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A custom-designed panel sequencing study in 201 Chinese patients

with craniosynostosis revealed novel variants and distinct mutation

spectra
Craniosynostosis is a rare disease in which one or more of the cra-

nial sutures in an infant skull prematurely fuses by turning into bone,

with a prevalence of 1 in 2,000e2,500 individuals from reports in

Western countries (Wilkie et al., 2017). It may restrict the growth of

the brain, leading to some degree of morphological and functional

abnormalities, and may affect the neurocognitive function of infants

(Lattanzi et al., 2017). Genetic variants underlying craniosynostosis

have been identified in cohort studies in Western populations,

including the UK (Kan et al., 2002; Wilkie et al., 2010, 2017), Australia

(Roscioli et al., 2013; Lee et al., 2018), and Spain (Paumard-

Hern�andez et al., 2015). However, non-Western populations have

been substantially understudied. In China, with a population size of

1.4 billion, only a few case reports were found in the literature

(Chen et al., 2013; Ke et al., 2015). We carried out a custom-

designed 17-gene panel sequencing study in a cohort of 201 Chinese

patients with craniosynostosis to explore the mutation spectrum and

to test the diagnostic utility of the gene panels in Chinese patients

(Table S1).

In our 201-patient cohort, 85 (42.3%) and 99 (49.3%) patients

were clinically diagnosed with syndromic and nonsyndromic cranio-

synostosis, respectively, and the remaining 17 patients could not be

clearly classified. We identified 51 different pathogenic/likely patho-

genic variants in 105 patients, with a diagnostic yield of 94.1% (80/

85) in patients with syndromic craniosynostosis and 18.2% (18/99)

in patients with nonsyndromic craniosynostosis, higher than that in

the UK (Wilkie et al., 2017) (69% for syndromic and 5% for nonsyn-

dromic craniosynostosis), Australia (Roscioli et al., 2013) (71.0% of

syndromic and 3.4% of nonsyndromic craniosynostosis), and Korea

(Ko et al., 2012) (52.5% of syndromic and 17.1% of nonsyndromic

craniosynostosis). In general, the diagnostic yield of the custom-

designed 17-gene panel in the cohort of Chinese patients with cra-

niosynostosis with no prior genetic testing was high (52.2%, 105/

201, Fig. 1A; see Tables S2 and S3 for detailed information of solved

and unsolved patients, respectively). The diagnostic rate of hot spot

genes (FGFR1-3, TWIST1, EFNB1, ERF, and TCF12) was 51.2%

(103/201), higher than that in the UK (18.2%, 121/666), Australia

(36.2%, 228/630), and Korea (19.1%, 21/110), which further indicates

the gene panel has a high diagnostic yield. It has to be noted that not

all the important genes related to craniosynostosis were included in

this panel. For example, SMAD6 is frequently mutated in metopic

and sagittal synostosis and CDC45 is related to an incomplete

feature of craniosynostosis in Meier-Gorlin syndrome (Wilkie et al.,

2017) and 22q11.2 deletion syndrome (Unolt et al., 2020). These

genes should be considered in future research based on whole-
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exome sequencing, and the efficiency of the number of genes

included in panel can also be evaluated.

Concurrently, we observed that multiple (29/86) and bilateral cor-

onal (23/86) synostosis was most frequent in patients with syndromic

craniosynostosis, whereas isolated sagittal (37/98) and unilateral cor-

onal (32/98) synostosis were most frequent in patients with nonsyn-

dromic craniosynostosis. The diagnostic yields of different types of

suture fusion varied widely, from 79.1% (34/43) for multiple synosto-

ses to 0% (0/40) for sagittal suture fusion (Fig. 1A). The 51 identified

variants were distributed in 9 genes (EFNB1, ERF, FGFR1, FGFR2,

FGFR3, POR, TCF12, TGFBR2, and TWIST1). The predicted func-

tional changes of these 51 variants could be classified as 35

missense, six nonsense, three splicing, six frameshift, and one in-

frame deletion (Table S4).

Among the 51 pathogenic or likely pathogenic variants, 36 had

been reported in the literature or databases (e.g., ClinVar, HGMD),

whereas 15 variants distributed in TWIST1 (7), TCF12 (5), FGFR2

(2), and TGFBR2 (1) are newly reported in this study (Table 1). This

percentage (29.4%, 15/51) is much higher than that of other large

studies (11.1e21.3%) (Roscioli et al., 2013; Paumard-Hern�andez

et al., 2015; Lee et al., 2018), suggesting studies in non-Western pa-

tients could substantially expand the mutation spectrum in rare dis-

eases such as craniosynostosis.

Most of the variants identified in TWIST1 and TCF12 were novel

(80%, 12/15), in which six frameshift variants and three nonsense

variants were loss-of-function or located in the reported functional

regions, and three missense variants were predicted to be damaging

by at least two in silico tools, consistent with the pathological mech-

anism of haploinsufficiency in both genes. Meanwhile, the de novo

origin increases the probable pathogenicity of TCF12 c.1736G>A
and TWIST1 c.329G>A. Of four patients with a variant inherited

from one parent, we successfully recontacted two families for further

information. The mother of proband-99 was confirmed to have a mild

unilateral synostosis of the coronal suture on computed tomography

(CT) imaging of the skull (Fig. S1). The father of proband-126 showed

mild exophthalmos and midface hypoplasia, as shown in front and

side facial photos. Hence, the pathogenicity of the respective vari-

ants (TWIST1 c.153delG and TWIST1 c.421G>A) was strengthened

by the confirmation of mutation-positive parents, consistent with

the pathogenic evidence PP1 of ACMG (Richards et al., 2015).

Although the gain-of-function variants in FGFR2 have been well

explored in the past 25 years, this study still found a novel double-

mutant p.N265K/A266D and in-frame deletion p.G272del. A

double-mutant p.N265K/A266D on FGFR2 (the two variants were
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Fig. 1. Summary of genetic diagnosis, functional validation, and mutation spectra. A: Clinical diagnosis and genetic causes of craniosynostosis in the Chinese cohort of this study

(n ¼ 201). The pie chart on the right shows a broad classification based on clinical symptoms and identification of genetic causes in this study. The grid on the left provides a more

detailed breakdown as per the pattern of fused sutures and clinical diagnosis. CFNS, craniofrontonasal syndrome. Abbreviations for different suture fusions are as follows: S, sagittal; M,

metopic; UC, unilateral coronal; BC, bilateral coronal; L, unilateral or bilateral lambdoid; MS, multiple suture fusion excluding bilateral coronal or lambdoid; Un, uncertain pattern. B:

Schematic diagram of FGFR2 domain mutations. A series of mutant expression vectors based on the wild-type FGFR plasmid were constructed, including FGFR2 p.N265K, FGFR2

p.A266D, and FGFR2 p.N265K/A266D. C: Effects of FGFR2 domain mutations on MAPK activity in HEK293T cells, measured using the Egr1-Luciferase report system. We performed

dual-luciferase reporter assay with Egr1-luciferase (Balamotis et al., 2009) and Renilla in HEK293T cells, showing wild-type FGFR2 could activate the MAPK signaling pathway

consistent with previous reports (Powers et al., 2000). Data are presented as means ± SEM. Statistical significance was determined using the two-tailed Student’s t-test. *, P < 0.05. **,
P < 0.01. ***, P < 0.001. D: Population comparison of mutation spectra in FGFR2, FGFR3, TWIST1, and TCF12. Different mutation types are presented in different shapes. The size of

shape symbols is approximately proportional to the number of cases of the variant (see details in Tables S6eS9). Different colors indicate whether the variants were found in Chinese or

Western patients. In the genomic structures, coding regions are in black and the alternatively spliced exons are in gray. Exon 19 of FGFR3 and exon 21 of TCF12 are not shown in exact

length because of the limitation of the frame size. Parts of the encoded protein are shown schematically below the genomic structure, with domains in dark gray. To be consistent with

other mutation types, splicing variants are marked at their approximate splicing location in the protein schematic. SEM, standard error of the mean; ns, no significance.
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on the same allele, Fig. S2) was detected in proband-17, of which

FGFR2 p.N265K and FGFR2 p.A266D were classified as pathogenic

and uncertain, respectively. We further tested whether the double

FGFR2 mutant demonstrated a synergistic action of the two

missense variants by in vitro dual-luciferase reporter assay. We

showed that wild-type FGFR2 can activate the MAPK signaling

pathway, which is consistent with previous reports (Lenton et al.,

2005), and each of the FGFR2 mutations (FGFR2 p.N265K and

FGFR2 p.A266D) could significantly facilitate the FGFR2 transcrip-

tional activity, and the double-mutant showed a synergistic effect

on Egr1-luciferase activity (Fig. 1B and 1C). The patient visited Hua-

shan Hospital at the age of six years with the typical Crouzon clinical

manifestations of midface hypoplasia, bilateral coronal suture fusion,

and exophthalmos. The other novel mutation in FGFR2 is an in-frame

deletion p.G272del, also located in the IgIII domain. The deletion of

the adjacent 273 residues (FGFR2 p.D273del) was reported in a pa-

tient diagnosed with Pfeiffer type II (Priolo et al., 2000), which pro-

vided strong evidence for the pathogenicity of FGFR2 p.G272del.

Notably, a de novo heterozygous variant p.G420E in TGFBR2was

detected in proband-106, who has bilateral coronal synostosis, mild

brachycephaly, and hypertelorism. This patient was initially diag-

nosed with nonsyndromic coronal craniosynostosis. Because muta-

tions in TGFBR2 reportedly cause Loeys-Dietz syndrome (Loeys

et al., 2005), we rechecked and found that the patient had slender fin-

gers, cleft palate, and tall stature, consistent with the clinical charac-

teristics of Loeys-Dietz syndrome. The clinical diagnosis of this

patient was therefore corrected. In addition, considering the TGFBR2

mutation was also associated with thoracic aortic aneurysms and

dissections, the patient was referred for echocardiography, CT,

MRI, and clinical examination of the thoracic aorta, which confirmed

normal dimensions. The patient was advised to conduct follow-up

checks regularly.

Previous studies have shown that the mutation spectra of cranio-

synostosis are variable in different regions (Paumard-Hern�andez

et al., 2015). To learn more about the global clinical diagnostic utility

of the knowledge mainly from the Western populations, we

compared the mutation spectra of the Chinese cohort with three

large cohorts from theWestern countries, including the UK, Australia,

and Spain (hereafter referred to as the Western cohorts, Table S5).

The most frequently mutated genes were the same (FGFR2,

FGFR3, TWIST1, TCF12), explaining 94.3% (99/105) of solved pa-

tients in the present study and 85.5% (470/550) in the Western

cohort. Moreover, the proportion of FGFR2 mutation was signifi-

cantly higher in the Chinese than in the Western cohorts (73.3% vs.

46.7%, respectively, P ¼ 4.4E-07), whereas the proportion of

FGFR3 mutation was significantly lower (8.6% vs. 17.1%, respec-

tively, P ¼ 0.028). In the mutation spectrum of each gene, the pat-

terns of FGFR2 and FGFR3 are similar in Chinese and Western

cohorts, whereas patterns of TWIST1 and TCF12 are more different

(Fig. 1D; Tables S6eS9). The over-representation of FGFR2mutation

in this study is likely to be caused by sampling bias at the plastic sur-

gery unit, where the sample collection took place, as patients with

FGFR2-related syndromes (Crouzon, Pfeiffer, Apert, and so on) are

more likely to seek plastic surgery correction (Goos and

Mathijssen, 2019). The high diagnostic rate in this study may also

be due to the same reason.

We further explored the genotype-phenotype correlation based

on a questionnaire of clinical features (Table S10), particularly of pa-

tients with FGFR2mutations, in which we have a relatively large sam-

ple size (Table S11). We found that the respiratory system was

significantly more frequently affected in FGFR2-positive patients

than in FGFR2-negative patients (57.7% vs. 20.8%, respectively,

P ¼ 6.0E-03) (Table S12). Consistent with previous studies

(Shotelersuk et al., 2002; Lajeunie et al., 2006), we found that several

recurrent amino acid changes (p.C342S/W/R/Y, p.W290S/L/C and
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splicing variants near c.940) were commonly associated with more

severe features. More than 75% of the patients carrying these amino

acid changes showed craniofacial abnormality, exophthalmos, or

respiratory abnormality (Table S13). As for the clinical features

associated with specific mutations, we found that patients with

p.C342S/W/R/Y were less likely to have digit abnormality

(P ¼ 9.3E-03, Table S14), probably because p.C342R is actually

the most common mutation in Pfeiffer syndrome. We also found

that patients with the splicing variants near c.940 were more likely

to have digit and foot abnormality (P ¼ 5.4E-04 for the digit,

P¼ 7.2E-03 for the foot, Table S14), probably because of the splicing

variants’ strong associations with Pfeiffer syndrome.

Taken together, by carrying out the first large-scale study on a

cohort of patients with craniosynostosis in China, we showed that

our custom-designed 17-gene sequencing panel could provide a

high yield of diagnoses in Chinese patients with craniosynostosis.

We also reported a substantial number of novel variants, expanding

the mutation spectrum of craniosynostosis.
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