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ABSTRACT
Neural tube defects (NTDs) are a group of common and severe congenital malformations. The PI3K- 
AKT signalling pathway plays a crucial role in the neural tube development. There is limited 
evidence concerning any possible association between aberrant methylation in PI3K-AKT signalling 
pathway genes and NTDs. Therefore, we aimed to investigate potential associations between 
aberrant methylation of PI3K-AKT pathway genes and NTDs. Methylation studies of PI3K-AKT path-
way genes utilizing microarray genome-methylation data derived from neural tissues of ten NTD 
cases and eight non-malformed controls were performed. Targeted DNA methylation analysis was 
subsequently performed in an independent cohort of 73 NTD cases and 32 controls to validate the 
methylation levels of identified genes. siRNAs were used to pull-down the target genes in human 
embryonic stem cells (hESCs) to examine the effects of the aberrant expression of target genes on 
neural cells. As a result, 321 differentially hypermethylated CpG sites in the promoter regions of 30 
PI3K-AKT pathway genes were identified in the microarray data. In target methylation analysis, 
CHRM1, FGF19, and ITGA7 were confirmed to be significantly hypermethylated in NTD cases and 
were associated with increased risk for NTDs. The down-regulation of FGF19, CHRM1, and ITGA7 
impaired the formation of rosette-like cell aggregates. The down-regulation of those three genes 
affected the expression of PAX6, SOX2 and MAP2, implying their influence on the differentiation of 
neural cells. This study for the first time reported that hypermethylation of PI3K-AKT pathway genes 
such as CHRM1, FGF19, and ITGA7 is associated with human NTDs.
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Introduction

Neural tube defects (NTDs) are congenital mal-
formations of the central nervous system, 
annually affecting approximately 18.6 infants 
per 10,000 live births worldwide [1]. They are 
caused by disruptions during neurulation that 
result in incomplete closure or opening of the 
spinal cord or cranial regions of the developing 
neural tube [2]. NTDs are often divided into 
three common clinical subtypes according to 
the stage, location, and severity of the defect: 
craniorachischisis (CRAN), anencephaly (AN), 
and spina bifida (SB) [3].

Both genetic and non-genetic factors are 
reported to be risk modifiers and causative of 
NTDs. Maternal health and nutritional status are 
essential to a healthy pregnancy, and numerous 
studies have indicated that folic acid supplemen-
tation during the periconceptional period can 
reduce the risk of NTDs [4,5]. Unfortunately, 
while folate is the single largest modifier of 
NTD risk, there are still NTD-affected infants 
born to women who took folic acid supplements 
during the periconceptional period. These cases 
are reported to be folic acid-resistant or non- 
folate responsive NTDs [6]. Both genetic and
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environmental factors, that are not folate respon-
sive, are proposed to modify essential molecular, 
biochemical, or cellular pathways involved in the 
aetiology of this subclass of NTDs [7–13].

One carbon metabolism (OCM) is of particular 
interest regarding NTD risk and prevention given 
that select OCM genes inactivated in mouse mod-
els result in defects that are folate resistant, sug-
gesting variants of these genes may contribute to 
non-folate responsive human NTD cases [14]. 
While genetic variants in genes involved in OCM 
and the planar cell polarity (PCP) pathway are 
among the most commonly reported genetic fac-
tors contributing to NTDs [15,16], there are hun-
dreds of other gene mutations in mice that 
produce NTDs, but these are not associated with 
cases or risk of NTDs in humans. Therefore, these 
data or lack of supporting data indicate that other 
mechanisms and pathways are also involved in the 
aetiology of folate-resistant NTDs.

Epigenetic modification has been recently pro-
posed as a contributing factor in the occurrence of 
NTDs. DNA methylation is one of the most 
important epigenetic mechanisms involved in 
chromatin organization and gene expression [17]. 
Reports have indicated that aberrant methylation 
of LINE-1, an indicator of genome methylation, is 
associated with NTDs [18]. Furthermore, aberrant 
methylation of several specific genes is reported to 
modify the risk of NTDs, including imprinted 
genes [19], transposon genes [20], folate receptor 
genes [21], HOX genes [22], and PCP pathway 
genes [23]. Our data from a genome-wide DNA 
methylation microarray study also supports that 
hypermethylation of the CTNNA1 and MYH2 
genes, in the tight junction pathway may contri-
bute to the aetiology of NTDs [24]. We have also 
reported that hypomethylation of GRHL3 
increased risk for NTDs by interfering with the 
convergent extension elongation processes during 
the development of the embryonic neural 
tube [25].

The phosphatidylinositol 3’-kinase-protein kinase 
B (PI3K-AKT) signalling pathway is one of the most 
important biological pathways. It can be activated by 
multiple types of cellular stimuli or toxicants and 
regulates fundamental cellular functions such as 
transcription, translation, proliferation, growth, 
and survival. As depicted in Table S1, several animal

models found that PI3K-AKT pathway genes are 
reported to be associated with risk for NTDs. 
A previous study reported that PI3K regulates 
intraepithelial cell positioning during the develop-
ment of neural tube [26]. Knocking-out of Grhl2 in 
mice abnormally regulated Lamc2 and caused NTD 
phenotypes by impairing the movement of the 
neural folds [27]. Abnormal gene expression of 
Fgf19 adversely affected the early activity of neural 
progenitor cells and caused NTDs in mice [28]. 
Moreover, loss of function of several genes from 
other pathways may also regulate the expression of 
Pi3k-Akt signalling pathway genes and lead to 
NTDs in animal models [29–32]. All these studies 
strongly suggest that PI3K-AKT pathway genes play 
key roles in neural tube development. To date, the 
role of PI3K-AKT pathway genes on NTD risk is 
supported by animal models, but human clinical 
evidence supporting the role of PI3K-AKT signal-
ling pathway gene variants in NTD formation is 
completely lacking.

Herein, we hypothesized that aberrant DNA 
methylation of PI3K-AKT pathway genes is 
associated with increased risk for NTDs in 
humans. To test our hypothesis, we first exam-
ined the methylation levels of PI3K-AKT signal-
ling pathway genes in our genome microarray 
dataset obtained using neural tissues obtained 
from 10 terminated NTD cases and 8 controls. 
Candidate genes that harbour differentially 
methylated CpG sites between cases and controls 
were identified. We subsequently validated the 
candidate genes in a larger cohort of NTD cases 
and controls. Finally, we used human embryonic 
stem cells (hESCs) and induced hESC cells into 
neural cell aggregate and the expression of dif-
ferent markers to examine the effect of 
decreased expression of candidate target genes 
on neural tube development.

Methods

Participants and samples

The subjects were recruited from five rural 
counties in Shanxi province of northern China 
during the years 2011 and 2014. This is a region 
where the NTD prevalence is one of the highest 
regions in the world [33]. Cases were electively
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terminated pregnancies following prenatal diag-
nosis of an NTD. Controls were terminated foe-
tuses with no gross congenital malformations. 
Tissue samples from the lesion site of the resi-
dual brain or spinal cord were collected from 
NTD cases, while normal, non-diseased brain 
or spinal cord tissue was collected from control 
foetuses. Samples were stored at −80°C until 
utilized in various analyses. For the genome 
microarray, 10 NTD cases (6 anencephalics, 4 
spina bifidas) and 8 non-malformed controls 
were included. In a subsequent validation 
study, 73 NTDs cases and 23 controls were 
involved. This study was approved by the insti-
tutional review board of Peking University and 
all of the participating mothers provided written 
informed consent.

Genome-wide DNA methylation assay

In the discovery stage, Infinium 
HumanMethylation450 (HM450K) BeadChip 
assay (Illumina, San Diego, CA, USA) was used 
to investigate genome-wide DNA methylation. 
The detailed process and quality control meth-
ods that were part of the analysis have been 
previously described elsewhere [24,25]. Briefly, 
DNA from neural tissues was extracted with 
the aid of the QIAamp DNA Mini Kit 
(QIAGEN, Hilden, Germany). DNA concentra-
tion was determined with the NanoDrop2000 
Ultra-micro spectrophotometer (Thermo Fisher 
Scientific, USA). An aliquot of 500 ng DNA was 
undergone bisulphite conversion with the EZ 
DNA methylation kit (Zymo Research, CA, 
USA). Bisulphite conversion efficiency was 
determined (Supplemental Method.c). Pooled 
bisulphite-treated DNA was used for subsequent 
array analysis. Arrays were processed according 
to the manufacturer’s protocol. Cluster analysis 
and component analysis with the methylation 
array data showed that the NTD case group 
and the non-malformed group could be distin-
guished from each other, except two controls 
that were mis-clustered into the case group 
(Supplementary Figures S1&S2). The methyla-
tion data of the PI3K-AKT pathway genes were 
extracted from the genome-wide array.

Target methylation sequencing assay

In the validation stage, the target-gene methylation 
sequencing assay was carried out by using 
Sequenom EpiTYPER (Sequenom, San Diego, 
USA) platform. In this stage, we chose the target 
genes based on the following criteria: (i) There 
were methylated sites that differed significantly 
and were all hypermethylated or all hypomethy-
lated. (ii) The percentage of the significantly dif-
ferent methylated sites in the total detected CpG 
sites was greater than 20%.

An aliquot containing 1 μg DNA was used to 
perform bisulphite conversion with the EZ DNA 
Methylation Kit (Zymo Research, CA, USA). 
Then, the bisulphite-treated DNA was amplified 
by PCR. The PCR primers were designed by the 
online tool Epidesigner (http://www.epidesigner. 
com). The amplicons for each gene were targeted 
to aberrant CpG sites in the HM450K array and 
CpG islands. The primer sequences are presented 
in Table S2. The PCR products were incubated 
with shrimp alkaline phosphatase for 20 minutes 
and digested by the T cleavage enzyme (T 
Cleavage Mix) at 37°C for 3 hours. Subsequently, 
DNA methylation was analysed by the 
MassARRAY system. The results were analysed 
using EpiTyper software. Positive controls (com-
pletely methylated) and negative controls (non- 
methylated) were used to ensure the quality of 
the methylation assay.

H9 hESC cell culture and transfection

The cell line used in this study was H9 human 
embryonic stem cells (hESCs). For culturing this 
cell line, we used 100uL Matrigel (BD Biosciences, 
San Jose, CA), which was added to 48 mL of the 
DMEM/F12 medium. This media mixture was 
used to coat the plate with 2 ml/well one night 
before thawing the cells. hESCs were obtained as 
frozen vials in mTeSR1 medium (STEMCELL 
Technologies, Vancouver, BC, Canada). The cells 
were then cultured in E8 medium, which included 
supplementary E8 (Life Technologies, Carlsbad, 
CA) [34–36] with ROCK inhibitor (1 mM) 
(Y-27,632; R&D Systems, Minneapolis, MN). 
ROCK inhibitor was removed 24 hours after the 
cells were attached to the plates. The H9 hESCs
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were then maintained in E8 medium at 37°C with 
5% CO2.

Neural differentiation and siRNA transfection

The hESC cell culture and differentiation process 
was followed by the previous protocol [34–36]. 
hESC colonies were rinsed with 1% phosphate- 
buffered saline (PBS; Life Technologies) and were 
subsequently treated with Accutase (Life 
Technologies) for 3 minutes. The cells were har-
vested after centrifugation for 2 minutes, at which 
point the cells were re-plated on a Matrigel-coated 
24-well with 1.5 high-performance cover glass- 
bottom plate with a density of 2x103/cm2 in E8 
medium with 10 mM ROCK inhibitor and incu-
bated overnight. The E8 medium was replaced the 
next day by the E6 medium, which contained 
10 mM SB431542 (Cellagentech, San Diego, CA 
(www. collagen tech.com) which served to initiate 
cell differentiation. The medium was changed 
daily until the cells were used for analysis. On 
the first day of differentiation, 25pmol siRNAs of 
si-CHRM1, si-FGF19, si-ITGA7, and si-Scramble 
were transfected into cells by using 
Lipofectamine2000 (InvitrogenTM, CA, USA) 
according to the manufacturer’s protocol. The 
siRNAs were obtained from IDT and Sangon 
Biotech (Coralville, IA, USA), for each target 
gene, three si-RNAs were designed. The sequences 
are shown in Table S3.

Reverse transcriptase and quantitative PCR 
(RT-qPCR)

The RT-qPCR assay was performed to examine the 
knocking-down efficiencies and mRNA levels of 
target genes. For RT-qPCR analysis, total mRNA 
was extracted with an RNA extraction kit (Zymo 
Research). qPCR was carried out with designed 
primers as seen in Table S4. mRNA levels were 
determined by using Applied Biosystem SYBR 2X 
master Mix on an ABI QuantStudio Flex 7. The 
RT-qPCR assay was performed three times.

Immunofluorescence

Cells were washed twice with PBS and fixed with 
4% paraformaldehyde (PFA) for 15 minutes at

room temperature. After additional washes with 
PBS, the cells were blocked and permeabilized in 
tris-buffered saline (TBS)-DT for one hour, which 
contained 5% donkey serum and 0.3% Triton 
X-100. Cells were then incubated in the primary 
antibodies overnight at 4°C. The primary antibo-
dies are: Anti-SOX2 (Sangon Biotech, D264316- 
0025, 1:100), Anti-MAP2 (2a+2b) (Sigma- 
Aldrich, M1406*, 1:100), Anti-PAX6 (ABclonal, 
A19099, 1:100), Anti-N cadherin (Proteintech, 66,-
219–1, 1:100). On the following day, the plates 
were washed with TBS containing 0.3% Triton 
X-100 (TBST) five times, each time for 5 minutes. 
Secondary antibodies (1:1,000; Alexa Fluor® 488- 
conjugated AffiniPure Goat Anti-Rabbit IgG, 
Alexa Fluor® 594-conjugated AffiniPure Goat 
Anti-Rabbit IgG, Jackson) were used to stain the 
cells for 1 hour at room temperature. The cells 
were finally stained by 300 nM DAPI for 2 min-
utes. Rosette-like cell aggregates were observed 
and images were captured by deconvolution 
microscope (Nikon T2). Fluorescent stained 
images were taken using a confocal (Leica TCS 
SP8). Quantitative analysis was performed by 
ImageJ. We randomly chose five fields of vision 
and measured the numbers of progenitors and 
differentiated neurons population. For each si- 
group, the percentages of each type of cells in the 
total cells were calculated. The percentages of dif-
ferent types of cells were compared between 
groups by Pearson’s χ2 test.

Statistical analysis

Pearson’s χ2 test was performed to test the differ-
ence in the distribution of population characteris-
tics between NTD cases and controls. In the 
discovery stage, the original data were prepro-
cessed using the Minfi package of R software. 
The process of analysing DMPs and DMRs used 
the IMA package of R software according to the 
protocol provided by the company (Supplemental 
Method.a). The quality control and calculation of 
P and β, which represents the difference of the 
methylation level between the case and the control 
groups, were as described in our previous publica-
tion [25]. The data were normalized by Subset- 
quantile Within Array Normalization (SWAN) 
method (Supplemental Method.b). Independent
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t-tests were used to identify differentially methy-
lated CpG sites. The P-value was corrected by 
Benjamini-Hochberg FDR methods to control for 
false discovery rate. In the validation stage, the 
differences in proportions of population character-
istics between groups were examined using 
Pearson’s χ2 test. The distributions of methylation 
values of cases and controls were tested by the 
Shapiro-Wilk test. Independent samples t-test 
was used to compare the methylation level of 
each CpG site between cases and controls. Odds 
ratios (ORs) and 95% confidence intervals (CI) 
were estimated by logistic regression, adjusting 
for maternal education, occupation, and pericon-
ceptional folic acid supplementation. In the RT- 
qPCR assays, the relative expression level of 
mRNA to GAPDH was calculated. A Student 
t-test was performed to compare the expression 
levels between the control group (si-Scramble) 
and the target gene knock-down group. A two- 
tail P-value of < 0.05 was considered statistically 
significant. Statistical analyses were conducted 
with SPSS 20.0 software (IBM Company, USA).

Results

DNA methylation of PI3K-AKT signalling pathway 
genes in microarray analysis

Methylation data of PI3K-AKT signalling pathway 
genes were extracted from the dataset obtained by 
Infinium HumanMethylation450 BeadChip assay 
(HM450K; Illumina, San Diego, CA, USA), using 
DNA extracted from neural tissues from ten NTD 
cases and eight controls [24]. As seen in Table 1, 
a total of 31 PI3K-AKT signalling pathway genes 
with 1008 CpG sites were identified. These CpG 
sites were primarily located within the TSS1500, 
TSS200, and 5’-UTR regions. Among these CpG 
sites, 321 (31.8%) CpG sites were differentially 
methylated between cases and controls (Adjusted 
Ps<0.05), of which 203 (63.3% in total differen-
tially methylated sites) were hypermethylated, and 
118 (36.7% in total differentially methylated sites) 
were hypomethylated in the NTD samples.

Among the detected CpG sites, the differentially 
methylated CpG sites in 10 PI3K-AKT signalling 
pathway genes were all hypermethylated in NTD 
cases. These 10 genes included CCND1, CDK4,

CHRM1, KRAS, LAMC2, MCL1, FGF19, ITGA7, 
PIK3R1, and PRKCA. The percentages of differen-
tially hypermethylated CpG sites to the total num-
ber of detected sites were calculated. In six genes, 
the percentages of significantly hypermethylated 
sites were greater than 20% (Table 1).

The locations of the differentially hypermethy-
lated sites in the six genes are shown in (Figure 1). 
The CpG sites in CHRM1 are mainly located in the 
TSS200 and 5’-UTR region. For the PI3KR1 gene, 
the differentially hypermethylated CpG sites are in 
the TSS200 region and first exon. Detailed infor-
mation on each significantly hypermethylated 
CpG site is shown in Table S5.

Targeted DNA methylation analysis in a larger 
sample

To validate the findings from the above discovery 
stage, we further examined differentially methy-
lated regions using Sequenom EpiTYPER in 73 
NTD cases and 36 controls. We focused on the 
six genes with more than 20% differentially hyper-
methylated sites to the total detected sites in the 
microarray dataset. The demographic characteris-
tics of the subjects are described in (Table 2). 
Occupation, education, and folic acid supplemen-
tation showed significantly different distributions 
between the control and NTD case groups 
(Ps<0.05), thus these variables were considered as 
confounding factors in subsequent multivariate 
analyses.

As depicted in (Figure 1), we primarily ampli-
fied the DNA regions that covered the CpG sites 
detected in the microarray. The methylation levels 
of each CpG site are shown in (Figure 2). In the 
CCND1 and LAMC2 genes, none of the detected 
CpG sites showed a significant increase in NTD 
cases compared to controls. In the PI3KR1 gene, 
four significantly hypermethylated sites were repli-
cated. A total of 11 CpG sites were confirmed in 
CHRM1, of which 10 sites showed significant dif-
ferences between cases and controls. Three out of 
six CpG sites in the FGF19 gene exhibited signifi-
cantly higher methylation levels in cases than in 
controls. One CpG site in the ITGA7 gene showed 
significant hypermethylation in NTD cases. All 
these findings support that hypermethylation of 
these PI3K-AKT signalling genes is associated
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with human NTDs. The detailed methylation 
levels and comparisons between NTD cases and 
controls are presented in Table S6.

Methylation levels of those genes in the NTD 
group and the control group were compared 
(Table 3). The mean methylation of CHRM1, 
FGF19, and ITGA7 in NTDs and controls were 
significantly different (CHRM1: 21.08% vs 
13.73%; FGF19: 19.76% vs 12.56%; ITGA7: 
47.23% vs 40.34%), while the mean methylation 
of CCND1, PI3KR1, and LAMC2 did not show 
significant differences between NTD cases and 
controls. Logistic regression analysis demonstrated 
that hypermethylation of CHRM1, FGF19, and 
ITGA7 genes were risk factors for NTDs 
[CHRM1: aOR = 1.19 (95% CI, 1.08–1.30), 
FGF19: aOR = 1.10 (95% CI, 1.03–1.17), and

ITGA7: aOR = 1.04 (1.01–1.08)] after adjusting 
for confounding factors. We further compared 
the differences of mean methylation levels between 
subtypes of NTDs, namely spina bifida and anen-
cephaly, and controls. As shown in (Table 4), the 
mean methylation levels of CHRM1 and FGF19 
were significantly higher in both spina bifida and 
anencephaly than controls. The mean methylation 
level of ITGA7 was significantly higher only in the 
spina bifida subgroup, while methylation levels of 
PI3KR1, CCND1, and LAMC2 showed no signifi-
cant differences in the subgroup analysis.

Knock-down of PI3K-AKT signalling pathway 
genes impaired neuronal differentiation and 
inhibited rosette-like cell aggregates formation

In this study, we tested the impact of abnormal 
expression of target genes on neural differentiation 
and on the development of neural tube by cultur-
ing hESCs and induced the cells into rosette-like 
cell aggregates [34,35,36]. Based on the results of 
the above microarray study, we selected three of 
the most significantly hypermethylated genes in 
NTD case samples, i.e., CHRM1, FGF19, and 
ITGA7. The process of hESCs culture and neural 
differentiation is shown in (Figure 3a). On the 
first day of differentiation, the siRNAs of 
CHRM1, FGF19, and ITGA7, as well as the 
Scrambled control were transfected into cells. The 
cells were harvested on day 6 post-transfection. 
RT-qPCR was performed to examine the knock- 
down effect of the siRNAs and we chose the 
siRNA of each gene with the best knocking-down 
efficiency to perform staining assay. Compared 
with the si-Scrambled group, all the targeted 
siRNAs significantly decreased the expression of 
target mRNA (Figure 3b). As (Figure 3c) shows, in 
the negative control of the si-Scrambled group, the 
regular rosette-like neural cell aggregates were 
observed, while that was not observed in the 
siRNA treatment groups, indicating that 
decreased-expression of the FGF19, CHRM1, or 
ITGA7 genes impairs regular neural rosette-like 
cell aggregates formation.

Several markers were subsequently stained to 
explore the underlying mechanisms. The structure 
was stained by neural progenitor marker, neuronal 
cadherin (N-cadherin), and Pax6 (Paired box

Table 1. DNA methylation analysis of PI3K-Akt genes detected 
by microarray: Discovery.

Gene Total
Differential 
methylation

Hyper- 
methylated site

Hypo- 
methylated site

N %1 N %2 N %3

CCND1 33 13 39.39 13 100.00 0 0.00
CDK4 20 3 15.00 3 100.00 0 0.00
CHRM1 11 5 45.45 5 100.00 0 0.00
KRAS 28 2 7.14 2 100.00 0 0.00
LAMC2 9 5 55.56 5 100.00 0 0.00
MCL1 15 2 13.33 2 100.00 0 0.00
FGF19 16 7 43.75 7 100.00 0 0.00
ITGA7 14 3 21.43 3 100.00 0 0.00
PIK3R1 23 7 30.43 7 100.00 0 0.00
PRKCA 13 2 15.38 2 100.00 0 0.00
GNG4 35 15 42.86 3 20.00 12 80.00
GNG7 101 26 25.74 8 30.77 18 69.23
JAK1 25 7 28.00 4 57.14 3 42.86
FGFR2 33 17 51.52 16 94.12 1 5.88
FGFR4 13 5 38.46 2 40.00 3 60.00
MTOR 18 3 16.67 1 33.33 2 66.67
NGF 24 11 45.83 4 36.36 7 63.64
PAK1 26 8 30.77 6 75.00 2 25.00
PAK2 12 2 16.67 1 50.00 1 50.00
PPP2CA 14 1 7.14 1 100.00 0 0.00
PPP2R2B 39 9 23.08 6 66.67 3 33.33
PPP2R2C 3 2 66.67 1 50.00 1 50.00
PPP2R5C 27 1 3.70 0 0.00 1 100.00
PRKCZ 143 53 37.06 26 49.06 27 50.94
SGK1 32 8 25.00 4 50.00 4 50.00
TNR 30 11 36.67 8 72.73 3 27.27
TNXB 93 36 38.71 30 83.33 6 16.67
TP53 23 4 17.39 3 75.00 1 25.00
CHRM2 45 9 20.00 3 33.33 6 66.67
CREB5 58 34 58.62 22 64.71 12 35.29
FGF1 32 10 31.25 5 50.00 5 50.00

Note: N represents the numbers of CpG sites. 
%1 represents the percentage of the differentially methylated sites in 

total detected sites. 
%2 represents the percentage of the hypermethylated sites in differ-

entially methylated sites. 
%3 represents the percentage of the hypomethylated sites in differen-

tially methylated sites. 
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transcription factor 6), a major driver of neuroec-
todermal cell fate determination. PAX6 is known 
to restrict the expression of several pluripotency 
factors. Both mRNA and the percentage of cells 
that expressing PAX6 were measured in si-RNAs 
cells. As a result, the mRNA of PAX6 was signifi-
cantly elevated in the si-ITGA7 and si-CHRM1 
groups (P< 0.05), while the mRNA of PAX6 in si- 
FGF19 slightly decreased (Figure 3d). We further 
investigate the neural differentiation by calculat-
ing the percentage of numbers that express the 
neural precursors’ cell marker, SOX2, and the 
cells express the differentiated neuron marker, 
MAP2 (Figure 4a). As Figure 4b depicts, the 
percentages of cells that express SOX2 were 
increased in the si-RNA groups. The percentages 
of cells that express MAP2 significantly

decreased in si-RNA groups, indicating that the 
down-regulation of FGF19, CHRM1, and ITGA7 
could impair the process of cell differentiation in 
neural tube development.

Discussion

The PI3K-AKT signalling pathway is an important 
regulator of critical facets during early embryonic 
development. In this study, we evaluated the 
methylation status of several key genes in the 
PI3K-AKT signalling pathway, with a two-stage 
design, to examine whether aberrant methylation 
of PI3K-AKT pathway genes and associated CpG 
islands is associated with human NTDs. In the 
discovery stage, we initially identified a total of 
321 differentially hypermethylated CpG sites and

Figure 1. Locations of CpG sites detected by HM450K and Sequenom EpiTYPER.
In the validation study with the Sequenom EpiTYPER assay, DNA amplicons mainly covered regions detected in HM450K. Most of the 
CpG sites were located in the TSS1500 and TSS200 regions. The CpG sites detected in HM450K are shown as an orange solid circle, 
while the CpG sites detected in Sequenom EpiTYPER are shown as a blue solid circle. 
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10 genes that differed significantly between cases 
and controls concerning methylation status, and 
all were hypermethylated in the NTD cases. In the 
validation stage, CHRM1, FGF19, and ITGA7 were 
confirmed as being significantly hypermethylated 
in NTD patients. The neural rosette assay revealed 
that down-regulation of FGF19 and CHRM1 
impaired neural rosette formation.

Fibroblast growth factor (FGF) protein family 
plays important roles in multiple functions, 
including angiogenesis, mitogenesis, pattern for-
mation, cellular differentiation, metabolic regula-
tion, tissue repair, and oncogenesis [37]. Several 
studies demonstrated that FGF proteins were 
important for neural tube development by control-
ling neural crest cell migration [38] and promoting 
neurulation [39]. The FGFs interact with the Sonic 
Hedgehog [40], WNT [41], and BMP path-
ways [42], which are key contributors to neural 
tube development. It has previously been reported 
that folate deficiency during early development 
leads to disturbance of the FGF pathway and 
results in encephalocele phenotypes in mice [43]. 
FGF19 is primarily expressed in the foetal brain 
during embryogenesis [44]. A study showed that 
FGF19 and WNT8C could mediate mesodermal 
and neural signals, respectively [45]. A previous 
study generated a mir-302/367 knockout mouse 
model and found that the deletion of mir-302/ 
367 resulted in abnormal expression of Fgf19 and

disrupted the normal process of neural progenitor 
cell differentiation, thus leading to an early 
embryonic lethality and open neural tube defects 
[28]. Other investigators determined that FGF19 
promotes the spontaneous generation of dorsoven-
trally polarized neural-tube-like structures in cer-
ebellar organoids [46]. At present, no human 
evidence of the association between FGF19 and 
NTDs has been reported. Our study represents 
the first demonstration that hypermethylation of 
FGF19 was associated with an increased risk for 
human NTDs, suggesting that hypermethylation of 
FGF19 may impair embryonic neural tube closure.

Cholinergic receptor muscarinic 1 (CHRM1) 
modulates hippocampal and cortical functions, 
thus contributing to an organism’s cognitive 
makeup, including memory and attention func-
tions. CHRM1 has been reported to be related to 
neural system disabilities, such as schizophrenia 
and severe problem in memory and sleep [47–49]. 
However, the role of CHRM1 in the development 
of NTDs has not previously been reported. This 
study detected, for the first time, hypermethylation 
of CHRM1 in neural tissue of NTDs, and the 
association was validated in a larger cohort of 
subjects. We found that hypermethylation of 
CHRM1 was associated with both anencephaly 
and spina bifida. Our study provides novel evi-
dence supporting the role of CHRM1 in human 
NTD cases.

Table 2. Characteristic of the validation population.
Characteristic Total Case (n = 73) Control (n = 32) P

Fetus Gender
Male 50(50.5) 31(44.9) 19(63.3) 0.092�
Female 49(49.5) 38(55.1) 11(36.7)
Mean BMI (±SD) 23.85 ± 3.91 23.87 ± 3.95 23.82 ± 3.88 0.957

Mother Occupation
Farmer 78(74.3) 63(86.3) 15(46.9) <0.000�
Others 27(25.7) 10(13.7) 17(53.1)
Maternal Education
Primary school 13(12.4) 9(12.3) 4(12.5) 0.003
Junior school 65(61.9) 52(71.2) 13(40.6)
High school or higher 27(25.7) 12(16.4) 15(46.9)
Passive smoking
No 42 (41.2) 28(38.9) 14(46.7) 0.512�
Yes 60(58.8) 44(61.1) 16(53.3)
Drinking
No 93(91.2) 64(88.9) 29(96.7) 0.276�
Yes 9(8.8) 8(11.1) 1(3.3)
Folic acid supplementation
Yes 51(49.5) 43(60.6) 8(25.0) 0.001
No 52(50.5) 28(39.4) 24(75.0)
Mean gestational weeks (±SD) 24.81 ± 6.22 24.96 ± 6.04 24.47 ± 6.70 0.712

Note: BMI: Body mass index 
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Integrins are heterodimeric membrane glyco-
proteins that mediate a wide spectrum of cell-cell 
and cell-matrix interactions that have key roles in 
cell migration and morphological development,

differentiation, and metastasis. The integrin 
alpha-7 (ITGA7) is specifically involved in differ-
entiation and migration processes. ITGA7 has 
been well studied concerning the aetiology of

Figure 2. Methylation pattern of target genes using Sequenom EpiTYPER.
The methylation level for each CpG unit between NTDs cases and control group within the amplicons were analysed. Student t-tests 
were performed.*: The methylation of CpG sites were significantly different between case and control groups (p < 0.05). 

Table 3. Mean methylation level and the risk for neural tube defects (NTDs).

Gene

Mean methylation (%) 
(mean ± SD)

OR (95% CI) aOR (95% CI)aControl NTDs

CCND1 8.53 ± 5.74 7.02 ± 3.30 0.92(0.84–1.02) 0.88(0.78–1.01)
CHRM1 13.73 ± 7.74 21.08 ± 6.55 1.18(1.09–1.28)* 1.19(1.08–1.30)*
LAMC2 19.64 ± 5.01 20.72 ± 5.95 1.04(0.96–1.12) 1.04(0.95–1.14)
PI3KRI 45.23 ± 13.47 52.07 ± 12.21 1.04(1.01–1.08)* 1.03(0.99–1.07)
FGF19 12.56 ± 8.82 19.76 ± 8.64 1.11(1.05–1.18)* 1.10(1.03–1.17)*
ITGA7 40.34 ± 16.02 47.23 ± 17.95 1.03(0.99–1.06) 1.04(1.01–1.08)*

Note: aOR: Adjusted for occupation, education, and folic acid supplementation; *: P < 0.05. 
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muscular disorders and cancers. However, scant 
attention has been paid to congenital malforma-
tions. A study reported that ITGA7 promotes pro-
liferation, invasion, and migration of papillary 
thyroid carcinoma cells through regulating epithe-
lial-to-mesenchymal transition [50]. Before our 
studies, there was no previous evidence linking 
hypermethylation of ITGA7 to an increased risk 
for human NTDs.

PI3KR1 is a subunit of phosphoinositide 
3-kinase (PI3K), which is a lipid kinase that

phosphorylates the inositol ring of phosphatidyli-
nositol and related compounds at the 3-prime 
position [51]. PI3KR1 plays a crucial role in the 
metabolism of glucose and inositol [52]. In 
humans, variants in the PI3KR1 gene are asso-
ciated with SHORT syndrome and immunodefi-
ciency [53,54]. In this study, we found that 
methylation levels of PI3KR1 in NTD cases were 
significantly higher than in controls. But after 
adjusting for maternal occupation, education, and 
folic acid supplementation, the association turned

Table 4. Mean methylation level and the risk for anencephaly and spina bifida.
Control (n=32) Anencephaly (n=36) Spina bifida (n=38)

Mean methylation 
(Mean ± SD)

Mean methylation 
(Mean ± SD) aOR Mean methylation aOR

CCND1 8.53±5.74 6.50±3.11 0.90(0.79-1.01) 7.44±3.47 0.91(0.79-1.05)
CHRM1 13.73±7.74 21.25±6.47 1.23(1.09-1.38)* 21.05±6.67 1.17(1.06-1.29)*
LAMC2 19.64±5.01 21.13±5.62 1.07(0.95-1.20) 20.33±6.21 1.03(0.93-1.14)
PI3KRI 45.23±13.47 53.13±9.56 1.03(0.98-1.09) 51.08±14.19 1.02(0.97-1.06)
FGF19 12.56±8.82 20.59±9.90 1.08(1.01-1.16)* 18.98±7.47 1.10(1.02-1.18)*
ITGA7 40.34±16.02 46.25±18.76 1.03(0.99-1.07) 48.94±17.11 1.05(1.01-1.09)*

Note: aOR: Adjusted for occupation, education, and folic acid supplementation; *: P< 0.05 

Figure 3. Rosette-like cell aggregate formation in siRNA-treated culture. (a) Culture scheme for establishing neural rosettes. (b) 
RT-qPCR assay to examine the effect of siRNA knock-down. *: P < 0.05. (c) Immuno-staining of PAX6 and N-cadherin on cells. (d) RT- 
qPCR assay to examine the expression of PAX6 in each group. *: P< 0.05.
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out to be insignificant. Thus, more studies are 
needed to examine the role of this gene in the 
aetiology of NTDs.

Transcription start sites (TSS) and 5’-UTRs are 
important components promoter regions that con-
trol gene expression levels [55]. Previous work has 
focused on DNA methylation in CpG islands at 
TSS and showed that aberrant methylation in TSS 
significantly impacted the regulation of gene 
expression [56]. In this study, we focused on spe-
cific promoter regions with altered CpG methyla-
tion. The hypermethylation of gene promoters are 
inversely associated with gene expression, that is, 
the gene hypermethylation in the promoter 
region would down-regulate the expression of 
the gene in question [57]. In this study we used 
siRNAs to knock down the expression of FGF19, 
CRHM1 and ITGA7 genes in hESCs to investigate 
whether low expression of the target genes

impairs neural rosette development. We demon-
strated that down-regulating the expression of 
those three genes could influence the differentia-
tion of neural cells.

Many previous studies used blood as a source of 
DNA with which to investigate the impact of 
altered methylation and the aetiology of NTDs. 
However, DNA methylation is considered to be 
tissue-specific; therefore, it is crucial to detect the 
methylation level in the specific lesion site. If one 
wants to understand methylation issues that are 
relevant to NTD aetiology, then the nervous tis-
sues at the site of failed neural tube closure should 
be examined. In the current study, we examined 
neural tissues from NTD foetuses and controls, 
which makes our findings uniquely relevant to 
the outcome in question. However, because of 
the timing of neural tube closure in human 
embryos, we were limited to obtaining the tissue

Figure 4. Neuronal cell differentiation. (a) Immuno-staining of SOX2 and MAP2 on cells. (b) Quantitative analysis was performed. 
We randomly chose five fields of vision and calculated the percentages of cells that express SOX2 in the total cells. The percentages 
of SOX2-expression cells of each si-RNA group were compared with the si-scrambled group. (c) Quantitative analysis was performed. 
We randomly chose five fields of vision and calculated the percentages of cells that express MAP2 in the total cells. The percentages 
of MAP2-expression cells of each si-RNA group were compared with the si-scrambled group.
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weeks after the neural tube failed to close. We, 
therefore, cannot completely rule out the possibi-
lity that the observed aberrant methylation occurs 
secondary to the lesion site proper. Besides, con-
sidering that it is difficult to obtain the fresh 
tissues of the lesion site and neural system, 
mRNA expression levels of the human tissues are 
hard to be examined.

In conclusion, for the first time, we were able to 
show that hypermethylation in several genes in 
select key genes of the PI3K-AKT signalling path-
way (e.g. FGF19 and CHRM1) may be involved in 
the occurrence of human NTDs. Our study pro-
vides new insight into epigenetic mechanisms 
underlying NTD formation. Further studies are 
warranted to explore whether the aberrant methy-
lation of PI3K-AKT signalling pathway genes 
interacts with nutritional factors such as inositol, 
glucose, or folic acid, which are known nutritional 
modifiers of NTD risk.
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