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Abstract
Background: To screen the single nucleotide polymorphisms (SNPs) in the cod-
ing regions of VANGL and FZD family members related to the plane cell polarity 
(PCP) signaling pathway in neural tube defects (NTDs) patients, so as to provide 
theoretical and experimental basis for the prevention and treatment of NTDs by 
intervening PCP signal transduction.
Methods: 112 NTDs patients were collected as the case group and 112 craniocer-
ebral trauma patients as control. Afterwards, blood genomic DNA was extracted 
and sequenced. The distribution of SNP alleles and genotypes between case and 
control groups was analyzed. Finally, the NTD rat model was constructed, and 
the effect of SNPs on the expression level of VANGL and FZD genes was verified 
by qRT-PCR.
Results: GC genotype was newly found at VANGL1 c.346G>A, as well as AT gen-
otype in FZD6 c.97A>G. The distribution of VANGL1 c.346g>A allele and gen-
otype was statistically different between the case and control groups (p < 0.05). 
The newly found genotype GC increased the risk of NTDs (OR = 9.918, 95% CI: 
1.234%–79.709%). The results of qRT-PCR showed that the expression level of 
FZD6 in E11 NTD fetuses were significantly increased (p < 0.05), but there was no 
obvious difference in the expression of VANGL1.
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1   |   BACKGROUND

Neural tube defects (NTDs) are a kind of congenital mal-
formation of nervous system, which are caused by the 
incomplete closure of the neural tube from the 21st to 
the 28th day of embryonic development. The main clin-
ical manifestations are anencephaly, meningoencepha-
locele, spina bifida (SB), meningomelocele (MMC), etc. 
(Endalifer & Diress, 2020). About 3% of the world's new-
borns suffer from this defect, most of them die after birth, 
and most of the survivors are accompanied by disability, 
which seriously affects the quality of life. NTDs are one of 
the most common birth defects in the world, second only 
to congenital heart birth defects (Inan & Saraydin, 2019). 
Researches have revealed that NTDs are one of the im-
portant causes of abortion, fetal death, and stillbirth in 
pregnant women, and also the main cause of infant death 
and lifelong disability (Kancherla & Black, 2018). China 
is a country with a high incidence of NTDs, especially in 
the northern region. The prevalence of NTDs in per 1000 
newborns is about 3.2, which seriously affects the quality 
of the birth population, threatens the health of women 
and children, and places heavy burden on patients, fami-
lies and the society (Liu et al., 2016; Zaganjor et al., 2016). 
Controlling the incidence of NTDs is an important mea-
sure to reduce perinatal and infant mortality and improve 
population quality. Therefore, both developed countries 
and regions, as well as developing countries, regard the 
disease as an important public health problem (Center for 
Disease Control, 2016).

NTDs are a type of multifactorial disease, the result of 
genetic and environmental factors (Abdullah et al., 2018). 
A large number of studies have shown that 20% of NTDs is 
caused by genetic factors and 80% by non-genetic factors, 
but up to now, no breakthrough has been made in the eti-
ology and pathogenesis of NTDs (Wang, 2017). In recent 
years, it is generally believed that the occurrence of NTDs 
is the results of the interaction between environmental 
and genetic factors, which affects the determination of 
genotypes and the susceptibility of embryos to teratogens 
(Cai, 2010). Researches showed that the formation of neu-
ral tube is directly related to directional cell division and 
directional induced migration. One of the key factors in 

these processes is the regulation of planar cellular polarity 
(PCP) signaling pathway. VANGL1, VANGL2, FZD3 and 
FZD6 are the core genes of PCP signaling pathway (De 
Marco et al., 2012; Tian, Lei, Chen, Guo, et al., 2020). At 
present, it has been found that these genes play certain 
roles in neural tube formation. Mutations in these genes 
may cause NTDs, but extensive studies that have sought 
causative mutations for NTDs have yielded limited pos-
itive findings to date (Tian, Lei, Chen, Guo, et al., 2020; 
Tian, Lei, Chen, Karki, et al., 2020).

Based on this, this study screened SNPs of PCP signal-
ing pathway genes VANGL1, VANGL2, FZD3 and FZD6 
through Sanger sequencing of peripheral blood of NTD 
patients, and then analyzed the difference of genotype fre-
quency of each SNP site between case group and control 
group. Furthermore, the effect of SNPs on gene expression 
level was verified by animal model construction (Sahin 
Inan & Unver, 2019) and quantitative real-time PCR (qRT-
PCR), to reveal the role and potential mechanism of SNPs 
of VANGL1, VANGL2, FZD3 and FZD6 in the develop-
ment of NTDs.

2   |   METHODS

2.1  |  Patient and sample collection

From November 2003 to October 2009, NTD patients 
who were hospitalized in neurosurgery department of 
Tianjin Children's Hospital were selected. Inclusion 
standard: patients whose mothers did not receive folic 
acid preparation during pregnancy (folic acid supple-
mentation time ranged from 1  month to half a year) 
were excluded. All cases were Han families in North, 
Northwest and Northeast China. Finally, 112 patients 
were enrolled in the case group. Meanwhile, 112 pa-
tients with craniocerebral injury of similar age and gen-
der were selected as the control group. Peripheral blood 
samples of patients were collected and sequenced with 
Sanger sequencing. All the guardians of the children 
participated in the study signed the informed consent 
voluntarily. This study was approved by the ethics com-
mittee of Tianjin Children's Hospital.

Conclusion: We found a new variant of VANGL1 c.346G>A, whose GC genotype 
might play an important role in the pathogenesis of NTDs. The SNPs of VANGL1 
had no significant effect on its expression level, indicating that it may induce 
NTDs through other ways. FZD6 was significantly overexpressed in NTDs fetuses.

K E Y W O R D S
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2.2  |  DNA extraction and 
Sanger sequencing

The genomic DNA in blood samples was extracted using 
gDNA Mini Kit (Qiagen Co., Ltd., Germany) according to 
the manufacturer's instructions, and subjected to PCR am-
plification after passing the 1.5% agarose gel electrophore-
sis test. All PCR products were sequenced by GENEWIZ 
Inc. (Beijing, China) and the results were compared with 
the gene reference sequence hg19 on NCBI using Clustal 
W2.0 software (https://acade​mic.oup.com/bioin​forma​
tics/artic​le/23/21/2947/371686).

2.3  |  Animal model construction and 
quantitative real-time PCR assay

24 Wistar rats, weighing 250–300 g, were raised in SPF 
grade animal room at 20–24°C and 50%–70% humidity. 
These animal models were provided by the Laboratory 
Animal Center of Shengjing Hospital of China Medical 
University (Beijing, China). After fertilization, the rats 
were randomly divided into two groups, 12 of them were 
injected with retinoic acid at dose of 150 mg/kg through 
gastric tube at embryonic 10 days (E10) as the experimen-
tal group, and the other 12 were given the same volume of 
olive oil as the control.

At E11, E12 and E13, fetuses were dissected and total 
RNA was extracted from spinal cord samples. The re-
verse transcription was carried out with the ABM 5X 
All-In-One RT MasterMix (Applied Biological Materials 
(ABM) Inc., Canada), the reaction conditions were 25°C 
for 10 min, 42°C for 15 min, 85°C for 5 min and 4°C for 
hold. Afterwards, the qRT-PCR was carried out with the 
EvaGreen 2X qRT-PCR MasterMix (ABM Inc., Canada) 
to detect the expression of VANGL1, FZD3, FZD6 and 

DACT1, and GAPDH was used as internal control. The 
reaction conditions were 95°C for 10 min, 95°C for 15 s, 
60°C for 1  min, 40 cycles. The primers were designed 
and synthesized by Sangon Biotech Co., Ltd. (Shanghai, 
China), and the sequences were listed in Table 1.

2.4  |  Statistical analysis

The test for Hardy–Weinberg equilibrium was performed 
using HWE software (http://www.biolo​gy.ualbe​rta.ca/
jbrzu​sto/hwenj.html). SPSS 21.0 software (SPSS, Inc., 
Chicago, IL, USA) was used for statistical analysis. The 
comparison of alleles and genotypes distribution between 
case and control group was made by chi-square test or 
Fisher exact test. The odds ratio (OR) and 95% confidence 
interval (CI) of each genotype to NTDs were calculated. 
Student t-test was used to analyze the differences of qRT-
PCR results among groups. p < 0.05 was considered statis-
tically significant.

3   |   RESULTS

3.1  |  Clinical characteristics

In the 112 NTDs patients, 47 were boys and 65 were 
girls, with an average age of 2.21 years old. A total of 
9 kinds of NTD were included, such as meningocele, 
meningoencephalocele, meningomyelocele and lipo-
myelomeningocele. The clinical characteristics were 
shown in Table 2.

T A B L E  1   Primer sequences of VANGL1, FZD3, FZD6 and 
DACT1

Gene Sequences Size

VANGL1 F 5′-AGGACATTGCCAGGATTAGCA-3′ 190 bp

R 5′-GGATTTGGGGTAGCAGGATGAA-3′

FZD3 F 5′-ATGGCTGTGAGCTGGATTGTC-3′ 109 bp

R 5′-GGCACATCCTCAAGGTTATAGGT-3′

FZD6 F 5′-TCTTCCCTAACCTGATGGGTC-3′ 174 bp

R 5′-ACAATTTCCGACAGGGTAGAAC-3′

DACT1 F 5′-AAGAGATGCCGGTTTGTTGAA-3′ 70 bp

R 5′-CACATCCAGTCTCAGGTCACTTA-3′

GAPDH F 5′-AGGTCGGTGTGAACGGATTTG-3′ 123 bp

R 5′-TGTAGACCATGTAGTTGAGGTCA-3′

T A B L E  2   Clinical characteristics of 112 NTD patients

Characteristics
Number 
(n = 112)

Sex

Boy 47 (41.96)

Girl 65 (58.04)

Age 2.21 ± 2.71

Clinical classification of neural tube defects

Meningocele 9 (8.04)

Meningoencephalocele 3 (2.68)

Meningomyelocele 21 (18.75)

Lipomyelomeningocele 32 (28.57)

Myelomeningocele 14 (12.50)

Secretory sinus 13 (11.61)

Diastematomyelia 12 (10.71)

Coccyx agenesis 5 (4.46)

Filum terminale lipomas 3 (2.68)

https://academic.oup.com/bioinformatics/article/23/21/2947/371686
https://academic.oup.com/bioinformatics/article/23/21/2947/371686
http://www.biology.ualberta.ca/jbrzusto/hwenj.html
http://www.biology.ualberta.ca/jbrzusto/hwenj.html
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3.2  |  Comparison of allele and genotype 
frequency of SNPs between case and 
control groups

A total of 8 SNPs of four genes (VANGL1, VANGL2, FZD3, 
and FZD6) were screened in NTDs patients (Table  3). 
A new GC genotype was found at VANGL1 c.346G>A 
and AT genotype was found in FZD6 c.97A>G. Table  3 
showed the results of Hardy–Weinberg equilibrium test, 
the P value of genotype distribution of 8 SNPs within the 
case group and control group were all >0.05, suggesting 
that the genes were inherited according to the Mendel's 
genetic law. Besides, 3 out of the 8 SNPs (VANGL1 
c.1040A>C, VANGL2 c.1209G>C, FZD3 c.702T>G) were 
not detected for polymorphism, and the distribution of the 
VANGL1 c.346G>A between case and control groups was 
statistically significant (p = 0.022).

Table  4 exhibited the comparison of allele and geno-
type frequencies of the 5 SNPs with polymorphism be-
tween the case group and the control group, as well as 

the relationship between each genotype and the risk of 
NTDs. The distribution of allele and genotype at VANGL1 
c.346G>A was statistically different between case and 
control group (p  =  0.034 and 0.014, respectively), the 
newly found genotype GC increased the risk of NTDs 
(OR = 9.918, 95% CI: 1.234%–79.709%).

3.3  |  Effect of the SNPs on 
gene expression

Since mutation may affect gene expression, we fur-
ther constructed NTDs rat model, and detected the ex-
pression level of VANGL1, FZD3, FZD6, and DACT1 
in NTDs and normal fetuses by qRT-PCR. The results 
were presented in Figure 1. The mRNA levels of FZD6 
were remarkably higher in NTDs fetuses than normal 
fetuses at E11 (p < 0.001), however the differentially ex-
pression of VANGL1, FZD3 and DACT1 were not found. 
The results indicated that there were no significant 

Gene SNPs Genotype
Case group 
(n = 112)

Control group 
(n = 112) p

VANGL1 c.346G>A GG 71 83 0.022

GA 27 23

GC 9 1

AA 0 2

p 0.34 0.69

VANGL1 c.1040A>C AA 112 112 1

p 1 1

VANGL2 c.1209G>C GG 112 112 1

p 1 1

FZD3 c.435A>G AA 12 10 0.738

AG 53 56

GG 42 36

p 0.53 0.095

FZD3 c.702T>G TT 112 112 1

p 1 1

FZD6 c.97A>G AA 92 87 0.535

AG 1 2

p 1 0.71

FZD6 c.1033A>C TT 24 15 0.204

TG 59 59

GG 25 33

p 0.44 0.23

FZD6 c.1991C>A CC 100 102 0.168

CA 9 4

p 1 1

Significant differences, p < 0.05 values are indicated in bold.

T A B L E  3   Hardy–Weinberg 
equilibrium test of SNPs in case and 
control groups
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relationship between SNPs and gene expression level, 
indicating that SNPs might affect the occurrence and 
development of NTDs through other ways rather than 
gene differentially expression. De Marco reported the 
highly penetrant occurrence of NTDs in double Fzd 3/
Fzd 6−/− mutant mice, the role of human orthologues, 
FZD 3 and FZD 6, by re-sequencing a cohort of 473 
NTDs patients and 639 ethnically matched controls (De 
Marco et al., 2012).

4   |   DISCUSSION

Up to now, more than 300 NTDs related mutations 
have been found in mice (Wallingford et al.,  2013). 
These genes exist in different pathways, including 

Wnt/PCP pathway, folate metabolism pathway, MAPK 
pathway and epigenetic regulatory factors, etc. (Wilde 
et al., 2014). The role of Wnt/PCP pathway in vertebrate 
cell movement during embryogenesis was first found 
in Xenopus and zebrafish (Heisenberg et al.,  2000; 
Wallingford et al.,  2000). During neurulation, when 
the neuraxis is elongated and eventually neural tube 
is closed, the convergent extension of the mid region 
of the neural plate occurs (Mukhopadhyay et al., 2020; 
Wallingford et al.,  2020) which is mediated by PCP 
pathway. The core genes Frizzled (Fzd) and VANGL 
of PCP pathway encode transmembrane proteins 
(Nikolopoulou et al.,  2017). The studies of vertebrate 
models have demonstrated a high level of evolutionary 
conservation at PCP core genes, and the functional vari-
ants of these genes have been identified in human NTDs 

T A B L E  4   Comparison of allele and genotype frequency between case and control groups

SNPs
Allele and 
genotype

Case group 
(n = 107)

Control group 
(n = 109) χ2 p OR (95% CI)

VANGL1 c.346G>A G (%) 178 (83.2) 190 (87.2) 6.755 0.034 –

C (%) 9 (4.2) 1 (0.5)

A (%) 27 (12.6) 27 (12.3)

GG (%) 71 (66.4) 83 (76.2) Fisher 0.014 0.618 (0.341, 1.121)

GA (%) 27 (25.2) 23 (21.1) 1.262 (0.669, 2.379)

GC (%) 9 (8.4) 1 (0.9) 9.918 (1.234, 79.709)

AA (%) 0 (0) 2 (1.8) –

FZD3 c.435A>G A (%) 77 (36.0) 76 (37.3) 0.073 0.787 –

G (%) 137 (64.0) 128 (62.7)

AA (%) 12 (11.2) 10 (9.8) 0.607 0.738 1.162 (0.479, 2.821)

AG (%) 53 (49.5) 56 (54.9) 0.806 (0.468, 1.389)

GG (%) 42 (39.3) 36 (35.3) 1.185 (0.676, 2.077)

FZD6 c.97A>G A (%) 185 (99.5) 177 (98.3) Fisher 0.429 –

G (%) 1 (0.5) 2 (1.1)

T (%) 0 (0) 1 (0.6)

AA (%) 92 (98.9) 87 (96.7) Fisher 0.427 3.172 (0.324, 31.08)

AG (%) 1 (1.1) 2 (2.2) 0.478 (0.043, 5.369)

AT (%) 0 (0) 1 (1.1) –

FZD6 c.1033A>C T (%) 107 (49.5) 89 (41.6) 2.738 0.098 –

G (%) 109 (50.5) 125 (58.4)

TT (%) 24 (22.2) 15 (14.0) 3.176 0.204 1.752 (0.862, 3.563)

TG (%) 59 (54.6) 59 (55.1) 0.980 (0.572, 1.676)

GG (%) 25 (23.2) 33 (30.9) 0.675 (0.368, 1.239)

FZD6 c.1991C>A C (%) 209 (95.9) 208 (98.1) 1.842 0.175 –

A (%) 9 (4.1) 4 (1.9)

CC (%) 100 (91.7) 102 (96.2) 1.901 0.168 0.436 (0.130, 1.461)

CA (%) 9 (8.3) 4 (3.8) 2.295 (0.685, 7.694)

AA (%) 0 (0) 0 (0) –

Significant differences, p < 0.05 values are indicated in bold.
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(Chen et al., 2018; Wang et al., 2019). In addition, in our 
previous study, the deletion and mutation of PCP ma-
ternal effect gene Fuzzy (Fuzz) or noncore PCP related 
gene DACT1 were also found in human NTDs (Cai & 
Shi, 2014). In this study, we observed a novel genotype 
GC in VANLG1 c.346G>A, which resulted in the trans-
formation of the 116th amino acid from Ala to Pro, and 
increased the risk of NTDs. In addition, the distribution 
of alleles and genotypes of VANGL1 c.346G>A between 
the case and control groups was statistically different 
(p < 0.05).

Through this study and literature review, we found 
that SNPs of these genes are closely related to NTDs, and 
almost no mutation occurs in normal human body. It can 
be considered that SNPs of VANGL1, FZD3 and FZD6 
genes are specific to NTDs, which may be the potential 
pathogenic factors of NTDs. Besides, our previous re-
search found 5 missense heterozygote mutations of the 
PCP related gene DACT1 specifically identified in 167 
stillborn or miscarried Han Chinese fetuses with NTDs, 
suggesting that DACT1 may constitute a great contribu-
tion to NTDs (Shi et al., 2012). Therefore, we continued 
to detect the expression of VANGL1, FZD3, FZD6 and 
DACT1 in NTDs fetuses, to explore whether the SNPs 
affect their expression level. After qRT-PCR, FZD6 was 

overexpressed in E11 NTDs fetuses. FZD6 is one of the 
ten Wnt receptors (FZD1-FZD10). It can activate Fzd/
PCP pathway through activator activation. At the same 
time, FZD6 is involved in the intercellular PCP signal 
transmission process together with VANGL1. It has been 
found to be differentially expressed in hepatocarcinoma, 
colorectal cancer, glioblastomas, prostate cancer and 
so on (Bengochea et al., 2008; Huang et al., 2016; Kim 
et al.,  2015; Saramaki et al.,  2006). Corda et al.  (2017) 
found that high expression of FZD6 was driven by gene 
amplification, and FZD6 protein expression was signifi-
cantly associated with lower metastasis-free survival in 
breast cancer patients. De Marco et al. (2012) found that 
the significant increase in NTDs mutation burden was 
due to the overall incidence of predicted deleterious 
FZD6 variants being 5.1 times higher in cases than in 
controls. However, until now, there is no related report 
about the abnormal expression of FZD6 in NTDs. Our 
study found for the first time that FZD6 was highly ex-
pressed in NTDs fetuses, more mechanism exploration 
needs to be carried out to explore the mechanism of the 
differential expression of FZD6 and its relationship with 
the occurrence and development of NTDs.

The results of qRT-PCR also showed that the expres-
sion of VANGL1 was no statistical significance between 

F I G U R E  1   Scatter diagram of VANGL1 (a), FZD3 (b), FZD6 (c) and DACT1 (d) relative expression level in neural tube defects (case) and 
normal (control) fetuses at E11, E12 and E13, respectively.
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NTD and normal fetuses. It can be concluded prelimi-
narily that the SNPs of VANGL1 do not affect its expres-
sion level. We speculate the reason may be that the SNPs 
of VANGL1 may lead to changes in protein spatial con-
formation through amino acid changes but not abnormal 
gene expression, and may further affect the biological 
function of VANGL1, thus affecting the process of neural 
tube closure. The conjecture is also meet with our pre-
vious research (Cai et al., 2013). However, more animal 
and clinical experiments need to be conducted to verify 
our results.

5   |   CONCLUSION

In this study, the Sanger sequencing was performed on 
the SNPs selected from the genomic DNA of NTD pa-
tients, and 2 novel genotypes (GC genotype at VANGL1 
c.346G>A, AT genotype at FZD6 c.97A>G) were found 
for the first time. The allele and genotype distribu-
tion of the VANGL1 c.346G>A between the case and 
the control group were statistically different (p = 0.034 
and 0.014, respectively). The newly discovered geno-
type GC increased the risk of NTDs (OR  =  9.918). In 
NTD fetuses, FZD6 expression was up-regulated, while 
VANGL1 expression was not significantly altered, indi-
cating that PCP signaling pathway members may affect 
the occurrence and development of NTDs at different 
levels.
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