FGF8 
and FGF10, but their functions were relatively reduced. 
This discovery broadened the spectrum of FGF mutations 
and further elucidated the genetic pathogenesis of CTDs.

Materials and methods
Study population and DNA isolation
Our study population included 585 unrelated patients 
with CTD of Han ethnicity, who were diagnosed either 
by echocardiogram or examination from a cardiologist 
or surgeon from Shanghai Children’s Medical Center 
affiliated to Shanghai Jiao Tong University School of 
Medicine. All subjects were unrelated, with an age rang-
ing from newborn to 16  years old (Table  1). The gene 
loci of all CTD patients were detected by CNVplex® (a 
technique for the high throughput detection of sub-
chromosomal copy number aberrations) as previously 
described [22] to exclude patients with known syn-
dromes or chromosomal abnormalities. In addition, 391 
unrelated healthy individuals without CHD of Han eth-
nicity, were included as a control group (data not shown). 
Peripheral blood samples were collected from all study 
subjects for DNA extraction. The extraction of genomic 
DNA was performed using the QIAamp DNA Blood 
Mini Kit (QIAGEN, Germany) following a standard phe-
nol–chloroform extraction protocol and was then stored 
at − 80 °C until used.

Screening for mutations and variant analysis
Target sequencing refers to the enrichment of tar-
get region by hybridization or augmentation, through 
next generation sequencing method combined with 
biological information in the target area for assem-
bly and sequence analysis. Our target sequencing only 
detected genes exons related to cardiac development. 
Target sequencing of FGF8 (GenBank accession num-
ber NC_000010.11, NM_033163) and FGF10 (GenBank 
accession number NC_000005.10, NM_004465) mutants 
was performed using the Illumina HiSeq 2000 platform. 
Candidate variants were then confirmed by Sanger 
sequencing. Primers for the PCR amplification of FGF8 

Table 1  Cardiac diagnoses for study patients with CTDs

TOF, tetralogy of Fallot; DORV, double outlet of right ventricle; PA/VSD, 
pulmonary atresia with ventricular septal defect; TGA, transposition of the great 
arteries; SA, single atrium; SV, single ventricle; IAA, interrupted aortic arch; PTA, 
persistent truncus arteriosus

Diagnosis Number Percentage Age

TOF 224 38.3 1 month–14 years

DORV 99 16.9 25 days–16 years

PA/VSD 95 16.3 3 month–12 years

TGA​ 85 14.5 0 day–16 years

SA/SV 46 7.9 24 days–12 years

IAA 13 2.2 6 days–1 years

PA + IVS 13 2.2 2 days–3 years

PTA 10 1.7 2 days–2 years

Total 585 100 0 day–16 years
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and FGF10 were designed using Primer Premier 5 (Addi-
tional file 1: Table S1). Using the GenBank BLAST pro-
gram (http://blast​.ncbi.nlm.nih.gov/Blast​.cgi) to compare 
the sequence traces with the FGF8 and FGF10 reference 
sequence. We ruled out the influence of other possible 
genes. The verified sequence variants were all queried 
in the Exome Aggregation Consortium database (ExAC, 
http://exac.broad​insti​tute.org), 1000 Genomes database 
(http://www.1000g​enome​s.org), SNP database at the 
National Center for Biotechnology Information (NCBI; 
http://www.ncbi.nlm.nih.gov) and Ensembl database 
(http://asia.ensem​bl.

org). We used several bioinformatics websites, includ-
ing Polyphen-2 (http://genet​ics.bwh.havar​d.edu/pph2/), 
SIFT (http://sift.jcvi.org/www/SIFT_enst_submi​t.html), 
and Mutation Taster (http://www.mutat​ionta​ster.org/), to 
predict the effect of nonsynonymous variations (Table 2).

Homology analysis of FGF8 and FGF10 protein sequences
ClustalX software was used to analyze the homology 
of FGF8 and FGF10 protein sequences. The FGF8 and 
FGF10 protein sequences of Homo sapiens (human), Mus 
musculus, Pan troglodytes, Bos Taurus, Equus caballus, 
Macaca mulatta, Ovis aries, and Sus scrofa were down-
loaded from NCBI (https​://www.ncbi.nlm.nih.gov/prote​
in/).

Construction of plasmids and design of mutants
The human FGF8 (pCMV6-Entry-FGF8, Myc-DDK-
tagged) and FGF10 (pCMV6-Entry-FGF10, Myc-DDK-
tagged) cDNA plasmids were purchased from Origene 
(Rockville, MD, USA). Mutated primers were designed to 
amplify human FGF8 and FGF10 cDNA according to the 
protocol provided by the QuickChange II Site-Directed 
Mutagenesis kit (Stratagene, USA), and then, the cDNA 
of FGF8 and FGF10 variants was amplified by polymer-
ase chain reaction (PCR) and introduced into wild type 
pCMV6-Entry vectors at the SgfI and MluI restriction 
sites. The sequences of wild-type and variant inserts were 
confirmed by performing Sanger sequencing, ensur-
ing the lack of further base exchanges in the variant 
sequences.

Transient transfection
Human cardiomyocytes (HCM) and HEK 293T cells 
(human embryonic kidney cells) were cultured in Dul-
becco Modified Eagle’s Medium (DMEM, Invitrogen, 
CA, USA) supplemented with 10% fetal calf serum (FBS, 
MP Biomedicals, USA), as well as 100 U/mL of penicil-
lin and 100 μg/mL of streptomycin (Gibco, USA) at 37 °C 
in an atmosphere of 5% CO2 and 95% air. All transient 
transfections in HCM and HEK 293T cells were per-
formed using the FuGene HD (Promega, USA) according 
to the manufacturer’s protocol.

Western blot analysis
Plasmids were transfected into HCM and HEK 293T cells 
seeded in 12-well plates. Cells were harvested 48 h after 
transfection, and lysed in RIPA lysis buffer (Beyotime, 
China) supplemented with PMSF (1:100). After boiling 
for 10 min, cell lysates were analyzed by sodium dodecyl 
sulfate polyacrylamide (SDS-PAGE) gel electrophoresis 
and transferred onto nitrocellulose blotting membranes 
(GE Healthcare). Membranes were blocked with 5% skim 
milk for 2 h at 25 °C and then incubated with anti-human 
FGF8 (1:2000; p102085, KleanAB), anti-human ETV4 
(1:2000, AB33049), anti-human FGF10 (1:2000; AB32224, 
absci), or anti-human FGFR2 (1:2000) antibodies, as well 
as with anti-GAPDH (1:5000, ab8245, Abcam) or anti-
actin antibodies (1:10,000; ab3280, Abcam) overnight at 
4  °C. Membranes were then incubated with horserad-
ish peroxidase-conjugated anti-rabbit (1:3000) and anti-
mouse (1:3000) secondary antibodies. Protein bands 
were visualized using a chemiluminescent HRP substrate 
(Millipore, MA, USA) and analyzed using the Image Lab 
software (BioRad, Philadelphia, PA, USA).

Quantitative RT‑PCR
HCM and HEK 293T cells seeded in 12-well plates were 
transfected with a total of 1.1 µg of wild-type or variant 
plasmid DNA. Cells were harvested 36  h after trans-
fection. TRIzol reagent (Invitrogen, USA) was used to 
extract total RNA. Subsequently, the extracted RNA was 
reverse transcribed to cDNA using the Prime Script RT 
Master Mix (Takara, Japan), followed by quantitative RT-
PCR analysis using the TB Premix Ex Taq (Takara) on an 
Applied Biosystems 7500 system (Applied Biosystems, 

Table 2  Characteristics of missense variants identified in FGF8 and FGF10 

TOF, tetralogy of Fallot; PFO, patent foramen ovale; ASD, atrial septal defect; SA, single atrium; SV, single ventricle; CAVC, complete atrioventricular canal; PS, 
pulmonary stenosis; PH, pulmonary hypertension

Patient Age Diagnosis Gene Location in gene Function Amino acid change SIFT Mutation taster PolyPhen-2

F150 6 months TOF FGF8 Exon1 Benign 29G>A 0.88 Polymorphism 0

F059 1 year TOF/PFO/ASD FG8 Exon6 Probably damage 551G>A 0 Disease causing 0.999

S033 5 months SA/SV/CAVC/PS/PH FGF10 Exon1 – 68_70del – Disease causing –

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://exac.broadinstitute.org
http://www.1000genomes.org
http://www.ncbi.nlm.nih.gov
http://asia.ensembl
http://genetics.bwh.havard.edu/pph2/
http://sift.jcvi.org/www/SIFT_enst_submit.html
http://www.mutationtaster.org/
https://www.ncbi.nlm.nih.gov/protein/
https://www.ncbi.nlm.nih.gov/protein/
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USA). The 2−ΔΔCt method was used to calculate the rela-
tive expression of genes [23], using the human glyceral-
dehyde-3-phosphate dehydrogenase gene (GAPDH) as 
an internal control. Primer sequences are listed in Addi-
tional file 1: Table S2.

Immunofluorescence assay
HCM were seeded onto a 12-well plate covered with 
poly-l-lysine (0.1 mg/mL). After 24 h of incubation, cells 
were transfected with wild-type or variant plasmids. Cells 
were harvested 24 h after transfection, permeabilized for 
10  min using 0.3% Triton X-100/PBS, and blocked with 
5% BSA/PBS for 1  h at 25  °C. Consecutively, cells were 
incubated with either a rabbit anti-human FGF8 (1:100; 
KleanAB) antibody, or a rabbit anti-human FGF10 (1:100; 
AbSci) antibody diluted in 1% BSA/PBS at 4 °C overnight, 
followed by incubation with Cy3-conjugated goat anti-
rabbit (1:200) secondary antibody for 2 h at 37 °C. Nuclei 
were then stained with 4, 6-diamidino-2-phenylindole 
(DAPI; Vector Laboratories, USA) for 7  min at 25  °C. 
An Olympus BX43 microscope (Olympus, Shinjuku-
ku, Tokyo, Japan) was used for image acquisition and 
analysis.

Cell viability assay
A Cell Counting Kit-8 (CCK-8; MedChem Express, Mon-
mouth Junction, NJ, USA) was used to assess the effect of 
the wild-type or variant FGF8 and FGF10 constructs on 
the viability of cells, following the manufacturer’s proto-
col. HCM cells were seeded in 96-well plates (2000 cells/
well). After 24 h, cells were transfected with a total of 
110  ng of either pCMV6-Entry, wild-type, or variant 
plasmids. After an additional 40–48  h incubation, the 
cell medium was replaced with FBS-free medium con-
taining 10% CCK-8 solution and incubated for 1.5  h 
at 37  °C. Absorbance values were measured at 450 nm 
using a microplate reader (BioTek, USA). Cell viability 
was calculated as follows: (OD450samples − OD450blank)/
(OD450control − OD450blank) ×  100%.

Enzyme‑linked immunosorbent assays (ELISA)
Double-antibody sandwich enzyme-linked immunosorb-
ent assays (ELISA) were used to evaluate the secretory 
capacity of HCM transfected with the variants compared 
with wild-type constructs. After 48 h of transfection, the 
culture media were collected and centrifuged for 10 min 
at 3000  rpm to remove cells and polymers according to 
the manufacturer’s instructions (YAD, China). Con-
secutively, 10 μL of each supernatant was transferred 
to an ELISA microtiter plate supplemented with 40 μL 
of sample dilution buffer, and 50 μL of HRP-conjugated 
antibody. Reaction wells were sealed with a sealing mem-
brane and incubated for 60 min at 37 °C in an incubator. 

Following incubation, the liquid was discarded, the plate 
was dried on absorbent paper and each well was washed 
for 1 min five times. Then, 50 μL of each of substrate A 
and B were added to each well, and incubated at 37  °C 
for 15  min in the dark. Finally, 50 μL of stop solution 
was added to all wells and the optical density value of 
each well was immediately measured at a wavelength 
of 450  nm using a standard microplate reader (BioTek, 
USA). The amount of FGF8 protein in the supernatants 
was calculated using a standard curve generated from 
standards with known concentrations.

Differentiation of human embryonic stem cells
To simulate cardiac development in  vitro, we induced 
directed differentiation of human embryonic stem 
cells (hESCs) into cardiomyocytes. hESCs were ini-
tially cultured in mTeSR1 medium until the fusion rate 
was approximately 90%. After that, the culture medium 
was replaced with RPMI 1640 (Corning). On day 0 to 
1, 12  mM of CHIRi-99021 (Selleck) was added to the 
medium. After 24  h, IWR-1 (5  mM; Sigma) was added 
to fresh RPMI medium. On day 5 to 6, the medium was 
changed to RPMI/B-27 containing insulin. Then, fresh 
RPMI/B-27 medium was added every day until the sev-
enth day after differentiation. Cells were kept in an incu-
bator at 37 °C with 5% CO2.

Immunohistochemistry
Human embryos of Carnegie stage (CS) 13 were obtained 
after termination of pregnancy at the Shanghai Xin Hua 
Hospital. Embryos were fixed for 16–24  h in 4% para-
formaldehyde/PBS solution, embedded in paraffin, and 
then sectioned at a thickness of 5  μm. For immunolo-
calization of FGF8 and FGF10, paraffin sections were 
incubated with a primary rabbit anti-human FGF8 (1:50; 
KleanAB) and a rabbit anti-human FGF10 antibody (1:50; 
AbSci) and then incubated with a secondary anti-rabbit 
antibody (1:200; Abcam) and DAB (Abcam).

Tissue collection and microarray experiment
Human embryo heart samples at CS10-16 were obtained 
after pregnancy termination at the Shanghai Xinhua 
Hospital. The total RNA was extracted using the Tis-
sueLyser II (Qiagen) and RNeasy MinElute Cleanup Kit 
(Qiagen). Then, we performed transcriptome array analy-
sis [24] to detect gene expression levels at different devel-
opmental stages. Raw data was normalized by Affymetrix 
Transcriptome Analysis Console (TAC) software, and the 
normalized signal value was the signal value calculated 
by log2 transformation.
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Statistical analysis
Data was presented as mean ± standard deviation (SD). 
The independent-samples t test was used to evaluate 
the statistical significance of the observed differences 
between unpaired samples. Statistical differences in the 
allele frequency between patients with CTD and controls 
were evaluated using the Chi square test. A difference 
was considered statistically significant at p < 0.05.

Results
Variants of FGF8 and FGF10 in patients with nonsyndromic 
CTD
Target sequencing only detected genes exons related to 
cardiac development, we excluded the effects of other 
possible genes, and finally identified two mutant variants 
of FGF8 (Fig. 1b, d) in two patients with TOF (Additional 
file  1: Figure S1a, b) and one deleted variant of FGF10 
(Fig. 1f ) in a patient with single atrium, single ventricle, 
complete atrioventricular valve defect, and pulmonary 
valve stenosis (Additional file 1: Figure S1c). No synony-
mous mutations were found in these three patients. The 
allelic frequencies of the FGF8 p.R184H (NM_033163.4: 
c.551G>A) and FGF10 p.23_24del (NM_004465.1: 
c.68_70del) variants found in the ExAC database were 
8.379e-06 and 0.0004322, respectively. Interestingly, the 
FGF8 p.R184H variant had been previously found only 
in the European populations. Notably, the FGF8 p.C10Y 
variant had never been previously reported. The char-
acteristics of these variants of the FGF8 and FGF10 pro-
teins are shown in Table 2.

Comparison of multiple FGF8 and FGF10 protein 
sequences
The human FGF8 gene is located on the chromosomal 
region 10q24 and consists of six exons and five introns, 
whereas the human FGF10 gene is located on the chro-
mosomal region 5p12 and consists of four exons and 
three introns. Alignment of multiple FGF8 and FGF10 
protein sequences indicates that these mutation sites are 
highly evolutionary conserved in mammals (Fig.  2a, b), 
indicating that these mutations may severely impact the 
proteins’ functions. Structurally, FGF8 and FGF10 are 
both paracrine proteins, composed of a secretory signal 
peptide in the amino-terminal (N-terminal) domain and 
a mature peptide in the carboxyl terminal (C-terminal). 
The positions of these variants in the FGF8 and FGF10 
proteins are shown in Fig.  2c and d, respectively. The 
p.C10Y and p.23_24del variations were located in the 
signal peptide region of FGF8 and FGF10, respectively, 
whereas the p.R184H mutation was located in the mature 
peptide of FGF8.

Expression levels of FGF8 and FGF10 mutations
To evaluate the effect of the identified mutations on 
the expression level, we overexpressed the wild-type 
and mutated FGF8 and FGF10 in HCM and HEK 293T 
cells, and then performed western blotting and quanti-
tative RT-PCR analysis according to the manufacturer’s 
protocol. Results showed that the mutated FGF8 and 
FGF10 were expressed at higher levels than the wild-
type version at both the mRNA (Figs. 3a, c, 4a, c) and 
the protein (Figs. 3b, d, 4b, d) levels.

Intracellular localization of FGF8 and FGF10 mutations
The intracellular localization of FGF8 and FGF10 
mutated proteins was analyzed by immunofluorescence 
assays. Our results showed that none of these variants 
affected the intracellular localization, and both the 
wild-type and mutated proteins were expressed in the 
cytoplasm (Figs. 3e, 4e). Thus, we hypothesized that the 
mutations might change the protein function through 
other mechanisms.

Functional analysis of FGF8 and FGF10 variant proteins
To investigate the effect of the mutations on their 
secretion, we performed ELISA on the culture medium 
of cells expressing either the wild-type or the mutated 
FGF8 and FGF10. Our results showed that p.C10Y and 
p.23_24del mutations decreased the secretion capac-
ity of FGF8 and FGF10, respectively, which might be 
because they were located in signal peptide regions 
[25]. On the other hand, the p.R184H mutation did 
not significantly change the secretion capacity of FGF8 
(Figs.  5a, 6a). Moreover, we found that overexpression 
of FGF8 or FGF10 promoted the proliferation of HCM, 
whereas mutations minimized their effect on cell pro-
liferation (Figs. 5b, 6b). In addition, we selected several 
important genes associated with FGF8 or FGF10 dur-
ing OFT development from previous studies (Addi-
tional file  1: Figure S2). We found that overexpression 
of wild-type FGF8 and FGF10 promoted the expression 
of ETS variant transcription factor 4 (ETV4, known 
also as PEA3) (Fig.  5c, d) and fibroblast growth factor 
2 (FGFR2) (Fig.  6c, d), respectively, whereas the pro-
motion effect was reduced when the mutated versions 
were overexpressed. This result suggested that these 
might be the downstream genes in the pathway regu-
lated by FGF8 and FGF10 and might be correlated to 
pathogenesis of CTD. Collectively, our results indicated 
that although the variants increased the intracellular 
expression of these protein, their functional activity 
was reduced compared to the wild-type.
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Fig. 1  Sequences of FGF8 and FGF10 mutants identified in patients with CTD and controls. a, c, e Chromatograms of normal controls. b, d 
Chromatograms of the two heterozygous variants. f Deletion mutation in FGF10. Arrows indicate the nucleotide changes and the deletion
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Expression of FGF8 and FGF10 during the differentiation 
of hESCs into cardiomyocytes
Although FGF8 and FGF10 played important roles in 
embryonic heart development, their expression had 
never been identified during the differentiation of hESCs 
into cardiomyocytes; therefore, we analyzed their expres-
sion in these cells by qRT-PCR. We found that the 
expression of FGF8 was high in the earlier stages of dif-
ferentiation, but decreased significantly by the fifth day of 
the differentiation of hESCs to cardiomyocytes (Fig. 7a). 
Whereas, the expression of FGF10 was low in the stem 
phase of hESCs, increased on the fourth day of the differ-
entiation of hESCs to cardiomyocytes, peaked on the fifth 
day, and then decreased again (Fig.  7b). The expression 
patterns of FGF8 and FGF10 during the differentiation 
of hESCs to cardiomyocytes suggested that the functions 
of these proteins might be different and complementary 
during the development of the heart.

Expression level of FGF8 and FGF10 in the human 
embryonic heart
The expression of FGF8 and FGF10 has not been identi-
fied in the human embryo. Therefore, we collected human 
embryonic hearts from CS10 to CS16 and performed 
gene expression analysis using the human transcriptome 
array 2.0. The expression levels of FGF8 and FGF10 were 
represented by the mean of the sample expression levels. 
Our analysis revealed that both FGF8 and FGF10 were 

expressed throughout these development stages, and the 
expression of FGF10 in the heart was higher than that of 
FGF8 (Fig.  7c). We then performed immunohistochem-
istry for FGF8 and FGF10 in CS13 of human embryos, 
which was a critical period of heart development. Our 
results showed that FGF8 (Fig.  7d) and FGF10 (Fig.  7e) 
were expressed in the OFT, further supporting the role of 
FGF8 and FGF10 in development of the OFT.

A schematic model of the functional impact of the 
identified mutations is shown in Fig. 8.

Discussion
In our study of 585 patients with CHD, we identified two 
rare heterozygous mutations of FGF8, namely p.C10Y 
and p.R184H, in two unrelated patients both affected 
with TOF, and one deletion of FGF10, namely p.23_24del, 
in a patient with single atrium, single ventricle, complete 
atrioventricular canal defect, pulmonary stenosis, and 
pulmonary hypertension. These variants were predicted 
to be “possibly damaging” by bioinformatic analysis. 
Based on multiple sequence alignments, we found that 
these variations were highly evolutionary conserved, 
indicating that all these variations might have vital bio-
logical functions. Moreover, functional analysis revealed 
changes in the expression and function of these variant 
proteins compared with wild type. Both FGF8 and FGF10 
increased the proliferation of HCM, and increased the 
expression of PEA3 and FGFR2, respectively [12, 26]. 

Fig. 2  Distribution and conservation of mutations in FGF8 and FGF10. a, b Alignment of multiple FGF8 and FGF10 protein sequences among 
species. c, d Structure of the FGF8 and FGF10 proteins and the location of the genetic variations in this study
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However, the mutations reduced both the HCM prolif-
eration and the expression of PEA3 and FGFR2. Immu-
nofluorescence staining demonstrated that none of 
these mutations affected the intracellular localization. 
However, ELISA analysis showed that both p.C10Y and 

p.23_24del mutations affected the secretion of FGF8 
and FGF10. This effect could be explained by the locali-
zation of these mutations in the signal peptide regions. 
All of these indicated that although variants increased 
the expression of FGF8 and FGF10 in cell, their functions 

Fig. 3  The expression and intracellular localization of wild-type and mutated FGF8. Relative mRNA expression of wild-type and variants of FGF8 in 
HCM (a) and HEK 293T (c), respectively (n = 3). GAPDH was used as an internal control. Western blot analysis and density quantitation in HCM (b) 
and HEK 293T (d) transfected with the blank vector, wild-type, and mutated FGF8. GAPDH and β-actin were used as an internal control in HCM and 
HEK293T, respectively (n = 3). e Immunofluorescence staining of wild-type and variants of FGF8. Images represented here were obtained from 3 
biological replicates. Scale bar 20 μm
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were reduced. Variants in the signal peptide regions 
(p.C10Y of FGF8 and p.23_24del of FGF10) might affect 
their function by reducing their secretion, whereas the 
p.R184H mutation of FGF8 might negatively affect the 
proliferation of HCM by reducing the expression of 
PEA3, eventually leading to CTD.

The vital implication of FGF8 and FGF10 in congeni-
tal cardiovascular malformations was identified in animal 
models. In mouse, FGF8 was shown to be required in 
the early stages of development, because FGF8 homozy-
gous knockout embryos stopped growing during the 

gastrulation, and mesoderm migration was also impaired 
[27]. In addition, several studies have implicated FGF8 
having vital roles during the cardiovascular develop-
ment in chick and zebrafish [28, 29]. As is known, FGF10 
is mainly expressed in cardiomyocytes [30]. Moreover, 
inactivation of the FGF10 signaling pathway has been 
reported to lead to a smaller, thin-walled heart [31]. In 
mice lacking FGF10, the position of the ventricular apex 
in the chest was shown to be incorrect, with a lack of 
pulmonary circulation [19]. The phenotype of mice with 
a double knockout of FGF8 and FGF10 has indicated a 

Fig. 3  The expression and intracellular localization of wild-type and mutated FGF10. Relative mRNA expression of wild-type and variants of FGF10 
in HCM (a) and HEK 293T (c), respectively (n = 3). GAPDH was used as an internal control. Western blot analysis and density quantitation in HCM (b) 
and HEK 293T (d) transfected with the blank vector, wild-type, and mutated FGF10. GAPDH and β-actin were used as an internal control in HCM and 
HEK293T, respectively (n = 3). e Immunofluorescence staining of wild-type and variants of FGF10. Images represented here were obtained from 3 
biological replicates. Scale bar 20 μm
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Fig. 5  Functional analysis of wild-type and mutated FGF8. a Relative amount of FGF8 in supernatants. b Effects of mutant and wild-type FGF8 on 
cell viability. c, d The variant effect of FGF8 on PEA3 expression (n = 3), GAPDH was used as an internal control

Fig. 6  Functional analysis of wild-type and mutated FGF10. a Relative amount of FGF10 in supernatants. b Effects of mutant and wild-type FGF10 
on cell viability. c, d The variant effect of FGF10 on FGFR2 expression (n = 3), GAPDH was used as an internal control
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functional overlap of these proteins in the SHF meso-
derm during development of the OFT and RV [20, 32, 
33]. Consistent with this, we found that FGF8 was highly 

expressed in early differentiation of hESCs to cardiomy-
ocytes, and especially during specification of the meso-
derm stage. Whereas, the expression of FGF10 increased 

Fig. 7  Dynamic expression of FGF8 and FGF10 in human embryonic stem cells and human embryonic cardiac tissue. a, b Relative expression of 
FGF8 and FGF10 during the differentiation of human embryonic stem cells to cardiomyocytes. c Expression level of FGF8 and FGF10 in the human 
embryonic heart, d, e Immunohistochemistry of FGF8 and FGF10 in human embryos at Carnegie stge13

Fig. 8  Scheme of the regulatory mechanisms involving FGF8 and FGF10 in the pathogenesis of CTDs. The upward arrow indicates increased 
expression, the downward arrow indicates decreased secretion, and the minus sign indicates inhibition
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significantly on the fourth day of differentiation, peaking 
on the fifth day, and then decreased. Furthermore, both 
FGF8 and FGF10 were expressed in the OFT of human 
embryos. These findings further supported the idea that 
FGF8 and FGF10 played important roles in development 
of the OFT, consistent with results obtained from in ani-
mal models.

Our study had some limitations. For instance, all 
functional assays were performed in  vitro. Besides, the 
differentiation of hESCs to cardiomyocytes does not 
completely simulate this phase of human embryonic 
development. Furthermore, the effects of these muta-
tions on other biophysical and structural properties still 
require further research.

Conclusion
In conclusion, we characterized three deleterious vari-
ants of FGF8 and FGF10 which were associated with the 
development of CTD, expanding the FGF mutation pro-
file, and further supporting the pathogenic correlation 
between FGF mutations and CTD. Our findings might 
offer a basic understanding and open new areas toward 
elucidating the role of genes involved in the pathogenesis 
of CTD.
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