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Abstract. The discovery of cell‑free DNA fetal (cff DNA) in 
maternal plasma during pregnancy provides a novel perspec-
tive for the development of non‑invasive prenatal diagnosis 
(NIPD). Against the background of maternal DNA, the use 
of the relatively low concentration of cff DNA is limited in 
NIPD. Therefore, in order to overcome the complication of 
the background of maternal DNA and expand the scope of cff 
DNA application in clinical practice, it is necessary to identify 
novel universal fetal‑specific DNA markers. The GeneChip 
Human Promoter 1.0R Array set was used in the present study 
to analyze the methylation status of 12 placental tissue and 
maternal peripheral blood whole‑genome DNA samples. In 
total, 5 fetus differential hypermethylation regions and 6 fetus 
differential hypomethylation regions were identified. In order 
to verify the 11 selected methylation regions and detect the 
differential CpG sites in these regions, a bisulfate direct 

sequencing strategy was used. In total, 87 fetal differential 
methylation CpG sites were identified from 123 CpG sites. The 
detection of fetal differential methylation DNA regions and 
CpG sites may be instrumental in the development of efficient 
NIPD and in the expansion of its application in other disorders.

Introduction

Women undergoing high‑risk pregnancies typically undergo 
conventional invasive prenatal diagnosis. The most common 
invasive prenatal diagnostic techniques are amniocentesis and 
chorionic villus sampling, which are optimal from the late first 
trimester to the second trimester. However, conventional inva-
sive prenatal techniques not only raise the risk of fetal loss but 
also bring pressure to the mothers, and earlier testing results in 
an increased risk to the fetus and mother (1). Therefore, devel-
oping a reliable method for non‑invasive prenatal diagnosis 
(NIPD) which does not confer additional risk to the fetus and 
mother is of critical importance in prenatal diagnosis.

In 1893, Schmorl et al first described feto‑maternal cellular 
trafficking  (2). The presence of fetal cells in the maternal 
circulation made it possible to promote the development of 
non‑invasive prenatal diagnosis (2). However, there are several 
problems with using such fetal cells for non‑invasive prenatal 
diagnosis. First of all, the number of fetal cells in the maternal 
circulation is very small; secondly, it is difficult to isolate these 
fetal cells from the maternal blood; finally, the enrichment tech-
nologies at present are very expensive. Therefore, non‑invasive 
prenatal diagnosis using fetal cells in the maternal circulation 
is still not widely used in clinical practice. In 1997, Lo et al (3) 
reported that fetal DNA migrates into maternal peripheral blood 
during pregnancy and in 1998 also reported that fetal DNA 
was detectable by polymerase chain reaction (PCR) (4). The 
discovery of cell‑free fetal DNA (cff DNA) in maternal plasma 
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during pregnancy provides a novel perspective for the develop-
ment of NIPD. The amount of fetal cff DNA is greater than 
that of the fetal cells in equal amounts of blood (5). At present, 
NIPD using markers of cff DNA in clinical practice include 
fetal sex determination for sex‑linked disorders, fetal RhD 
blood group typing, fetal chromosomal aneuploidy detection, 
and certain fetal single gene genetic diseases (4,6‑13). Although 
the amount of cff DNA increases with the duration of gesta-
tion from the seventh gestational week, in the first and second 
trimester the concentration of cff DNA in maternal plasma only 
accounts for 3.4 and 6.2% of the total DNA in maternal plasma, 
respectively (4). Against the background of maternal DNA, the 
use of the relatively low concentration of cff DNA is limited in 
NIPD. Therefore, in order to overcome the complication of the 
background of maternal DNA and expand the scope of applica-
tion for cff DNA in clinical practice, the identification of novel, 
universal fetal‑specific DNA markers is necessary (14).

The use of epigenetic modifications as fetal‑specific 
markers to detect cff DNA from maternal DNA has been 
investigated previously  (15‑18). The cff DNA in maternal 
plasma originates from the placenta and villus (19,20). Instead 
of analyzing fetal DNA in the maternal plasma, epigenetic 
differences between placental and maternal cells have been 
used in previous studies as a promising strategy for iden-
tifying fetal‑specific markers for NIPT (19,20). Epigenetic 
modifications, including DNA methylation, non‑coding RNAs 
and histone modifications, are heritable but are not due to an 
alteration in genomic sequence (21‑23). DNA methylation was 
the first epigenetic modification to be discovered, and remains 
the most well studied. In animals, it predominantly involves 
the addition of a methyl group to the carbon‑5 position of 
cytosine residues of the dinucleotide CpG (24‑26). Utilizing 
fetal disease‑specific methylation markers to conduct NIPT to 
screen for diseases is a promising strategy (15‑17).

Methylated microarray analysis is an efficient technology 
platform for screening for epigenetic methylation markers. 
Tiling arrays offer a physical readout of a genome and is 
used as a discovery tool for mapping sites of DNA interac-
tion in chromatin immunoprecipitation (ChIP) experiments, 
and for understanding global epigenomic changes including 
methylation. In the present study, a GeneChip Human Tiling 
2.0R Array set designed for ChIP experiments was used to 
screen for differentially methylated regions in placental and 
maternal blood cells. This set of 7 arrays contain ~45 million 
oligonucleotide probes covering all methylation regions in the 
whole genome. Furthermore, bisulfate direct sequencing was 
used to verify the results of methylated microarray analysis and 
to identify the methylation sites in these methylation regions.

Materials and methods

Study samples. Blood samples were collected from 6 healthy 
Han Chinese pregnant women between 18‑24 gestational 
weeks and placental tissue samples were collected from 
6 women with full‑term pregnancies in the Prenatal Diagnosis 
Center of Henan Provincial People's Hospital (Zhengzhou, 
China) between March 2013 and May 2013. All samples were 
frozen at ‑80˚C prior to use. Information regarding gestational 
age, maternal age, numbers of previous pregnancies and abor-
tions and fetal sex was collected (Table I). Written informed 

consent was obtained from each woman. The present study 
was performed in‑line with the Ethics Committee of Henan 
Provincial People's Hospital (Zhengzhou, China).

Exclusion of maternal DNA. The 15 autosomal STR loci and 
an amelogenin locus were amplified to determine whether 
there was maternal DNA in the fetal placental tissue by 
using the PowerPlex 16 system kit (PowerPlex 16; Promega 
Corporation, Madison, WI, USA) in a multiplex amplification 
reaction system, according to the manufacturer's protocol, 
using a 25 µl reaction mixture containing 1.0 µl (0.5‑2 ng) 
genomic DNA, 5.0 µl PowerPlex 16 5xMaster Mix, 5.0 µl 
PowerPlex 16 5xPrimer Pair Mix and 14.0 µl ddH2O. Thermal 
cycling was performed using the GeneAmp PCR System 9700 
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). The thermocycler conditions for the polymerase 
chain reaction (PCR) were as follows: Denaturation for 11 min 
at 95˚C, and then 1 min at 96˚C, followed by 10 cycles for 
30 sec at 94˚C, 30 sec at 60˚C, 45 sec at 70˚C, then 20 cycles 
for 30 sec at 90˚C, 30 sec at 60˚C, 45 sec at 70˚C and a final 
elongation step at 60˚C for 30 min.

The PCR products were separated and detected by 
capillary electrophoresis on an ABI 3130 Genetic Analyzer 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR 
products (2 µl) or PowerPlex 16 allelic ladder (2 µl) was mixed 
with 15 µl Hi‑Di formamide and 0.5 µl internal lane standard 
600 (all from Promega Corporation). The loading mixture was 
denatured at 95˚C for 3 min, and then followed by chilling 
on ice immediately for 3 min. STR alleles were analyzed 
by comparison with allelic ladders of the kit using the 
GeneMapper ID 3.2 software (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). Control DNA from the 9947A female 
cell line (Promega Corporation) was genotyped as a standard 
reference in all experiments.

Methylated DNA (mDNA) capture. The Methylamp Methylated 
DNA Capture kit (P‑1015; EpiGentek Group, Inc., Farmingdale, 
NY, USA) was used to enrich and capture methylated DNA 
fragments from the blood and placental tissue samples. 
According to the manufacturer's protocol, methylated DNA 
enrichment and capture included the following steps: i) DNA 
isolation; ii) breaking DNA into fragments using a sonicator 
as follows: Sonication for 10 sec, pause for 30 sec (repeated 
10  times) at 100W by an automatically adjusted frequency 
from 20‑25 kHz, with the DNA size subsequently checked by 
running on 1.2% agarose gel; iii) incubating sonicated DNA at 
98˚C for 3 min and immediately placing on ice; iv) methylated 
DNA immunoprecipitation by incubating denatured DNA with 
an anti‑5‑methylcytosine antibody (1:100; P‑1015; EpiGentek 
Group, Inc.) at room temperature for 2 h shaking on an orbital 
shaker at 100 rpm; v) release of mDNA from antibody complex; 
vi) capturing the mDNA; vii) elution of the mDNA. Following 
methylated DNA immunoprecipitation (MeDIP), it is possible 
to analyze the methylation of the DNA using MeDIP‑ChIP.

DNA methylation analysis. The GeneChip Human Promoter 
1.0R Array set (Affymetrix; Thermo Fisher Scientific, Inc.) was 
used to detect the promoter regions across the whole genome. 
GeneChip Fluidics Station 400 and GeneChip Scanner 3,000 
7 G (Affymetrix; Thermo Fisher Scientific, Inc.) were used for 
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analysis. According to the Affymetrix chip‑on‑chip proce-
dures, immunoprecipitated DNA targets were tagged with 
primer A (5'‑GTTTCCCAGTCACGGTCNNNNNNNNN‑3') 
using DNA Sequenase (Affymetrix; Thermo Fisher 
Scientific, Inc). Tagged DNA was amplified with primer B 
(5'‑GTTTCCCAGTCACGGTC‑3') using LA Taq polymerase 
(Takara Bio, Inc., Otsu, Japan) with the following cycling 
conditions: 15 cycles of 30 sec at 95˚C, 30 sec at 45˚C, 30 sec 
at 55˚C, 1 min at 72˚C; then 15 cycles of 30 sec at 95˚C, 30 sec 
at 45˚C, 30 sec at 55˚C (for every subsequent cycle, add 5 sec), 
1 min at 72˚C, and 4˚C hold. Next, the PCR products were 
purified using MiniElute PCR purification kit (Qiagen, Inc., 
Valencia, CA, USA) and a fragmentation mix was obtained. 
Then, the GeneChip WT Double‑Stranded DNA Terminal 
Labeling kit was used to fragment and label the double‑stranded 
DNA, and the GeneChip Hybridization, Wash, and Stain kit 
(both from Affymetrix; Thermo Fisher Scientific, Inc.) was 
used to hybridize, wash and stain the labeled target DNA 
according to the manufacturer's protocol. Finally, the chip was 

scanned using the GeneChip Scanner 3,000 7G controlled by 
GeneChip® Command Console® Software (AGCC) (both from 
Affymetrix; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol.

Bisulfate direct sequencing. Genomic DNA was isolated using 
a DNA isolation kit (Invitrogen; Thermo Fisher Scientific, Inc.) 
from blood and placental tissue samples according to the manu-
facturer's protocol. Bisulfate direct sequencing was conducted 
to verify the selected methylation regions by microarray 
analysis and to detect the methylation sites in these selected 
methylation regions. Prior to conduction of bisulfate direct 
sequencing, the following steps were performed: i) Bisulfate 
modification of the sample genomic DNA, performed using 
the EpiTect Bisulfate kit (Qiagen, Inc.), according to the manu-
facturer's protocol; ii) PCR amplification, using the primer 
sequences in Table II and the reaction conditions in Table III; 
iii)  electrophoresis and recycling of the PCR products; 
iv) ligating purified PCR products into the vector pUC18‑T 

Table I. General information about the participants.

Sample ID 	 Maternal age (years)	 Reproductive history	 Gestational age	 Fetal sex

  1	 28	 G1P0	 18 week	 46, XX
  2	 37	 G2P0	 19 week+ 3 day	 46, XX
  3	 33	 G1P0	 20 week	 46, XX
  4	 24	 G3P0	 19 week+ 6 day	 46, XY
  5	 32	 G4P1	 22 week	 46, XY
  6	 27	 G1P0	 21 week+ 5 day	 46, XX
  7	 26	 G2P0	 39 week+ 6 day	 46, XY
  8	 27	 G3P1	 41 week+ 1 day	 46, XX
  9	 29	 G3P1	 40 week+ 5 day	 46, XY
10	 31	 G2P0	 39 week+ 4day	 46, XX
11	 34	 G2P1	 40 week+ 2 day	 46, XY
12	 25	 G2P1	 38 week+ 6 day	 46, XX

Table II. Primer sequences used for bisulfate direct sequencing.

Primer			   Amplicon
name	 Forward primers (5'‑3')	 Reverse primers (5'‑3')	 size (bp)

FHypeMR 1	 GGGTGTTAGGGTGGTGTAGAG	 TACAAAACAAACCCAAAATTCTAC	 355
FHypeMR 2	 TTTATTTGTTTAGTTTATTGTTTGAG	 TAAAATCCCTTTTCAAAACAAC	 416
FHypeMR 3	 AAAATTTAGGTAAGGAAATGTATTAG	 TTTTCCTACTCCAACCATCC	 578
FHypeMR 4	 TTTTGAAATAAATTTGTGAGGG	 CTAACAACCCAACCACAACTAC	 437
FHypeMR 5	 GAAAGTTTTTAGGTGGTTTTAGAG	 CAAAACAAAAAAATATCTCTAAACC	 581
FHypoMR 1	 GTTTATTGTTGTTTTTATTTGGG	 CTAATAATCTTACTTCCCATTTCAC	 602
FHypoMR 2	 GGGATAAAGAAATTAATATTGATG	 CTCAATAAAACACTTCTAAAACATC	 509
FHypoMR 3	 AAATAGATTTAAATAATTTGTGTTATTG	 AAAAACCACTCCTCTTATAAAATC	 472
FHypoMR 4	 GATTTTATTTTTGTTGGGGTG	 AACAAACACATCATAACACAAAAC	 398
FHypoMR 5	 TTAGTTAAGATTTTTTTTAGAATTGTAG	 TAAAAACTTTATACAAATAATTTAATTTC	 405
FHypoMR 6	 TGAATATAGTTTTGTTGGTTGTG	 TAAATCCTTAATCACTAAACAACAC	 343

FHypeMR, fetus hypermethylation regions; FHypoMR, fetus hypomethylation regions.
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(Sangon Biotech Co., Ltd., Shanghai, China); v) the prepara-
tion of competent DH5α E. coli cells (Takara Biotechnology 
Co., Ltd., Dalian, China) using a Rapid Competent Cell Preps 
kit (B529307) and a One Step Cell Preparation kit (SK9307) 
(both from Sangon Biotech Co., Ltd.); vi) colony screening 

(inoculation and selection of monoclonal colonies) and plasmid 
extraction using a Miniprep Plasmid Purification kit (SK8161; 
Sangon Biotech Co., Ltd.); vii) sequencing, using a BigDye® 
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.), the primers listed in Table II 

Table III. Amplification reaction conditions for bisulfate direct sequencing.

Name	 Amplification reaction conditions

FHypeMR 1	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 56˚C, 1 min at 72˚C; 10 min at 72˚C
FHypeMR 2	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54˚C, 1 min at 72˚C; 10 min at 72˚C
FHypeMR 3	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54˚C, 1 min at 72˚C; 10 min at 72˚C
FHypeMR 4	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54.5˚C, 1 min at 72˚C; 10 min at 72˚C
FHypeMR 5	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 55˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 1	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54.5˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 2	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 53˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 3	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 4	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54.5˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 5	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 54˚C, 1 min at 72˚C; 10 min at 72˚C
FHypoMR 6	 4 min at 98˚C; 30 cycles for 45 sec at 94˚C, 45 sec at 53˚C, 1 min at 72˚C; 10 min at 72˚C

FHypeMR, fetus hypermethylation regions; FHypoMR, fetus hypomethylation regions.

Table IV. Number of FHypeMR and FHypoMR in each chromosome.

Chr No.	 FHypeMR	 FHypoMR	 Total FDMR	 % FHypeMR	 % FHypoMR

Chr 1	 48	 47	 95	 50.53	 49.47
Chr 2	 29	 21	 50	 58.00	 42.00
Chr 3	 23	 25	 48	 47.92	 52.08
Chr 4	 26	 19	 45	 57.78	 42.22
Chr 5	 30	 18	 48	 62.50	 37.50
Chr 6	 27	 17	 44	 61.36	 38.64
Chr 7	 15	 18	 33	 45.45	 54.55
Chr 8	 19	 30	 49	 38.78	 61.22
Chr 9	 21	 11	 32	 65.63	 34.37
Chr 10	 11	 13	 24	 45.83	 54.17
Chr 11	 18	 28	 46	 39.13	 60.87
Chr 12	 23	 15	 38	 60.53	 39.47
Chr 13	 10	 14	 24	 41.67	 58.33
Chr 14	 12	 19	 31	 38.71	 61.29
Chr 15	 13	 22	 35	 37.14	 62.86
Chr 16	   7	   9	 16	 43.75	 56.25
Chr 17	 17	 26	 43	 39.53	 60.47
Chr 18	   6	   9	 15	 40.00	 60.00
Chr 19	   9	 25	 34	 26.47	 73.53
Chr 20	   6	 14	 20	 30.00	 70.00
Chr 21	   7	   2	   9	 77.78	 22.22
Chr 22	   6	   7	 13	 46.15	 53.85
Chr X	‑	  49	 49	‑	  100.00

FHypeMR, fetus hypermethylation regions; FHypoMR, fetus hypomethylation regions; Chr, chromosome; FDMR, fetus differential 
methylation regions.
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and the reaction conditions listed in Table III, and performed 
with an ABI 3130 Genetic Analyzer. In total, 5 fetal hyper-
methylation regions and 6 fetal hypomethylation regions were 
tested.

Statistical analysis. Affymetrix Tiling Analysis Software 
Version 1.1 (TAS; Affymetrix; Thermo Fisher Scientific, Inc.) 
was used for analysis and quality control of the GeneChip 
Tiling Arrays. TAS analyzed feature intensity data stored in the 
GeneChip Operating Software (GCOS), output CEL files and 
produced signals and P‑values for each genomic position exam-
ined. Affymetrix Power Tools Software 1.15.1 (Affymetrix; 
Thermo Fisher Scientific, Inc.) was used to convert CEL files 
to text files. The methylation regions of the fetus group and the 
mother control group were compared using the Model‑based 
Analysis of Tiling‑array (MAT) calculation (P<0.0001). MAT 
(build: 3.07312009) was available from http://liulab.dfci 
.harvard.edu/MAT/. CisGenome 2.0 software (http://www.
biostat.jhsph.edu/~hji/cisgenome/) (27) was used for anno-
tating the gene names which were close to the methylation 
regions. Scatter plots were constructed utilizing plot function 
of R Software Package 3.0.1 (www.r‑project.org). Two sets 
of results (from the fetus and the mother) of bisulfate direct 
sequencing were analyzed using the Quantification Tool for 
Methylation Analysis (QUMA) (web server version, http://quma 
.cdb.riken.jp/) (28) and compared by statistical software SPSS 
13.0 (SPSS, Inc., Chicago, IL, USA) using two‑way analysis 
of variance method followed by the boferroni post hoc test. 
P<0.01 was considered to indicate a statistically significant 
difference.

Results

The fetal and maternal DNA samples were all amplified using 
the PowerPlex 16 system kit in a multiplex amplification reac-
tion system, and there was no maternal DNA in the placental 
tissue. DNA methylation detection of the 12 placental tissues 
and maternal peripheral blood DNA samples were conducted 
using the GeneChip Human Tiling 2.0R Array set. Across the 
whole genome, probes were tiled at ~35‑base pair intervals 
as measured from the central position of adjacent oligonucle-
otides, leaving ~10‑base pair gaps between oligonucleotides. 
In total, the values of the DNA methylation levels of all the 
DNA methylation regions in the whole genome were obtained 
for each sample. In order to obtain the fetus differential meth-
ylation regions, the DNA methylation levels in the methylation 
regions of fetuses were compared with those in mothers by 
using MAT calculation (P<0.0001). From the results, 383 fetus 
hypermethylation DNA regions and 458 fetus hypomethylation 
DNA regions were identified. The number of fetus hypermeth-
ylation DNA regions and fetus hypomethylation DNA regions 
in each chromosome are presented in Table IV. In order to iden-
tify the methylation differences between samples, scatter plots 
were constructed using R Software 3.0.1 (29), including the 
fetus hypomethylation region on chromosome X (Fig. 1A) and 
the fetus hypermethylation region on chromosome 7 (Fig. 1B). 
Red solid circles, which referred to the DNA methylation 
level of the fetus in the specified chromosomal location were 
gathered together, blue solid circles which referred to the DNA 
methylation level of the mother in this chromosomal location 

gathered together, and the red solid circle groups were visibly 
separated from the blue solid circle groups. If this was the case 
for any generated scatter plot, there were deemed to be differ-
ences in DNA methylation levels between fetuses and mothers. 
According to the above principle, 22 fetus hypermethylation 
regions and 26 fetus hypomethylation regions were selected. 
To further understand the sequence structure and function of 
these 48 methylation regions, the genes which these regions 
were associated with were identified using the National Center 
for Biotechnology Information (http://www.ncbi.nlm.nih 
.gov/). A total of 5 fetus hypermethylation regions and 6 fetus 
hypomethylation regions were identified according to their 
functions. These were FHypeMR 1 (Chr4:81,219,256‑81,219, 
713; Table  V), FHypeMR 2 (Chr6:50,894,411‑50,894,837; 
Table  V), FHypeMR 3 (Chr21:38,791,187‑38,792, 
106; Table  V), FHypeMR 4 (Chr7:35,261,345‑35,261,771; 
Table  V), FHypeMR 5 (Chr22:25,205,384‑25,205, 
989; Table  V), FHypoMR 1 (Chr1:41,215,030‑41,215,734; 
Table  V),  FHypoMR 2 (ChrX:28, 517,115‑28, 517, 
628; Table V), FHypoMR 3 (Chr6:132,312,025‑132,312,573; 
Table V), FHypoMR 4 (Chr1:10,194,437‑10,194,830; Table V), 
FHypoMR 5 (Chr6:6267573‑6268106; Table V) and FHypoMR 
6 (Chr13:72,527,950‑72,528,544; Table V).

FHypeMR 1 was associated with the anthrax toxin receptor 
2 (ANTXR2) gene. This gene encodes a receptor for anthrax 
toxin, and mutations in this gene result in juvenile hyaline 

Figure 1. Scatter plots generated using R software packages based on the 
methylation degree. (A)  The fetus hypomethylation region on chromo-
some X. (B) The fetus hypermethylation region on chromosome 7. The X 
axis refers to chromosomal location; the Y axis refers to the degree of the 
DNA methylation. Red dots refer to fetal DNA methylation CpG sites; blue 
dots refer to maternal DNA methylation CpG sited. CpG, C‑phosphate‑G.
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fibromatosis and infantile systemic hyalinosis (30). FHypeMR 
2 was associated with the transcription factor AP‑2β gene. 
Mutations in this gene result in autosomal dominant Char 
syndrome and congenital heart disease  (31). FHypeMR 3 
was associated with erythroblastosis virus E26 oncogene 
homolog. This gene encodes a member of the erythroblast 
transformation‑specific family of transcription factors. All 
members of this family are key regulators of embryonic 
development, cell proliferation, differentiation, angiogenesis, 
inflammation and apoptosis. FHypeMR 4 was associated 
with T‑box 20. This gene is essential for heart development, 
and mutations in this gene are associated with diverse cardiac 
pathologies, including defects in septation, valvulogenesis 
and cardiomyopathy (32). FHypeMR 5 was associated with 
Hermansky‑Pudlak syndrome 4, and mutations in this gene 
result in subtype 4 of Hermansky‑Pudlak syndrome  (33). 
FHypoMR 1 was associated with the cytidine triphosphate 
synthase gene. The protein encoded by this gene is an enzyme 
responsible for the catalytic conversion of uridine triphosphate 
to cytidine triphosphate. Activity of this protein is important 
for the immune system, and loss of function of this gene is 

associated with immunodeficiency (34). FHypoMR 2 was asso-
ciated with the interleukin 1 receptor accessory protein‑like 
1 gene. Deletions and mutations in this gene are present in 
patients with mental retardation (35). FHypoMR 3 was associ-
ated with the connective tissue growth factor gene. The protein 
encoded by this gene is a mitogen which is involved in cell 
adhesion and chondrocyte proliferation and differentiation in 
multiple cell types (36). FHypoMR 4 was associated with the 
kinesin family member 1B gene. Mutations in this gene result 
in to Charcot‑Marie‑Tooth disease, type 2A1 (37). FHypoMR 5 
was associated with the coagulation factor XIII, AI polypeptide 
gene. This gene encodes the coagulation factor XIII A subunit, 
and a dysfunctional A subunit results in factor XIII deficiency 
(type II deficiency) (38). FHypoMR 6 was associated with the 
Kruppel‑like factor 5 gene. Expression of this gene is altered in 
a variety of different cancers and in cardiovascular disease (39).

To verify the 11 selected methylation regions by genome‑wide 
microarray and to detect the differential C‑phosphate‑G (CpG) 
sites in these regions, a bisulfate direct sequencing strategy was 
used. The results of bisulfate direct sequencing were analyzed 
by QUMA. The methylation status of 12 detected CpG loci in 

Table V. Further information concerning the 5 FHypeMR and 6 FHypoMR.

	 Chromosomal location
Marker ID	 NCBI36/hg18	 Associated gene

FHypeMR 1	 Chr4:81,219,256‑81,219,713	 Anthrax toxin receptor 2 (ANTXR2)  
FHypeMR 2	 Chr6:50,894,411‑50,894,837	 Transcription factor AP‑2β (TFAP2B) 
FHypeMR 3	 Chr21:38,791,187‑38,792,106	 Erythroblastosis virus E26 oncogene homolog (ERG)
FHypeMR 4	 Chr7:35,261,345‑35,261,771	 T‑box 20 (TBX20)
FHypeMR 5	 Chr22:25,205,384‑25,205,989	 Hermansky‑Pudlak syndrome 4 (HPS4)
FHypoMR 1	 Chr1:41,215,030‑41,215,734	 Cytidine triphosphate synthase (CTPS)
FHypoMR 2	 ChrX:28,517,115‑28,517,628	 Interleukin 1 receptor accessory protein‑like 1 (IL1RAPL1)
FHypoMR 3	 Chr6:132,312,025‑132,312,573	 Connective tissue growth factor (CTGF)
FHypoMR 4	 Chr1:10,194,437‑10,194,830	 Kinesin family member 1B (KIF1B)
FHypoMR 5	 Chr6:6,267,573‑6,268,106	 Coagulation factor XIII, A1 polypeptide (F13A1)
FHypoMR 6	 Chr13:72,527,950‑72,528,544	 Kruppel‑like factor 5 (KLF5)

Chr, chromosome; FHypeMR, fetus hypermethylation regions; FHypoMR, fetus hypomethylation regions.

Figure 2. Bisulfate clone sequencing results from 2 samples for 12 CpG loci of the anthrax toxin receptor 2 gene promoter (Chr4:81,219,256‑81,219,713). 
(A) The bisulfate direct sequencing result of (A) the mother and (B) the fetus. The X axis refers to 10 different clone sequencing results; the Y axis refers to 
12 detected CpG loci. Black circles refer to methylated loci; white circles refer to unmethylated loci. CpG, C‑phosphate‑G.
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the ANTXR2 gene promotor from a blood sample from one 
mother and the respective placental tissue was visualized in 
Fig. 2A and B, respectively. The bisulfate sequencing results of 
this same promotor were visualized in Fig. 3, revealing that the 

12 CpG sites of the ANTXR2 gene promotor were completely 
methylated in the placental tissue sample (Fig. 3A) but were 
completely unmethylated in the maternal peripheral blood 
sample (Fig. 3B).

Figure 3. Bisulfate sequencing results of the ANTXR2 gene promoter for 2 samples. (A) The 12 CpG sites of the ANTXR2 gene promoter were completely 
methylated in the placental tissue sample. (B) The 12 CpG sites of ANTXR2 gene promoter were completely unmethylated in maternal peripheral blood cell. 
ANTXR2, anthrax toxin receptor 2; CpG, C‑phosphate‑G.
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According to these results, 87 fetal differential methylation 
CpG sites in the 11 methylation DNA regions were selected 
(Table VI). In order to clarify whether the differences between 
mothers and fetuses were due to fetus sex, the bisulfate 
sequencing results were grouped according to fetus sex. The 
analysis of variance results revealed that there were no signifi-
cant differences between male and female fetuses at any of 
the identified differential methylation CpG site. Therefore, it 
was concluded that the differences in methylation CpG sites 
between mothers and fetuses was not associated with the sex 
of the fetus in the present study.

Discussion

Analysis of circulating cff DNA in maternal plasma is a 
promising, non‑invasive strategy to determine fetal sex 
when diagnosing sex‑linked disorders, fetal RhD blood 
group typing, fetal chromosomal aneuploidy detection and 
fetal monogenic diseases  (4,6‑13). However, there remain 
common diseases of the fetus that it is not possible to 
diagnose using NIPD methods. There are a variety of tech-
nological bottlenecks that remain to be resolved, including 

cff DNA extraction and detection. These problems will take 
time to solve. This means that follow‑on improvements to 
the existing technology must be conducted to overcome the 
complication of the presence of background maternal DNA 
and to expand the scope of cff DNA application in clinical 
practice. Therefore, it is necessary to identify novel universal 
fetal‑specific DNA markers to enhance the widespread 
clinical application of cff DNA.

Epigenetic differences between maternal and placental 
DNA have previously been explored as a promising strategy 
to distinguish fetal DNA from maternal DNA for NIPT, by 
analysing the fetal DNA in maternal plasma (2). In 2005, the 
first universal epigenetic marker of fetal DNA, serpin family B  
member 5 (SERPINB5), was described, and fetal SERPINB5 
was distinguished from maternal SERPINB5 in maternal 
plasma DNA using the MeDIP quantitative polymerase chain 
reaction (qPCR) approach to quantify the fetal sex chromo-
some copy number in maternal plasma for NIPD (40). Based 
on methylated DNA immunoprecipitation with high‑resolution 
tiling oligonucleotide array analysis, differentially methylated 
regions between placenta and maternal blood were identified. 
Based on the disease‑specific methylated regions, by using the 

Table VI. Differential CpG site information.

Marker	 Number of	 Number of differential 
ID	 CpG sites	 CpG sites (%)	 Location of differential CpG sites

FHypeMR 1	 12	 10 (83)	 81,219,476; 81,219,552; 81,219,603; 81,219,612;
			   81,219,621; 81,219,627; 81,219,638; 81,219,641;
			   81,219,650; 81,219,653
FHypeMR 2	 10	   9 (90)	 50,894,456; 50,894,470; 50,894,526; 50,894,629;
			   50,894,651; 50,894,741; 50,894,751; 50,894,755;
			   50,894,806
FHypeMR 3	 15	   9 (60)	 38,791,473; 38,791,477; 35,791,498; 38,791,661;
			   38,791,686; 38,791,698; 38,791,811; 38,791,885;
			   38,791,979
FHypeMR 4	 20	 16 (80)	 35,261,387; 35,261,407; 35,261,449; 35,261,542;
			   35,261,549; 35,261,582; 35,261,618; 35,261,632;
			   35,261,645; 35,261,672; 35,261,682; 35,261,684;
			   35,261,709; 35,261,723; 35,261,745; 35,261,752
FHypeMR 5	 13	   7 (54)	 25,205,499; 25,205,552; 25,205,563; 25,205,588;
			   25,205,652; 25,205,858; 25,205,967
FHypoMR 1	   7	   5 (71)	 41,215,318; 41,215,359; 41,215,520; 41,215,533;
			   41,215,588
FHypoMR 2	   8	   5 (63)	 28,517,272; 28,517,282; 28,517,310; 28,517,324;
			   28,517,574
FHypoMR 3	 13	   8 (62)	 132,312,111; 132,312,156; 132,312,241; 132,312,275;
			   132,312,279; 132,312,289; 132,312,308; 132,312,437
FHypoMR 4	 13	   8 (62)	 10,194,426; 10,194,449; 10,194,458; 10,194,502;
			   10,194,589; 10,194,644; 10,194,659; 10,194,685
FHypoMR 5	   6	   4 (67)	 6,267,635; 6,267,782; 6,267,854; 6,267,909
FHypoMR 6	   6	     6 (100)	 72,528,064; 72,528,126; 72,528,131; 72,528,261;
			   72,528,273; 72,528,385

CpG, C‑phosphate‑G; FHypeMR, fetus hypermethylation regions; FHypoMR, fetus hypomethylation regions.
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MeDIP qPCR approach, it is possible to discriminate normal 
from abnormal cases and diagnose trisomy 18 and 21 (15‑17). 
This suggests that disease‑specific epigenetic markers may 
be helpful in the development of NIPT for more diseases. 
Furthermore, based on the differentially methylated regions, 
by using sequence capture approaches, methylation‑sensitive 
restriction enzymes, methylated DNA immunoprecipitation 
and qPCR‑based approach and adaptor‑mediated PCR ampli-
fication, it is possible to enrich and quantify the fragment fetal 
cff DNA from maternal cff DNA simultaneously with parallel 
sequencing platforms. Therefore, differentially methylated 
regions may be helpful in the diagnosis of more chromosomal 
diseases. At present, the lack of a fetal DNA marker that is 
universally detected in maternal plasma has limited the 
clinical application of this technology. The aim of the present 
study was the identification and selection of fetal‑specific 
markers that have the potential to develop NIPD. Compared 
with previous reports, the present methylation study of differ-
entially methylated regions provides high resolution. The 
results of the present study agree with previous reports that the 
array is a high‑throughput detecting tool that provides efficient 
and robust genome‑wide methylation profiling (41). However, 
in order to develop methylation‑based NIPT, the technology 
requires further improvements and further research needs to 
be conducted.

The present study, concerning genome‑wide methylation 
screening between placenta and maternal peripheral blood 
lymphocytes, was limited by the relatively small sample 
size. In addition, the study population was Han Chinese, 
which may differ from other populations. Therefore, further 
genome‑wide methylation studies should be conducted in 
larger and different populations. The selected fetal differential 
methylation DNA regions and fetal differential methylation 
CpG sites should also be verified in a full clinical trial. In 
the future more clinical samples will be collected, including 
maternal plasma, and the selected fetal differential DNA 
markers will be applied in clinical practice. In the present 
study, methylation analysis of maternal blood and placental 
DNA samples was conducted across the whole genome and 
5 fetus hypermethylation regions and 6 fetus hypomethylation 
regions were detected between maternal blood and placental 
DNA samples. In total, 87 fetal differential methylation 
CpG sites were identified in the 5 fetus hypermethylation 
regions and 6 fetus hypomethylation regions. The detection 
of the fetal differential methylation DNA regions and fetal 
differential methylation CpG sites may be instrumental in the 
development of an efficient NIPD, and in the expansion of the 
application fields in other disorders including Crohn's disease 
and factor XIII deficiency.
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