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Mandibular prognathism (MP) is a severe maxillofacial disorder with undetermined genetic
background. We collected a Chinese pedigree with MP which involved in 23 living members of

. 4 generations. Genome-wide linkage analysis were carried out to obtain the information in this

. family and a new MP-susceptibility locus, 12pter-p12.3 was identified. Whole-exome sequencing
identified a novel heterozygous mutation in fibroblast growth factor (FGF) 23 (; p.A12D) which well
segregated with MP in this pedigree within the locus. The mutation was also detected in 3 cases
out of 65 sporadic MP patients, but not in any of the 342 control subjects. The p.A12D mutation
may disrupt signal peptide function and inhibit secretory in FGF23. Furthermore, mutant FGF23 was

. overexpressed in 293T cells, increased cytoplasmic accumulation was observed compared with the

© wild type. We have discovered that c.35C>A mutation in FGF23 strongly associated with MP, which

. expand our understanding of the genetic contribution to MP pathogenesis.

. Mandibular prognathism (MP; MIM 176700) is a dentofacial deformity characterized by overgrowth of

. the lower jaw with or without undergrowth of the upper jaw'. The discrepancy between the upper and

- lower jaw can cause a deficiency in speech articulation and low masticatory efficiency®. Epidemiological

. data indicate that MP prevalence rates range from 0.48% to 4.3% in Caucasian populations and from
2.1% to 10% in Chinese populations®>. According to OMIM, MP can occur as non-syndromic condition
or as one phenotype of systemic diseases, such as Apert syndrome and Crouzon syndrome.

Numerous risk factors have been reported in association with MP. Both genetic and environmental
factors contribute to this occlusion disorder®. To date, 11 common genetic loci have been reported to be
associated with MP1°, including 1p22.1, 1¢32.2, 3q26.2, 11922, 12q13.13, 12q23, 1p36, 6q25, 19p13.2,
14q24.3-31.2, and 4p16.1. Moreover, 1p22.3 and 1q32.2 have also been reported to be associated with
MP using genome-wide association study (GWAS)®. Among these studies, Yamaguchi et al and Li et al

© investigated largely on the mandibular prognathic subtype®-'%, whereas Frazier-Bowers et al found
. that affected individuals were mostly maxillary deficient’. There also have a host of genes which might
. influence MP, such as: GHR'!, EPB41'%, MATN1"*, MYO1H". Recently, Nikopensius et al'> performed
. whole-exome sequencing on five siblings from an Estonian family affected by class IIT malocclusion and
. identified a mutation of DUSP6, ¢.545C>T (p.Ser182Phe), which is likely a causal variant of class IIT
malocclusion. The family members they studied exhibited maxillary retrusion or mandibular protrusion.
Due to the highly variable subphenotypes (mandibular protrusion, maxillary retrusion, or a combination
of both) and clinical heterogeneity of MP, genetic mechanism for this malformation remains uncertain.
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Cephalometric

measures 113 115 119 1111 112 1115 1116 1118 119 V1 1v2 Norms*
SNA 81.6 82.3 80.7 82.6 82.1 78.9 83.2 81.4 82.3 79.5 79.8 82.8+4.0
SNB 83.2 84.6 83.1 81.7 83.6 82.3 85.6 86.7 84.9 81.6 82.1 80.1£3.9
ANB —1.6 —2.3 —2.4 0.9 —-1.5 —3.4 —2.4 —5.3 —2.7 -2.1 —-2.3 2.7£2.0
Wits(mm) —5.6 —7.5 —-7.3 —-15 —5.4 —6.7 —6.9 —10.3 —6.3 —-7.8 —8.4 —12+£25
ANS-Ptm(mm) 51.6 52.9 50.9 52.1 51.9 50.2 53.2 50.7 52.8 50.5 51.1 51.1£2.6
Co-Po(mm) 116.7 117.4 116.3 112.5 115.8 116.6 117.4 118.6 116.8 117.2 116.9 110.2+3.8
FMA 38.9 36.8 38.2 40.6 39.8 37.6 37.7 41.5 38.5 42.6 39.5 31.1£5.6

Table 1. Cephalometric variables of affected members (including the carrier of II11) in studied MP
pedigree. Norms*, cephalometric standards of China; ANB, anteroposterior relationship of the maxillaand
mandible; SNA, anteroposterior maxillary position to anterior cranial plane; SNB, anteroposterior
mandibular position to anterior cranial plane; Wits (mm), length of AO-BO distance; ANS-Ptm (mm),
maxillary unit length; Co-Po (mm), mandibular unit length; FMA: the angle between the FH plane and the
mandibular plane.

In this study, we focus on simple mandibular prognathism without maxillary retrognathism.
Genome-wide linkage scans and exome sequencing were carried out to obtain the information in this
MP family to provide characteristic etiology for the further delineation of MP.

Results

Linkage analysis of a severe MP pedigree. Blood sample were obtained from 19 individuals of
23 living members of the MP pedigree, including 8 MP patients, 1 carrier (II-11, has a MP daugh-
ter)(Table 1), and 10 unaffected members (Fig. 1A). A lateral cephalometric trace of the proband was
obtained from MP patient II5 and shown in Fig. 1B. A visual inspection of the pedigree suggested an
autosomal dominant mode of disease inheritance. We performed a genome-wide linkage analysis on the
MP pedigree using total 4,958 informative autosomal SNPs. Both the parametric and nonparametric
analyses indicated the highest linkage scores on chromosome 12pter-p12.3 (NPL=8.68, LOD =2.705)
(Fig. 2). Both of our highest parametric and nonparametric linkage score, simulated 0.44 and 0.45 times
per genome scan, fall within the range of suggestive linkage signal, according to criteria proposed by
Lander & Kruglyak's. No other suggestive linkage signals were observed in the genome. In brief, our
linkage analysis identifies a putative linkage signal for the MP pedigree on chromosome 12pter-p12.3.

Whole-exome sequencing. Exomes of 3 affected individuals (II5, III6, and III8) and one unaffected
one (II6) were sequenced in order to screen the causal genes of the MP pedigree. The exome sequencing
had a 42-fold mean coverage and revealed a total of 45,507 single-nucleotide polymorphisms (SNPs),
1158 small insertion/deletions (indels), and 13 structural variations at exome region. We removed var-
iants that had a global minor allele frequency >0.01 in the database of dbSNP138 or 1000 Genomes
Project. Considering the dominant-inherited mode of the MP pedigree, total 657 variants were detected
in 3 patients but not in the unaffected individual. Furthermore, we focused on variants that result in mis-
sense, frameshift, alternative splicing, or within transcription factor-binding sites. Finally, 97 candidate
variants (77 SNPs and 20 indels) were screened from 89 genes (Supplementary Table S1). Considering
that MP is a bone developmental disease, we narrowed down the gene list to 3 genes of FGF23, FLT3,
and COL11A2 that maybe involved in skeletal morphogenesis. Consequently, the mutations identified in
these genes (FGF23 ¢.35C>A, FLT3 c193A>T and COL11A2 c.2078G>A) were considered as the most
likely causal variants in this MP pedigree.

We further genotyped FGF23 ¢.35C>A, FLT3 c193A>T and COL11A2 c.2078G> A for all individuals
of the MP pedigree. The result showed that only the FGF23 ¢.35C> A, located within the susceptibility
locus of 12pter-p12.3, well segregated with the MP phenotype (Fig. 1A,C). All 8 patients and the carrier
of IT11 were heterozygous for this mutation, and other 10 clinically unaffected members did not carry
this variant. Therefore, FGF23 c.35C>A is a potential causal variant in this MP pedigree.

Screening the FGF23 gene in the MP pedigree and unrelated MP cases. To detect other FGF23
variants that may be associated with MP, we sequenced the promoter and coding regions of this gene in
the MP pedigree and 65 sporadic MP patients. In total, 8 FGF23 variants were identified, and 3 of them
were predicted to cause amino acid changes (Fig. 1D and Supplementary Table S2). Among these vari-
ants, ¢.35C> A was the only one that well segregated with the MP phenotype within the studied pedigree,
and it was also detected in 3 of the 65 unrelated cases. All of the 3 sporadic MP patients present high
angle of mandibular plane, long body of mandible as the affected ones of the pedigree. To validate that
this variant is specific to MP patients, 342 healthy individuals from China were genotyped and none of
them were found carried the mutant allele of ¢.35C>A. In addition, we checked all 8 detected variants
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Figure 1. The mandibular prognathism pedigree and its associated genetic variant,c.35C>A. (A) MP
pedigree evaluated in this study. The genotype with respect to FGF23 ¢.35C>A is shown under 19 collected
individuals. Four individuals (red asterisks)were chosen for whole-exome sequencing. (B) A representative
lateral cephalometric tracing from MP patient II1. (C) Validation of the ¢.35C>A mutation (red arrow)
using Sanger sequencing. (D) All identified FGF23 mutations from the MP patients in this study (genome
reference, hgl9).
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Figure 2. Genome-wide parametric and nonparametric linkage results of the MP pedigree. In the
parametric linkage analysis, an autosomal dominant model with a risk allelepenetrance of 0.90 and a
phenocopy rate of 0.05 was assumed.
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Figure 3. Predict the effects of p.A12D on signal peptide function in the FGF23 protein. (A) The 3
functional regions of the signal peptide as determined by SignalP-HMM 2.0. The asterisk marks the first
amino acid of the mature FGF23 protein. (B)Signal peptide probabilities (measured by the S score) and
cleavage-site probabilities(measured by the C and Y scores) of the wild-type and mutant FGF23 proteins
were obtained using the SignalP 4.0 software program. The p.A12D mutation reduced the S score of FGF23
from 0.916 to 0.546.

in 1000 Genome Project and NHLBI GO Exome Sequencing Projects, and found that ¢.35C> A was not
reported in other world-wide populations (Supplementary Table S3). Therefore, we speculate that the
¢.35C> A variant is very likely to be the causal mutation of MP in Chinese population.

Predicted effects of c.35C>A mutation on FGF23 signal peptide. The FGF23 c.35C>A muta-
tion is predicted to cause a substitution of Asp for Ala in codon 12 (p.A12D) of the FGF23 protein, which
is located within the hydrophobic core of the FGF23 signal peptide (Fig. 3A). To evaluate the effects of
the p.A12D substitution on signal peptide function, we analyzed the protein sequence of FGF23 using the
signal peptide prediction packages SignalP, PrediSi, Signal-CF, and Signal-3L. All packages predicted that
the wild-type FGF23 sequence should produce a conventional secretory protein with a cleavage site at the
25Y residue. However, for the mutant FGF23 sequence, Signal-CF and Signal-3L both predicted a shift
of the cleavage site, and PrediSi predicted a loss of secretory activity (Supplementary Fig. S1). SignalP
predicted that the p.A12D substitution would decrease the C score from 0.56 to 0.37 and Y score from
0.69 to 0.46, which reduce the probability of cleavage site at the 25Y residue. Meanwhile, The S score
which measures the signal peptide probabilities was decreased from 0.916 to 0.546 at p.A12D, which
results in a decrease of S score at entire signal peptide and harm the capacity of the N-terminus of the
nascent FGF23 protein to function as a signal peptide (Fig. 3B). These results suggest that the FGF23
p-A12D substitution may disrupt the translocation of the nascent FGF23 protein to the ER and prevent
it from being properly secreted through the ER-Golgi secretory pathway.

In vitro investigation of FGF23 p.A12D substitution. To investigate the biological impacts of the
FGF23 p.A12D mutation, we carried out an in vitro assay by overexpressing the wild-type and mutant
FGF23 genes in human embryonic kidney 293T cells via transient transfection. The amount of FGF23
in cell lysates and culture medium were detected using immunoprecipitation and subsequent Western
blotting (Fig. 4A). The immunoprecipitation of cell lysates from the different cell types revealed approx-
imately 2- to 3-fold higher levels of FGF23 in the cells that were overexpressing the mutant protein
compared with those expressing wild-type FGF23 or the negative control cells, respectively (Fig. 4B).
The immunoprecipitation of the culture medium showed a 1.6-fold increase in wild-type FGF23 compare
with the negative controls (Fig. 4C). In contrast, the intensity of the FGF23 band that immunoprecipi-
tated from the culture supernatant of 293T cells, transfected with the mutant FGF23, was approximately
equal to that of the negative controls. These results strongly suggest that the mutant FGF23 protein were
not been secreted from 293T cells.
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Figure 4. The impact of the p.A12D mutation on the secretion of FGF23. (A) Western blotting analysis
of the FGF23 immunoprecipitates from the culture supernatants and 293T cells. (B) The relative levels

of FGF23 in the 293T cells(normalized to GAPDH). (C) The relative amounts of FGF23 in the culture
supernatants; levels from the cells that were transfected with empty pcDNA3.1(4)vector were set to 1.0.

Discussion
Numerous studies have suggested that there are important genetic factors in the etiology of MP, while
few causal mutations had been reported, leaving the genetic basis of this condition unclear. In this study,
we performed genome-wide linkage and whole-exome sequencing analyses on an MP pedigree and iden-
tified a novel (not reported in dbSNP 138, 1000 Genome Project, or NHLBI GO Exome Sequencing
Project) heterozygous mutation in FGF23 (c.35C>A; p.A12D) that was strongly associated with MP.
Genome-wide linkage studies have reported that many loci were associated with MP7#!1718 while
such claims have been difficult to confirm. Cruz et al failed to observe evidence for linkage in previously
identified candidate regions in 10 Brazilian families'. Tassopoulou-Fishell et al studied 8 putative linkage
loci in a well-characterized homogeneous sample set and found that only one SNP (rs10850110) within
MYOIH was associated with MP?. In this study, we identified a new genetic locus of 12pter-p12.3 that is
associated with MP. The low replication rate for MP-linked loci may result from differences in the genetic
backgrounds of the studied populations and the existence of multiple genetic causes of MP'. Moreover,
the studied MP pedigree is characteristic not only by mandibular prognathism without maxillary retro-
gnathism, but also by high angle of mandibular plane and long body of mandible. To further investigate
the potential linkage locus in12pter-p12.3, we performed whole-exome sequencing on the MP pedigree.
No mutations were detected in the previously reported MP loci, but a mutation of FGF23, ¢.35C>A
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was located within the susceptibility locus 12pter-p12.3. The mutation was fully segregated with the MP
phenotype, indicating that it may be the causal mutation for this pedigree.

FGF23 contains 3 exons and encodes a protein consisting of 252 amino acids. Together with FGF19
and FGF21, they belongs to a subfamily of mammalian endocrine FGFs with functions that are distinct
from the other paracrine FGFs**>. FGF23 is most highly expressed in bone, from which it can circulate
through the blood to reach its target tissues?>?. It is a key humoral regulator of vitamin D and phos-
phate homeostasis, which are important for bone morphogenesis?*. For the candidate causal mutation of
FGF23 p.A12D, signal peptide prediction programs indicated that it would disturb the secretory proper-
ties of FGF23. Furthermore, in vitro studies showed that the production of mutant FGF23 was blocked
in 293T cells. Although the osteoblast maybe more suitable for in vitro study, the 293T cells is proper on
the aim of investigating the secretory properties of a protein. Therefore, considering the known role of
FGF23 in bone morphogenesis and our in silico and in vitro results, we propose that FGF23 is likely the
causal gene for the observed skeletal malformations in this MP pedigree.

Previous mouse studies show that FGF23-defective mice suffered abnormal bone development®>2¢.
Shimada et al found that FGF23 null mice had severe growth retardation with bone malformation and
short life span®. Zhang et al reported abnormal skull bones (including mandible) for 1-year-old DMPI
(Dentin matrix acidic phosphoprotein 1, regulating the FGF23 expression) null mice?. Although abnor-
mal level of FGF23 could result in bone malformation, the compensation of wild-type allele of heterozy-
gotic mice and mother-supply FGF23 through milk could reduce the harm of insufficient FGF23 during
bone development?. The incomplete penetrance (II11 is a carrier without MP phenotype) of the studied
MP pedigree might be result from the compensation of products of wild-type allele and/or mother’s milk.

The FGF23 ¢.35C>A mutation was also detected in 3 out of 65 cases of unrelated MP patients,
which indicated that ¢.35C>A mutation is strongly associated with MP in China. Considering that the
prevalence and linked genetic loci vary between different populations and regions, the mutation needs
worldwide MP samples for further validation.

In this study, FGF23was identified as one of the causal genes of MP in a multiplex MP pedigree in
China using linkage analysis, whole-exome sequencing, bioinformatics analyses and an in vitro assay.
These evidence may increase the knowledge of genetic basis of MP and facilitate future investigations on
etiology of this disorder.

Materials and Methods

Samples. A 4-generation pedigree was constructed from individuals residing in the Henan Province
of China (Fig. 1A). The MP pedigree was composed of 23 living individuals and was diagnosed using lat-
eral cephalograms in conjunction with orthodontic models. The participants were diagnosed as affected
individuals if they had an ANB angle of centric jaw relationship less than 0.0°. All of them share common
characteristics such as high angle of mandibular plane, long body of mandible, eversion of lower lip.
None of the participants suffered from other congenital disorders. All of the 19 studied individuals pro-
vided informed consent for the biological studies. This study complies with the Declaration of Helsinki
and was approved by the ethics committee of the Ethics Committee of Tongji University.

Genotyping and genome-wide linkage scanning. We genotyped all 19 collected members using
Mumina Infinium HumanLinkage-12 panel (Illumina, San Diego, CA, USA) in Beijing Institute of
Genomics, Chinese Academy of Science. The panel screened 6,090 single nucleotide polymorphism
(SNP) markers with an average spacing of 441-kb (0.58 cM). All reactions were performed following
manufacturer’s instruction. The fluorescence signals were scanned using an Illumina BeadStation, and
genotypes were assigned using the Illumina BeadStudio v3 software program.

Inconsistencies in Mendelian inheritance within the genotype data were investigated using Pedcheck.
All genotype errors and markers that were found in only one genotype within the dataset were removed
prior to the linkage analysis. After this initial filtering, a total of 4,958 informative autosomal SNPs
were used in the linkage analysis. We performed both parametric and non-parametric linkage analyses
using the software program MERLIN?. The parametric linkage analysis assumed an autosomal dominant
model with a risk allele frequency of 0.0001, a penetrance of 0.9 for genotypes with 1 or 2 copies of the
risk allele, and a phenocopy rate of 0.05.

Whole-exome sequencing and variant calling. From the collected MP pedigree, 3 affected indi-
viduals (II5, I1I6, and III8) and 1 unaffected individual (II6) were chosen for whole-exome sequenc-
ing. The Agilent SureSelect Human All Exon 50 Mb kit (Agilent Technologies, Santa Clara, CA, USA)
was used to capture whole exomes, and the products were resolved on an Illumina HiSeq2000 system
(Ilumina, San Diego, CA, USA). Paired-end sequencing with 100-bp read length was conducted on
each sample. All paired reads were mapped to the human reference genome (hg19) using BWA (version
0.6-r104). PCR duplicates of the reads were removed using the Picard software program (version 1.07).
The Samtools (version 0.1.18) and GATK (version 1.6) software packages were used to call variants?®%.
The Pindel software program was used to detect structural variants®.

Sequencing the FGF23 in the MP pedigree and unrelated MP patients. We sequenced the
FGF23 gene in all individuals of the pedigree and in 65 unrelated MP patients (34 were female, and
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31 were male, ages ranged from 14 to 58 years with an average age of 22.6). We also screened for the
¢.35C>A (p.A12D) mutation in 342 normal control and did not find the mutant allele in any of them.

Predicting effects of p.A12D mutation on FGF23 function. The SignalP 4.0, PrediSi, Signal-CE,
and Signal-3L tools were used to predict the effects of the p.A12D substitution on signal peptide function
in FGF23. SignalP 4.0 was used to identify the signal peptide with the assumption that the protein con-
tained no transmembrane segments. The parameters for analysis with SignalP were as follows: Organism
group, Eukaryotes; D-cutoff values (optimize the performance and affect sensitivity), Default; Method,
Input sequences do not include transmembrane segments. We select eukaryotic as organism group for
PrediSi and Signal-CF, and Human species for Signal-3L.

Effects of p.A12D substitution on synthesis and secretion of FGF23. Construction of the pcD-
NA3.1(+)-FGF23 expression vector. Wild-type and mutant FGF23 DNA fragments were amplified from
an FGF23 cDNA clone (Prospec, Rehovot, Israel), digested with the Nhe I and BamH I restriction enzymes,
and subcloned into the pcDNA3.1(+) vector. Sequencing confirmed that the full-length wild-type and
mutant FGF23 genes had been successfully ligated into the pcDNA3.1(+) vector (Supplementary Fig. S2).

Transfection and gPCR. 'The pcDNA3.1 (4)-FGF23 vectors were transfected into human 293T kid-
ney cell line using the Lipofectamine 2000 transfection reagent (R&S Biotechnology, Shanghai, China)
according to the manufacturer’s instructions, the empty pcDNA3.1 were used as a vector control. SYBR
Green-based real-time quantitative PCR (qRT-PCR) was performed using an Eppendorf Realplex
real-time system with GAPDH as a reference gene. The 2-AACT method was used to calculate relative
gene expression levels.

Immunoprecipitation and Western blotting analyses. Aliquots (500pl) of cell platelet suspensions
(4 x 108cells/ml) from transfected and untransfected 293T cell line were lysed in equivalent volumes
of lysis buffer’’. The platelet lysates (1 ml) and their corresponding culture supernatants (20 ml) were
pre-cleared with protein A-agarose, immunoprecipitated with 2pg anti-FGF23 antibody, and incubated
with protein A-agarose. The immunoprecipitates (i.e., the washed protein A-agarose beads) were resolved
using SDS/PAGE and electrophoretically transferred onto nitrocellulose membranes. The immunodetec-
tion of FGF23 or GAPDH was performed using mouse anti-FGF23 (1:1000) and rabbit anti-GAPDH
(1:5000) primary antibodies, then added corresponding secondary antibody anti-HRP, respectively. The
blots were subsequently exposed to pre-flashed photographic film.

References
1. van Vuuren, C. A review of the literature on the prevalence of Class III malocclusion and the mandibular prognathic growth
hypotheses. Aust Orthod J 12, 23-28 (1991).
2. Taher, A. Speech defect associated with Class III jaw relationship. Plast Reconstr Surg 99, 1200 (1997).
3. Cooke, M. S. & Wei, S. H. A comparative study of southern Chinese and British Caucasian cephalometric standards. Angle
Orthod 59, 131-138 (1989).
4. Cua-Benward, G. B., Dibaj, S. & Ghassemi, B. The prevalence of congenitally missing teeth in class I, II, III malocclusions. J Clin
Pediatr Dent 17, 15-17 (1992).
5. Chang, H. P, Tseng, Y. C. & Chang, H. F. Treatment of mandibular prognathism. ] Formos Med Assoc 105, 781-790 (2006).
6. Ikuno, K. et al. Microsatellite genome-wide association study for mandibular prognathism. Am ] Orthod Dentofacial Orthop 145,
757-762 (2014).
7. Frazier-Bowers, S., Rincon-Rodriguez, R., Zhou, J., Alexander, K. & Lange, E. Evidence of linkage in a Hispanic cohort with a
Class IIT dentofacial phenotype. | Dent Res 88, 56-60 (2009).
8. Yamaguchi, T., Park, S. B, Narita, A., Maki, K. & Inoue, I. Genome-wide linkage analysis of mandibular prognathism in Korean
and Japanese patients. ] Dent Res 84, 255-259 (2005).
9. Li, Q, Li, X,, Zhang, E. & Chen, E. The identification of a novel locus for mandibular prognathism in the Han Chinese population.
] Dent Res 90, 53-57 (2011).
10. Li, Q, Zhang, F, Li, X. & Chen, F. Genome scan for locus involved in mandibular prognathism in pedigrees from China. PLoS
One 5 (2010).
11. Sasaki, Y. et al. The P561T polymorphism of the growth hormone receptor gene has an inhibitory effect on mandibular growth
in young children. Eur ] Orthod 31, 536-541 (2009).
12. Xue, F, Wong, R. & Rabie, A. B. Identification of SNP markers on 1p36 and association analysis of EPB41 with mandibular
prognathism in a Chinese population. Arch Oral Biol 55, 867-872 (2010).
13. Jang, J. Y. et al. Polymorphisms in the Matrilin-1 gene and risk of mandibular prognathism in Koreans. ] Dent Res 89, 1203-1207
(2010).
14. Tassopoulou-Fishell, M., Deeley, K., Harvey, E. M., Sciote, J. & Vieira, A. R. Genetic variation in myosin 1H contributes to
mandibular prognathism. Am ] Orthod Dentofacial Orthop 141, 51-59.
15. Nikopensius, T. et al. A missense mutation in DUSP6 is associated with Class III malocclusion. J Dent Res 92, 893-898 (2013).
16. Lander, E. & Kruglyak, L. Genetic dissection of complex traits: guidelines for interpreting and reporting linkage results. Nat
Genet 11, 241-247 (1995).
17. Wolff, G., Wienker, T. E. & Sander, H. On the genetics of mandibular prognathism: analysis of large European noble families.
J Med Genet 30, 112-116 (1993).
18. Cruz, R. M. et al. Major gene and multifactorial inheritance of mandibular prognathism. Am ] Med Genet A146A, 71-77 (2008).
19. Cruz, R. M. et al. Exclusion of Class III malocclusion candidate loci in Brazilian families. ] Dent Res 90, 1202-1205 (2011).
20. Tassopoulou-Fishell, M., Deeley, K., Harvey, E. M., Sciote, ]. & Vieira, A. R. Genetic variation in myosin 1H contributes to
mandibular prognathism. Am ] Orthod Dentofacial Orthop 141, 51-59 (2012).
21. Itoh, N. & Ornitz, D. M. Evolution of the Fgf and Fgfr gene families. Trends Genet 20, 563-569 (2004).
22. Beenken, A. & Mohammadi, M. The FGF family: biology, pathophysiology and therapy. Nat Rev Drug Discov 8, 235-253 (2009).

SCIENTIFIC REPORTS | 5:11250 | DOI: 10.1038/srep11250 7



www.nature.com/scientificreports/

23. Su, A. L et al. A gene atlas of the mouse and human protein-encoding transcriptomes. Proc Natl Acad Sci U S A 101, 6062-6067
(2004).

24. Fukumoto, S. Physiological regulation and disorders of phosphate metabolism--pivotal role of fibroblast growth factor 23. Intern
Med 47, 337-343 (2008).

25. Shimada, T. et al. Targeted ablation of Fgf23 demonstrates an essential physiological role of FGF23 in phosphate and vitamin D
metabolism. ] Clin Invest 113, 561-568 (2004).

26. Zhang, R. et al. Unique roles of phosphorus in endochondral bone formation and osteocyte maturation. ] Bone Miner Res 26,
1047-1056 (2011).

27. Abecasis, G. R., Cherny, S. S., Cookson, W. O. & Cardon, L. R. Merlin--rapid analysis of dense genetic maps using sparse gene
flow trees. Nat Genet 30, 97-101 (2002).

28. DePristo, M. A. et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat
Genet 43, 491-498 (2011).

29. McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res 20, 1297-1303 (2010).

30. Ye, K., Schulz, M. H., Long, Q., Apweiler, R. & Ning, Z. Pindel: a pattern growth approach to detect break points of large deletions
and medium sized insertions from paired-end short reads. Bioinformatics 25, 2865-2871 (2009).

31. Redondo, P. C. et al. A role for SNAP-25 but not VAMPs in store-mediated Ca2+ entry in human platelets. ] Physiol 558, 99-109
(2004).

Acknowledgments

This work was supported by grants from the National Natural Science Foundation of China (81170942,
81371129 to E.C., 31201006 to Y-B.Z.) and the Natural Science Foundation of Shanghai (10JC1415500 to
EC.).We thank all members with mandibular prognathism who participated in this study. We thank for
the suggestions of Professor Duen-Mei Wang.

Author Contributions

EC., YJ. and Y.-B.Z. designed the experiments. Q.L., M.G. and X.L. performed the experiments.
Y.-B.Z. and X.L. analyzed the data. Y.-B.Z. and Q.L. wrote the manuscript. All authors have reviewed
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, F. et al. Identification of a Mutation in FGF23 Involved in Mandibular
Prognathism. Sci. Rep. 5, 11250; doi: 10.1038/srep11250 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11250 | DOI: 10.1038/srep11250 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Identification of a Mutation in FGF23 Involved in Mandibular Prognathism

	Results

	Linkage analysis of a severe MP pedigree. 
	Whole-exome sequencing. 
	Screening the FGF23 gene in the MP pedigree and unrelated MP cases. 
	Predicted effects of c.35C>A mutation on FGF23 signal peptide. 
	In vitro investigation of FGF23 p.A12D substitution. 

	Discussion

	Materials and Methods

	Samples. 
	Genotyping and genome-wide linkage scanning. 
	Whole-exome sequencing and variant calling. 
	Sequencing the FGF23 in the MP pedigree and unrelated MP patients. 
	Predicting effects of p.A12D mutation on FGF23 function. 
	Effects of p.A12D substitution on synthesis and secretion of FGF23. 
	Construction of the pcDNA3.1(+)-FGF23 expression vector. 
	Transfection and qPCR. 
	Immunoprecipitation and Western blotting analyses. 


	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The mandibular prognathism pedigree and its associated genetic variant,c.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Genome-wide parametric and nonparametric linkage results of the MP pedigree.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Predict the effects of p.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The impact of the p.
	﻿Table 1﻿﻿. ﻿  Cephalometric variables of affected members (including the carrier of II11) in studied MP pedigree.



 
    
       
          application/pdf
          
             
                Identification of a Mutation in FGF23 Involved in Mandibular Prognathism
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11250
            
         
          
             
                Fengshan Chen
                Qin Li
                Mingliang Gu
                Xin Li
                Jun Yu
                Yong-Biao Zhang
            
         
          doi:10.1038/srep11250
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11250
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11250
            
         
      
       
          
          
          
             
                doi:10.1038/srep11250
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11250
            
         
          
          
      
       
       
          True
      
   




