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Abstract

Extensive studies that have sought causative mutation(s) for neural tube defects (NTDs) have 

yielded limited positive findings to date. One possible reason for this is that many studies have 

been confined to analyses of germline mutations and so may have missed other, non-germline 

mutations in NTD cases. We hypothesize that somatic mutations of planar polarity pathway (PCP) 

genes may play a role in the development of NTDs. Torrent™ Personal Genome Machine™ 

(PGM) sequencing was designed for selected PCP genes in paired DNA samples extracted from 

the tissues of lesion sites and umbilical cord from 48 cases. Sanger sequencing was used to 

validate the detected mutations. The source and distribution of the validated mutations in tissues 

from different germ layers were investigated. Subcellular location, western blotting, and luciferase 
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assays were performed to better understand the effects of the mutations on protein localization, 

protein level, and pathway signaling. ix somatic mutations were identified and validated, which 

showed diverse distributions in different tissues. Three somatic mutations were novel/rare: 

CELSR1 p.Gln2125His, FZD6 p.Gln88Glu, and VANGL1 p.Arg374His. FZD6 p.Gln88Glu 

caused mislocalization of its protein from the cytoplasm to the nucleus, and disrupted the 

colocalization of CELSR1 and FZD6. This mutation affected non-canonical WNT signaling in 

luciferase assays. VANGL1 p.Arg374His impaired the co-localization of CELSR1 and VANGL1, 

increased the protein levels of VANGL1, and influenced cell migration. In all, 7/48 (14.5%) of the 

studied NTD cases contained somatic PCP mutations. Somatic mutations in PCP genes (e.g., 

FZD6 and VANGL1) are associated with human NTDs, and they may occur in different stages and 

regions during embryonic development, resulting in a varied distribution in fetal tissues/organs.

Introduction

Neural tube defects (NTDs) are congenital malformations of the central nervous system that 

result from a failure of the neural tube to close during the third and fourth weeks post-

fertilization (Wallingford et al. 2013). This term encompasses a number of distinct clinical 

entities, including anencephaly, spina bifida, craniorachischisis, encephalocele, iniencephaly, 

and others. Although NTDs are considered a multifactorial disorder, arising from complex 

interactions of genetic and environmental factors, the genetic components are the dominant 

factors contributing to failed neural tube closure (Copp and Greene 2010). Evidence from 

human studies shows a multifactorial polygenic or monogenic etiology of NTDs (Copp and 

Greene 2010; Greene et al. 2009). Association studies have identified common polymorphic 

variants, particularly in relation to folate one-carbon metabolism, as risk factors for NTDs 

(Copp and Greene 2010; Greene et al. 2009). Next-generation sequencing (NGS) studies in 

humans have revealed multiple genes, particularly for the planar cell polarity (PCP) 

signaling pathway, that may account for some NTD cases (Copp and Greene 2010; Greene 

et al. 2009).

The PCP signaling pathway plays an essential role in the polarization and coordinated 

movement of cells during embryonic morphogenesis (Juriloff and Harris 2012). Mutations in 

PCP genes could lead to NTD-related phenotypes in mice, and digenic, trigenic, and 

oligogenic combinations of PCP variants may also cause mouse NTDs (Harris and Juriloff 

2010). There are several genes related to PCP that are pathogenic for human NTDs, 

including VANGL2 (Lei et al. 2010), VANGL1 (Kibar et al. 2007), CELSR1 (Allache et al. 

2012; Lei et al. 2014), FZD (De Marco et al. 2012), and DVL (De Marco et al. 2013).

At present, almost all reports of NTD-related mutations in humans are from studies that have 

used DNA extracted from blood or saliva samples, and the NTD-related mutations identified 

in these studies were all considered germline mutations. Germline mutations are zygotic 

variants that could lead to DNA changes in all cells of the fetus, while somatic mutations are 

postzygotic variants that can result in DNA variation between subsets of an organism’s cells 

in spite of undergoing development from a single fertilized egg (Poduri et al. 2013).

The importance of somatic mutations is well documented in cancer cells, and the 

contribution of somatic mutations to non-malignant disease has only been recognized 
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recently (Erickson 2010). Because mutations can occur randomly during mitotic cell 

division in embryonic development, somatic mutations are present in the clones of ensuing 

cells in one or more tissues of the body (Erickson 2010), including central nervous tissue. 

Given the exponential increase in cells during early neural development, a single mutation in 

a neural stem cell from the blastocyst can make a significant contribution to the embryo’s 

neural tissue. Somatic mutations have been described in several neurodevelopmental 

disorders, including neurofibromatosis type 1 and 2 (Tinschert et al. 2000), early-onset 

Alzheimer’s disease (Beck et al. 2004), hemimegalencephaly (Lee et al. 2012), and cerebral 

cortical malformations (Jamuar et al. 2014). Jamuar et al. (2014) reported a total of eight 

somatic mutations detected in cases with cerebral cortical malformations including double-

cortex syndrome, periventricular nodular heterotopia, and pachygyria. Lee et al. (2012) 

identified de novo somatic mutations in the PIK3CA, AKT3, and MTOR genes from 

hemimegalencephaly cases. However, the role of somatic mutations in NTDs, a group of 

severe neurodevelopmental disorders, has not previously been explored.

Owing to the tremendous recent advances in DNA-sequencing technology, it is now possible 

to sensitively detect small levels of mosaicism in genomic DNA samples, which makes the 

detection of somatic mutations much easier and more sensitive than it had been previously. 

Thus, NGS can now be used to screen for somatic mutations. The analytical NGS platform 

can compare sequencing data for lesion tissue and matched normal tissue from the same 

individual to identify somatic mutations.

In the present study, we observed somatic mutations for the first time in PCP pathway genes 

from impaired neural tissues in NTD-affected fetuses, and we tested the source and 

distribution of the identified somatic mutations in multiple tissues, including skin, muscle, 

thymus, lung, and heart. We also performed functional studies on the somatic mutations 

identified to reveal the possible underlying biological mechanisms leading to failure of 

neural tube closure.

Materials and methods

Study population

The subjects were recruited from five rural counties of Shanxi Province (Xiyang, Shouyang, 

Taigu, Pingding, and Zezhou) in northern China from 2011 to 2014 (Wang et al. 2017). The 

NTD cases were fetuses terminated following the prenatal diagnosis of an NTD. Cephalic 

tissue from anencephalic cases and spinal cord tissue from cases with myelomeningocele 

were collected by experienced pathologists. For comparison, umbilical cord tissue (derived 

from the mesoderm), skin tissue (from the non-neural ectoderm), heart and muscle tissue 

(from the mesoderm), and thymus and lung tissue (from the entoderm) were also collected. 

Venous blood samples were collected from NTD case mothers at delivery or the time of 

termination of the NTD-affected pregnancies. Dried blood spots were collected from the 

fathers. Fetal tissue and maternal blood samples were stored at − 80 °C, and the dried blood 

spots were stored at − 20 °C until DNA extraction.

Tian et al. Page 3

Hum Genet. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Paternity testing was performed on all of the available fetal and parental samples by 

genotyping a panel of polymorphic short tandem repeats to exclude false paternity and to 

establish that a parent was a study subject’s actual biological parent.

The study protocol was approved by the institutional review board of Peking University 

(Beijing, China), and written informed consent was obtained from all of the mothers prior to 

the beginning of the investigation. Phenotypic information on the NTD cases is shown in 

Supplemental Table 1.

Pathological examination

Histopathological examination with HE staining was performed to confirm the type of tissue 

source for the genetic analyses (Fig. S1). The tissues were fixed in 10% neutral formalin 

overnight, stored in 70% ethanol, and embedded in paraffin. Sections of 4 μm were obtained, 

dewaxed, hydrated, and treated with 3% H2O2 to quench endogenous peroxidase. The 

paraffin sections were treated sequentially with xylene, ethanol at different concentrations 

(75%, 85%, and 95%; 2 min each), distilled water (2 min), Harris hematoxylin (1 min), 10% 

ethanol in acid (several seconds), flowing water (1 min), ethanol again at different 

concentrations (75%, 85%, and 95%; 2 min each), 1% eosin (1 min), 95% ethanol (several 

seconds), 100% ethanol (twice; 10 min each), and again with xylene (twice; 10 min each). 

The sections were mounted and observed under a light microscope, and representative 

photographs were captured.

DNA extraction

Fetal DNA from various tissue sources was extracted using the QIAamp DNA Mini Kit 

Tissue kit (Qiagen, Germany). Maternal DNA from blood was isolated using the QIAamp 

DNA Mini Kit Blood kit (Qiagen, Germany), and paternal DNA from dried blood spot was 

extracted using the QIAamp DNA Mini Kit Blood spot kit (Qiagen, Germany). The 

concentration of DNA was measured using the NanoDrop2000 Ultra-micro 

spectrophotometer (Thermo Fisher Scientific, USA). All of the DNA samples were stored at 

− 80 °C until analyzed.

Ion torrent personal genome machine (PGM) sequencing

To capture all exons and intron-exon boundaries for the target genes (RefSeq database, hg19 

assembly), a multiplex amplification was designed online (Ion AmpliSeq Designer; https://

www.ampliseq.com). The targeted gene panel included 14 genes: CELSR1, DACT1, DVL1, 

DVL2, DVL3, FZD6, PRICKLE1, PRICKLE2, SCRIB, SEC24B, VANGL1, VANGL2, 

WNT5A, and GRHL3 (Supplemental Table 2). A total of 331 primer pairs were provided by 

the manufacturer (Life Technologies). The extracted DNA was electrophoresed to determine 

the degradation degree, then the genome DNA was diluted to 5 ng/μL. About 10 ng DNA 

was amplified by PCR using the premixed primer pool and the Ion AmpliSeq Library Kit 

2.0. A water-in-oil reaction was performed with the Ion OneTouch™ 200 Solutions Kit v2 

Instrument (Life Technologies). The enrichment of ion sphere particles (ISPs) was carried 

out on the Ion One-Touch ES instrument. The prepared samples were loaded onto a 318™ 

sequencing chip (Life Technologies), and the enriched ISPs were sequenced in the Ion PGM 

instrument. The raw data from the PGM runs were analyzed with the Coverage Analysis and 
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Variant Caller plugins available within the Torrent Suite™ Software from the PGM 

platform, and were annotated with Ion Reporter. The coverage data, identification of low-

frequency mutations, and mutation annotation were achieved using the Ampliseq Tumor-

Normal sample workflow within the Ion Reporter suite v4.6. The inclusion criteria for 

somatic mutation during this stage were (1) sequencing depth of mutation ≥ 100 × and 

alternate-allele read frequency in PGM > 5%; (2) p ≤ 5 × 10−5; (3) frequency of mutation in 

broader population lower than 5%; and (4) missense or loss of function mutation.

PCR and Sanger sequencing validation

Sanger sequencing was used to validate the filtered protein-altering mutations in the target 

genes. The NCBI/Primer-BLAST online tool was used to design the PCR primers 

(Supplemental Table 3). The PCR reaction volume was 50 μL, composed of 2 × Taq PCR 

Green Mix 25 μL, ddH2O 15 μL, forward and reverse primers 2 μL, and template DNA 6 μL 

(20 ng/μL). The PCR reaction program was as follows: 37 cycles of 94 °C for 12 min (94 °C 

for 30 s; 58 °C for 30 s; 72 °C for 30 s); 72 °C for 10 min; Sequencing was performed using 

the BigDye Terminator v3.1 Cycle Sequencing Kit and a 3130XL Genetic Analyzer 

(Applied Biosystems). The results were processed with Mutation Surveyor 4.0.8. The source 

and distribution were further explored for the validated mutants when DNA samples from 

tissues of skin, heart, muscle, thymus, and lung of the fetuses or the blood of the parents 

were available.

Plasmids

Mouse Fzd6 cDNA was cloned into a Cherry-C1 plasmid (K4-Fzd6-Cherry) and pEGFP-C1 

Mouse Ceslr1 cDNA that was cloned into a pEGFP-N1 plasmid (pEGFPN1-Celsr1), 

obtained from Dr. Elaine Fuchs’s laboratory (Devenport and Fuchs 2008) (The Rockefeller 

University, New York, USA). pcDNA3.1+/C-eGFP-VANGL1 construct (clone ID: 

OHu10988) was purchased from the Genscript Company (Piscataway, NJ 08854, USA). 

Fzd6 p.Gln88Glu and VANGL1 p.Gly644Val mutations were introduced into their wild-type 

(WT) constructs through site-directed mutagenesis using GeneArt® Site-Directed 

Mutagenesis System (Thermo Fisher Scientific, CAT#: A14604). All plasmids were 

validated by sequencing analyses. M50 Super 8 × TOPFlash (Veeman et al. 2003a, b), 

human beta-catenin pcDNA3, and pcDNA3-S33Y beta-catenin (Kolligs et al. 1999) were 

purchased from Addgene (https://www.addgene.org/ ). The pAP1-Luc reporter construct 

(Part#: 219074) was purchased from Agilent.

Subcellular localization

MDCK II cells were purchased from Sigma-Aldrich and cultured in Eagle’s minimum 

essential medium (Gibco™) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS, Gibco™) and 1% Antibiotic-Antimycotic (Gibco™). Cultures were maintained at 37 

°C in a humidified atmosphere containing 5% CO2. Then, 20 h before transfection, cells 

were plated at a density of 3 × 105 cells per mL onto 18 mm coverslips (Corning, Corning, 

NY). Plasmids were transfected using Lipofectamine2000 (Invitrogen™), according to the 

manufacturer’s protocol. After 48 h culturing, cells were fixed with 4% paraformaldehyde 

on coverslips for 15 min and then rinsed with PBS. Cells were blocked in 3% BSA for 1 h 

and then incubated in anti-rabbit-GFP (1:500, Abcam, MA, USA), anti-rabbit-VANGL1 

Tian et al. Page 5

Hum Genet. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.addgene.org/


(1:800, Cell Signaling Technology, Danvers, MA), and anti-rabbit-mCherry (1:2000, 

Abcam, MA, USA) overnight. After being rinsed three times with PBS, the cells were 

incubated with secondary antibody (1:2000; Alexa Fluor 647, Alexa Fluor 488, Life 

Technologies). Cells were finally stained with DAPI (300 ng/mL) for 2 min. Images were 

taken using a deconvolution microscope (Nikon T2).

Western blotting assay

HEK293T cells were grown in Dulbeco’s modified Eagle’s medium (Gibco™) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco™) and 1% 

Antibiotic-Antimycotic (Gibco™), and were maintained at 37 °C in a humidified 

atmosphere containing 5% CO2. The cells were transfected with constructs of mCherry-

Fzd6 and GFP-VANGL1 (WT or mutants) using Lipofectamine2000 and cultured for 48 h. 

Cells were rinsed with cold PBS twice and then lysed with 1 × NP40 Lysis buffer 

(Invitrogen™) with cOmplete™ ULTRA Tablets (Millipore Sigma) for 20 min. The protein 

lysates were immunoblotted with antirabbit-GFP, anti-mCherry, and anti-rabbit-GAPDH 

(1:1000, Cell Signaling, Danvers, MA, 2218S) overnight. IRDye® 800CW goat anti-rabbit 

IgG secondary antibodies (LI-COR, Cambridge, UK) were cultured for 1 h. The images 

were captured using Odyssey® (LI-COR). The statistical analyses were performed using a 

Student t test on data obtained from three independent experiments.

Live cell imaging for cell migration analyses

HEK293T cells were plated on 35 mm glass-bottomed microwell petri dishes (MatTek 

Corporation, Ashland, MA) at a confluence of 2.5 × 105. Then they were transfected with 

1.5 μg GFP-VANGL1 (WT or Mutant) or 1.5 μg mCherry-FZD6 (WT or Mutant) using 

Lipofectamine 2000 and cultured for 24 h at 37 °C in an incubator supplied with 5% CO2. 

Then the culture dish was placed into a temperature-controlled stage (Tokai Hit, Shizuoka-

ken, Japan) pre-warmed at 37 °C and supplied with 5% CO2. Images were acquired every 10 

min for a total time of 2 h per condition using a CFI Plan Apochromat Lambda 20 ×, NA = 

0.45, mounted on a Nikon Eclipse Ti2-E with Yokogawa W1 Spinning Disk Confocal 

Microscope and Photometrics Prime 95B sCMOS camera with NIS-Elements AR software. 

Then cell migration analyses were performed using a manual tracking method available in 

Fiji (ImageJ) software. Graphs were developed using Graphpad Prism software. All values 

are represented as the standard error of the mean (SEM). Statistical significance was 

determined using Student’s t test, and p values of less than 0.05 were considered statistically 

significant.

Luciferase reporter assays

HEK293T cells were transfected with mCherry-Fzd6 (WT or Mutant); GFP-VANGL1 (WT 

or Mutant) along with TOP-Flash, which is a Wnt pathway signaling marker (Veeman et al. 

2003a, b; Lei et al. 2015), or pAP1-Luc, which was used to measure activation of the non-

canoncial Wnt/PCP pathway signaling (Lei et al. 2015); and Renilla-TK plasmid. Cells were 

lysed for 24 h post-transfection with passive lysis buffer (Promega, Madison, WI). The 

luciferase activity was measured using a Dual Luciferase Assay Kit (Promega, Madison, 

WI). The Biotek-2 plate reader was used to read the luminescence activity. A one-way 

ANOVA test was performed to compare the luciferase signaling among the three groups, and 
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then multiple comparisons between subgroups were performed using the multiple 

comparison method.

Bioinformatics and data analyses

The detected mutants were compared with the dbSNP (https://www.ncbi.nlm.nih.gov/snp), 

GenomAD, and ExAC (https://exac.broadinstitute.org/) databases. The effects of the 

mutations on protein function were predicted using SIFT (https://sift.jcvi.org/) and 

PolyPhen2 (https://genetics.bwh.harvard.edu/pph/). Clustal-Omega 1.2.1 software (https://

www.ebi.ac.uk/Tools/msa/clustalo/) was used to estimate the conservation of proteins 

between different species. Localization of the mutations in their protein domains was 

assessed using Pfam 32.0 (https://pfam.xfam.org/). Mutation Surveyor 4.0.8 software was 

used to analyze Sanger sequencing data.

The relative protein level (mean ± SE) was analyzed using Student’s t test, while the 

incidence of abnormal location cells between the WT and mutation groups was compared 

using a Chi-square test. Values of p < 0.05 were considered statistically significant.

Definition of somatic mutation

Umbilical cord tissue was designated as control tissue, as it is one of the earliest embryonic 

tissues to develop post-conception (Krzyzanowski et al. 2019). The mutation that occurred 

in the tissue at the site of the neural tube lesion but did not occur in the umbilical cord tissue 

of the same NTD case was defined as a somatic mutation (Knudson 1971).

Results

Somatic mutations identified by targeted next-generation sequencing

Paired tissue samples from neural tube lesions and umbilical cords from 48 NTD cases were 

collected and analyzed. A detailed pathological examination of the lesion tissue was 

performed. As shown in Figure S1, the cells of the spinal cord tissue from spina bifida 

fetuses showed more pyknosis, nuclear fragmentation, and karyolysis than those of the 

normal spinal cord tissue, indicating the degradation and necrosis of these cells. The cells of 

the brain tissue from anencephalic fetuses also showed more degradation than the control 

brain tissue.

Targeted NGS was performed on both lesion and umbilical cord DNA samples from the 48 

NTD cases, after intronic and synonymous mutations were filtered and excluded, a total of 

15 protein-altering somatic single nucleotide variants were located in 10 PCP genes, 

identified with a mean depth of approximately 480 × coverage (Table 1). Among the 15 

somatic mutations, eight had alternate-allele read frequencies greater than 40%, and the 

alternate-allele read frequencies of seven were lower than 40%. Nine mutations were novel, 

not found in publicly available control databases, and five mutations were rare in control 

populations, with minor allele frequencies of less than 1%. Moreover, the mutations of 

DACT1 c.1751T>A, DVL1 c.1568G>T, DVL3 c.1178G>A, FZD6 c.1777C>A, FZD6 
c.1991C>A, SCRIB c.1931G>T, VANGL1 c.1121G>A, VANGL2 c.1088T>A, and 

c.1392C>G were predicted to be deleterious.
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Validation by Sanger sequencing

To validate the identified mutations and further examine the source and distribution of the 

somatic mutations, Sanger sequencing was performed, using DNA isolated from tissues at 

the lesion site and from the epidermis, heart, muscles, thymus, and lungs of the NTD-

affected fetuses and the blood of their parents. Mutations with alternate-allele read 

frequencies greater than 40% were validated (Table 2). Notably, all of the mutations showed 

diverse distributions in different tissues from different germ layers.

The mutations CELSR1 c.6375G>C (A07), DACT c.1192C>T, DVL2 c.1195A>G, FZD6 
c.1991A>C (A07, A18, A23), FZD6 c.262C>G (A13), and VANGL1 c.1121G>A (A13) 

only occurred in neural tube lesion tissues, indicating that these somatic mutations may only 

take place in the impaired neural tissues of NTD cases. DVL2 c.1195A>G was detected in 

both lesions and skin tissue, both of which are from ectoderm, whereas neither were found 

in germ layers nor in the parents. SCRIB c.1931G>T and CELSR1 c.1666C>G were 

identified not only in lesion tissue of fetus A05 but also in other tissues from all three germ 

layers, as well as in one of the parents, so they could have been inherited from one of the 

parents. We removed these two mutations from the somatic mutations and did not perform 

further functional analyses on them (Table 2).

Bioinformatics analyses for validated novel/rare somatic mutations

Among the six validated somatic mutations, CELSR1 c.6375G>C (p.Gln2125His), FZD6 
c.262C>G (p.Gln88Glu), and VANGL1 c.1121G>A (p.Arg374His) were novel mutations, 

suggesting that these three somatic variants may indicate risk for human NTDs. As shown in 

Fig. 1a, the VANGL1 p.Arg374His mutant was located within the strabismus protein domain 

(Strabismus 2) of VANGL1. FZD6 p.Gln88Glu was located in the Fz domain of FZD6, 

which is also known as the cysteine-rich domain. The CELSR1 p.Gln2125Glu was not 

within the functional domain of the proteins. The conservation estimation showed that the 

amino acid position of VANGL1 p.Arg374His is highly conserved in various species. FZD6 
p.Gln88Glu remains conserved within mammals. CELSR1 p.Gln2125His is not conserved 

between species (Fig. 1b). Based on the bioinformatics data, we performed functional 

studies on VANGL1 p.Arg374His and FZD6 p.Gln88Glu. The Sanger sequencing 

chromatogram of these two mutations is shown in Fig. 2.

Effects of FZD6 p.Gln88Glu and VANGL1 p.Arg374His on protein levels and protein 
subcellular location

We initially examined the influence of identified mutations on protein subcellular location. 

The constructs of mCherry-FZD6 (WT and mutant) and GFP-VANGL1(WT and mutant) 

were overexpressed in MDCKII cells. WT FZD6 was primarily located in the cytoplasm. 

However, FZD6 p.Gln88Glu was spread throughout not only the cytoplasm but also the 

nucleus (Fig. 3a). WT VANGL1 protein was expressed in the cytoplasm and plasma 

membrane. The VANGL1 p.Arg374His mutant proteins were observed throughout the 

cytoplasm, rather than being enriched in the plasma membrane. The fluorescence of the 

VANGL1 mutant protein was significantly higher than that of the WT, which implies that the 

mutation may affect the observed protein levels (Fig. 3c). Western blotting assays were 

performed, and although the FZD6 mutation showed slightly higher protein levels than the 
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WT, there were no statistically significant differences between the two groups (Fig. 3b). 

However, the protein levels of VANGL1 p.Arg374His were significantly higher than the WT 

(p < 0.05), consistent with the immunofluorescence data in the subcellular assay, indicating 

that the mutations could enhance the expression or protein stability of VANGL1 (Fig. 3d).

Co-localization of FZD6 p.Gln88Glu and VANGL1 p.Arg374His on the CELSR-FZD6/CELSR-
VANGL1 membrane

VANGL1 and FZD6 are membrane proteins that control cell polarity. They localize to cell 

contacts after combining with other proteins (Lei et al. 2015; Devenport et al. 2017). Celsr1, 

similar to Fmi in the Drosophila wing, is required to junctionally localize Vangl1/2 and Fzd6 
(Devenport and Fuchs 2008; Strutt 2001; Bastock et al. 2003). Therefore, in this study, we 

co-transfected Celsr1-Vangl1 (WT and mutant) and Celsr1-FZD6 (WT and mutant) into 

MDCKII cells. As a result, WT FZD6 and the WT VANGL1 co-localized with Celsr1 at the 

point of cell-cell junction. FZD6 p.Gln88Glu mutation caused Celsr1 and FZD6 to be 

expressed ubiquitously in cells, rather than being confined to the cell membrane. Similarly, 

VANGL1 p.Arg374His and Celsr1 failed to co-locate to the cell membrane (Fig. 4a, c). The 

statistical analyses showed that, compared to WT groups, the incidences of abnormal 

localization in the VANGL1 p.Arg374His and FZD6 p.Gln88Glu groups were significantly 

higher (Fig. 4b, d).

The effect of FZD6 p.Gln88Glu and VANGL1 p.Arg374His on cell migration and canonical/
non-canonical Wnt signaling pathway

The potential effects of the FZD6 and VANGL1 mutations on cell migration were examined 

by transfecting the constructs of FZD6 (WT and mutant) and VANGL1 (WT and mutant) 

into HEK293T cells (Fig. 5a). Neither the velocity nor the distance of cell migration 

between the FZD6 WT and mutant group showed a significant difference (Fig. 5b, c). There 

were significant differences in the velocity and distance of cells transfected with VANGL1 
WT and mutant plasmids. The mutant of VANGL1 showed higher velocity and longer 

distance than WT of VANGL1 (Fig. 5d, e).

The topflash reporter gene was used to measure canonical WNT signaling in HEK293T 

cells, while the pAP1-Luc reporter gene was used to represent non-canonical expression 

levels in WNT signaling. Both the FZD6 WT and mutant genes significantly downregulated 

canonical Wnt signaling. There were no differences between the WT and the mutant groups, 

indicating that p.Gln88Glu did not influence the regulation of FZD6 in terms of canonical 

Wnt signaling (Fig. 6a). WT FZD6 did not show any significant differences from the 

negative control in AP1. However, the mutant showed significantly increased expression of 

AP1 (p = 0.044), which implies that FZD6 p.Gln88Glu partially upregulated non-canonical 

Wnt signaling (Fig. 6b). As shown in Fig. 6c, both WT and mutated VANGL1 negatively 

regulated the canonical Wnt signaling pathway (p < 0.05), but the two were not significantly 

different (p = 0.829). Moreover, WT VANGL1 slightly decreased the non-canonical Wnt 

signaling pathway, while the mutation upregulated it. There was no significance between the 

neg-control and mutant group (Fig. 6d).
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Discussion

All of the NTD-associated mutations reported in humans to date have been considered to be 

of possible germline origin. We detected somatic mutations in key PCP pathway genes in the 

neural tissues from NTD-affected fetuses for the first time. These may provide unique 

insight into the etiology of NTDs. Using targeted NGS in paired neural-umbilical cord DNA 

samples, we identified 15 NTD-related somatic mutations in 48 NTD-affected fetuses. 

Sanger sequencing is sensitive to somatic mutations at an alternate-allele read frequency 

greater than 17% (Jamuar et al. 2014), so we identified six variants with 17% or higher 

alternate-allele read frequencies on which to perform Sanger sequencing. Each was validated 

by Sanger sequencing. They varied in germ layer origin and in distribution among various 

organs and tissue samples. CELSR1 p.Gln2125His, FZD6 p.Gln88Glu, and VANGL1 
p.Arg374His are novel mutations. Functional studies demonstrated that FZD6 p.Gln88Glu 

and VANGL1 p.Arg374His affected the subcellular location of the protein, the protein level, 

and the effects of the genes on the canonical or non-canonical WNT pathway. These findings 

suggest that the somatic mutations of the PCP pathway genes in neural tissue could perhaps 

be associated with human NTDs.

Multiple animal studies and a few human studies related to germline mutations have clearly 

demonstrated that the PCP pathway genes play a critical role in neural tube closure. Frizzled 

(FZDs), Strabismus (STB), and Vang-like (VANGLs) are core genes in the PCP pathway and 

are essential to neural tube development (Schulte and Bryja 2007). Double-mutant Fzd3−/−/
Fzd6−/− embryos exhibited craniorachischisis and curled tail with a 100% penetrance (Wang 

et al. 2006), providing direct evidence for a functional connection between PCP components 

and the fusion processes of mammalian tissue, including neural tubes (Wang et al. 2006). 

Several human studies have reported germline mutations of FZD6 in different human NTD 

populations (De Marco et al. 2012; Shi et al. 2014). In the present study, we identified two 

somatic mutations (c.1991C>A [p.Ala664Glu] and c.262C>G [p.Gln88Glu]) in FZD6 in 

NTD cases. FZD6 p.Gln88Glu is located in the Fz domain of FZD6, which is necessary and 

sufficient for Wnt ligand binding to the surface of expressing cells (Xu and Nusse 1998). A 

previous study reported that in the cells of the embryonic epidermal basal layer, Celsr1 is 

required to recruit Vangl2 and Fzd6 to sites for cell-cell contact, thus controlling cell polarity 

and driving the orientation of the hair follicles along the anterior-posterior axis (Devenport 

and Fuchs 2008). Cell functional assays showed that this mutation could lead to a 

mislocation of FZD6 from the cytoplasm to the nucleus, which would impair the co-

localization of FZD6 and CELSR1 and partially upregulate non-canonical Wnt signaling. 

Thus, we assumed that the somatic mutant of FZD6 c.262C>G may be associated with the 

occurrence of NTDs.

Vang1 is another key gene in the PCP pathway. It has four predicted transmembrane 

domains and a cytoplasmic domain that includes a PDZ-binding motif that mediates protein-

protein interactions (Torban et al. 2004). Mice with Vangl1 mutations display subtle changes 

in the polarity of the inner hair cells of the cochlea. Mice heterozygous for both Vangl1 and 

Vangl2 mutations present with severe craniorachischisis, inner ear defects, and cardiac 

abnormalities (Torban et al. 2008). Kibar et al. identified three mutations (p.Val238Ile, 

p.Arg274Gln, and p.Met328Thr) in the VANGL1 gene in 144 Italian NTD patients (Kibar et 
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al. 2007). Bartsch et al. performed direct sequencing of the VANGL1 gene and identified 

three different heterozygous missense mutations (p.Arg173His, p.Arg186His, and 

p.Gly205Arg) in 3 of 144 unrelated patients with various forms of NTDs from Slovakia, 

Romania, and Germany (Bartsch et al. 2012). However, these findings are mainly about 

germline mutations. Our study detected a novel somatic mutation of VANGL1 c.1121G>A 

p.Arg374His, which was validated by Sanger sequencing. The VANGL1 p.Arg374His 

mutant was located within the strabismus protein domain (Strabismus 2) of VANGL1, which 

is implicated in the binding of several other PCP genes (Katoh and Katoh 2005; Katoh 

2002). We further examined functional changes in this variant. We determined that the 

p.Arg374His VANGL1 mutation increased the protein level of VANGL1 and disturbed the 

co-dependent localization of this VANGL1 with CELSR in relation to the cell membrane 

and influenced the migration of cells, which implies that the somatic mutation of VANGL1 
is likely pathogenic for NTDs.

In all vertebrates, the gastrulating embryo forms a gastrula with either two or three layers 

during early embryogenesis. The three layers found in human embryos, called germ layers, 

differentiate into all adult tissues and organs. Henrique et al. (2015) showed that after 

gastrulation, the ectoderm and mesoderm (perhaps also the endoderm) can arise from single 

neuro-mesodermal progenitor (NMP) cells in the caudal region of the embryo and the whole 

lower spinal cord is formed from NMPs (Henrique et al. 2015). In this study, the somatic 

mutations were identified from the neural tissues of NTD-affected fetuses, which developed 

from the neural ectoderm or NMPs. We further examined the source and distribution of these 

somatic mutations in different tissues from three germ layers, including the epidermis, 

derived from the ectoderm; the heart and muscle tissues, which are mesoderm in origin; and 

the thymus and lungs, which are from the endoderm. Their distribution suggested that these 

somatic mutations might occur at different developmental stages and within different regions 

during the course of embryogenesis. In NTD parents whose offspring were identified as 

having somatic mutations, the corresponding mutations were also detected in blood samples 

of those that were available for study. We found that somatic mutations of DVL2 
c.1195A>G, FZD6 c.262C>G, and VANGL1 c.1121G>A were absent in parents and in other 

normal organs, indicating that these mutations were not inherited from their parents and 

occurred in the neural tissue of the fetus. In addition, some mutations, considered in 

reference to somatic changes in the fetus, were detected in other normal organs from 

different germ layers, which implies that gene somatic mutations may happen randomly 

anytime and anywhere during embryonic development.

This study represents the first examination of somatic mutations in NTDs. The genetic 

information in DNA can be changed through either inducibility or spontaneity at any time 

when the cell is at rest or actively engaged in transcription, replication, or repair. A mutation 

may arise when an incomplete repair or misrepair occurs, although most lesions in DNA are 

repaired by cellular repair mechanisms. There is a significant body of evidence 

demonstrating that initiation of cancer is driven by clones carrying somatic mutations 

(Erickson 2010; Sorsa 1980). Similarly, embryonic development is characterized by rapid 

proliferation and differentiation. An early-stage mutation in an embryonic stem cell in the 

blastocyst can affect all of the cells within the organism that are differentiated from the 

mutation-carrying clone. The central nervous system seems particularly vulnerable to 

Tian et al. Page 11

Hum Genet. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



somatic mosaicism, given its exponential division rate, which might explain the potential 

role of somatic mutations in the etiology of congenital malformations of the central nervous 

system, including NTDs.

At present, there is no consistent conclusion about the relationship between somatic 

mutation and neurodegeneration. Several previous studies have reported that somatic 

mutations may affect cell proliferation and survival and contribute to neurodegeneration 

(Leija-Salazar et al. 2018; McConnell et al. 2017). Those findings on some level support our 

hypothesis that somatic mutation may be the cause of neurodegeneration. On the other hand, 

other studies have found that harmful items during neurodegeneration would cause DNA 

breaks that are genome wide (Suberbielle et al. 2013; Violet et al. 2015). Because neural 

tissues can only be obtained after the closure failure of the neural tube is confirmed and at 

the time of pregnancy termination, tissue degeneration is inevitable. Therefore, we cannot 

completely rule out the possibility that the somatic mutations identified in this study were 

caused by tissue degeneration. However, the fact that the two identified mutations of FZD6 
and VANGL1 had a series of influences on protein functions supports our hypothesis that the 

mutations are causes rather than consequences of neural tube closure failure. Obviously, 

further studies are needed to confirm our findings.

Previous chimera studies of the loop-tail (Vangl2) mouse mutant combined both mutant and 

WT cells in all tissues of the embryo and showed that the proportion of mutated cells 

determines the phenotype of NTDs (Musci and Mullen 2003; Ybot-Gonzalez et al. 2007). 

Those with high proportions of mutant cells develop NTDs, and those with low proportions 

develop normally, implying that the somatic mutation of PCP pathway genes may play a 

potentially important role in the occurrence of NTDs. In the PGM sequencing of this study, 

alternate-allele read frequencies could reflect the percentage of mutant reads to total reads. 

Six mutations with more than 40% altered allele frequencies in neural tissues were validated, 

with a mutation burden of 42.0–55.9% in neural tissues. The detected somatic mutation sites 

did not show in the umbilical cord tissue. As the human genome is diploid and these 

mutations are supposed to be present in only one of two alleles, we infer that a substantially 

higher percentage (perhaps more than 80%) of cells carry mutations in these lesion regions. 

This frequency is high enough to cause disorders during neural tube closure.

In conclusion, we found that somatic mutations of core PCP pathway genes in neural tissues 

may be related to the formation of NTDs. These somatic mutations could occur at different 

stages and in different regions during embryonic development, resulting in varied 

distributions in the fetal tissues/organs. Further study is required to examine the tissue 

specificity or mechanisms of somatic mutations leading to mosaicism.
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Fig. 1. 
Bioinformatic analyses of the four validated somatic mutations. a Conserved domains, total 

scheme of target genes, and positions of the detected mutations. b Partial alignment of 

human target PCP pathway genes with four other orthologous sequences
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Fig. 2. 
Sanger sequencing map of VANGL1 and FZD6 in sample A13. A heterozygous mutation of 

FZD6 c.262C>G is shown in a lesion from NTD case A13. No evidence for the c.262C>G 

mutation was found in DNA obtained from umbilical cords, skin, hearts, muscles, thymus, 

or lungs from NTD cases or from the blood of their parents. Similarly, a heterozygous 

mutation of VANGL1 c.1121G>A was found in the NTD lesion site but not in other 

normally formed organs nor in the blood of the parents. The color codes for the nucleotide 

peaks are A, green; T, red; C, blue; and G, black. The positions of interest are highlighted by 

vertical red lines
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Fig. 3. 
Mutated constructs affect subcellular localization of FZD6 and VANGL1 and their protein 

level. a MDCK-II cells were transfected with mutant and wild-type constructs of mCherry-

FZD6 for 48 h incubation and then were imaged under a deconvolution microscope. 

WT/WTU wild type. b HEK293T cells were transfected with mCherry-FZD6 (WT and 

mutants) for 48 h and then Western blotting assays were performed to determine the protein 

levels. The predicted size of WT and mutant constructs were 108 KD. A Western blotting 

assay was repeated three times, and t tests of the relative expression for GAPDH were 

compared between the WT and the mutant group; ns not significant. c MDCK-II cells were 

transfected with mutated and wild-type constructs of GFP-VANGL1 for 48 h incubation and 

were imaged under a deconvolution microscope. WT wild type. d HEK293T cells were 

transfected with GFP-VANGL1 (WT and mutants) and a Western blotting assay was 

performed. The predicted sizes of WT and the mutant constructs are 85 KD. A Western 

blotting assay was repeated three times and t tests of the relative expression for GAPDH 

were compared between WT and the mutated group. *p < 0.05
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Fig. 4. 
Co-localization of FZD6 with CELSR1, VANGL1 with CELSR1. a The MDCK-II cells 

were co-transfected with GFP-Celsr1 (green) and mCherry-FZD6 (red). Then an 

immunostaining assay was performed to examine the subcellular co-localization of the wild-

type (WT) and mutated group with CLESR1. The WT of the FZD6 construct was co-

localized with Celsr1 to cell-cell borders, while the mutant of FZD6 affected the transfer of 

FZD6 and Celsr1 to the cell border. b Under the microscope, ten field versions were selected 

randomly, and the proportion of the mislocated cells was calculated. The proportions of 

mislocated cells in the WT group and mutated group were compared using a Chi-square test. 

Normal: FZD6 and Celsr1 were co-localized to the cell and the cell border. Abnormal: FZD6 

or Celsr1 failed to localize to the cell-cell contact. c The MDCK-II cells were co-transfected 

with GFP-Celsr1 (green) and GFP-VANGL1 (CY5). An immunostaining assay was 

performed to examine the sub-cellular co-localization of the WT and mutated group with 

CLESR1. The cells were stained with anti-VANGL1 primary antibody and Alexa Fluor 647 

secondary antibody. The signal of VANGL1 was observed on the CY5 channel. The WT of 

VANGL1 was co-localized with Celsr1 to cell-cell borders, while the mutant of VANGL1 
failed to transfer Celsr1 to the cell border. d Under the microscope, ten field versions were 

selected randomly and the proportion of the mislocated cells were calculated. The 

proportions of mislocated cells in the WT group and in the mutated group were compared 

using a chi-square test. Normal: the VANGL1 and Celsr1 were co-localized to the cell and 

cell border. Abnormal: VANGL1 or Celsr1 failed to localize to the cell-cell contact
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Fig. 5. 
Single-cell tracking and collective migration analyses. a Representation of the trajectory of 

HEK293T cells (here transfected with mutant GFP-VANGL1) to determine migration 

velocity and distance traveled. b Graph showing the comparison of the average migration 

velocity of cells transfected with FZD6 wild-type (WT) and mutant constructs. c Graph 

comparing the average migrating distance of the cells transfected with FZD6 WT and 

mutant constructs. d Graph representing the average migration velocity of the cells 

transfected with VANGL1 WT and mutant constructs. e Average migration distance of cells 

transfected with VANGL1 WT and mutant constructs. The statistically significant 

differences were determined using Student’s t test. Values of p less than 0.05 were 

considered statistically significant; ns, nonsignificant
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Fig. 6. 
Luciferase assay for non-canonical/canonical Wnt signaling pathway. A one-way ANOVA 

test was performed first to compare luciferase signaling among the three groups, and 

multiple comparisons was subsequently carried out between subgroups using the LSD 

method. Topflash signal relative to Renilla represents canonical WNT signaling, in which 

the AP1 represents non-canonical WNT signaling. a The effects of FZD6 on canonical WNT 

signaling. An ANOVA test showed that there were significant differences among the three 

groups (p = 0.016). Both WT and mutant FZD6 decreased canonical WNT signaling, but 

there was no difference between WT and mutant. b The effects of FZD6 on non-canonical 

WNT signaling. There were no significant differences among the three groups (ANOVA test, 

p = 0.055). However, multiple comparisons showed that compared to negative control, the 

FZD6 mutation increased non-canonical WNT signaling pathway expression (p = 0.020). c 
The effects of VANGL1 on canonical WNT signaling. The three groups did not show any 
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significant differences (ANOVA test, p = 0.099). The mutant VANGL1 showed decreased 

canonical WNT signaling compared to negative control (p = 0.049). d The effects of 

VANGL1 on non-canonical WNT signaling. An ANOVA test and multiple comparison tests 

showed that VANGL1 WT and mutant did not influence the non-canonical WNT signaling 

pathway. *Significant (p < 0.05) regulation; ns nonsignificant
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