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Abstract

The genome methylation is globally erased in early fetal germ cells, and it is gra-

dually re‐established during gametogenesis. The expression of some imprinted genes

is regulated by the methylation status of CpG islands, while the exact time of DNA

methylation establishment near maternal imprinted genes during oocyte growth is

not well known. Here, growing oocytes were divided into three groups based on

follicle diameters including the S‐group (60–100 μm), M‐group (100–140 μm), and

L‐group (140–180 μm). The fully grown germinal vesicle (GV)‐stage and metaphase II

(M2)‐stage mature oocytes were also collected. These oocytes were used for single‐
cell bisulfite sequencing to detect the methylation status of CpG islands near im-

printed genes on chromosome 7. The results showed that the CpG islands near Ndn,

Magel2, Mkrn3, Peg12, and Igf2 were completely unmethylated, but those of Peg3,

Snrpn, and Kcnq1ot1 were hypermethylated in MII‐stage oocytes. The methylation of

CpG islands near different maternal imprinted genes occurred asynchronously,

being completed in later‐stage growing oocytes, fully grown GV oocytes, and mature

MII‐stage oocytes, respectively. These results show that CpG islands near some

maternally imprinted genes are not necessarily methylated, and that the establish-

ment of methylation of other maternally imprinted genes is completed at different

stages of oocyte growth, providing a novel understanding of the establishment of

maternally imprinted genes in oocytes.
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1 | INTRODUCTION

Some genes showing unequal DNA methylation in the paternal and

maternal genomes are called imprinted genes in mammals. The

differentially methylated region, which is generally concentrated on

the CpG islands in the genome, usually overlapping with the im-

printing control region of imprinted genes, plays an important role

in the correct expression of imprinted genes (E. Li, Beard, &

Jaenisch, 1993). Abnormal expression of imprinted genes can lead

to developmental diseases such as Prader Willi and Angelman

syndrome (Glenn, Driscoll, Yang, & Nicholls, 1997; Kaufman, Heled,

Perk, Razin, & Shemer, 2009; MacDonald & Wevrick, 1997). Diploid

embryos with only paternal or maternal genomes will die during

pregnancy, indicating the importance of imprinting genes for re-

productive development (McGrath & Solter, 1984; Surani, Barton, &

Norris, 1984).

The genome imprinting is a dynamic process in a life cycle of

mammals, including erasure, establishment, and maintenance. In the
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female germ line, imprinting is gradually established during the

growth of oocytes after birth, and new imprinting will be completed

by the MII stage (Weaver, Susiarjo, & Bartolomei, 2009). To under-

stand the establishment of methylation during oocyte growth, the

previous approach was to isolate growing oocytes from 1‐day to

25‐day‐old mice (Lucifero, Mann, Bartolomei, & Trasler, 2004),

however, the follicles in the same ovary grew at different rates

5 days after birth, matured, and were released in batches after sexual

maturation. Therefore, oocytes collected according to the days after

birth were derived from follicles with different sizes, and different

size follicles are likely to have different methylation states. In addi-

tion, the growing oocytes from newly born pups and those from

sexually mature individuals are obviously different. The difference of

methylation states between them is not clear.

Some studies have shown that DNA methylation is re‐set during
the later stages of oocyte growth (Demond & Kelsey, 2020). Here,

the definition of the “later stages” is not clear, making it difficult to

describe the nonsynchronized methylation establishment of different

regions. Therefore, we focused on the establishment of methylation

in growing oocytes after sexual maturation. As the oocyte grows, the

size of the follicle increases. Based on this, it is reasonable to classify

growing oocytes by follicle diameter to study the timing of

methylation establishment in different regions. In this study, growing

oocytes at various stages were separated, and eight maternally im-

printed genes on chromosome 7 were analyzed to search for their

CpG islands; primers of these genes were designed, and single‐cell
bisulfite sequencing was conducted, to explore imprinting establish-

ment through CpG islands methylation during the growth of oocytes.

2 | RESULTS

2.1 | Growing oocytes in the ovaries of adult mice

To understand the methylation establishment patterns in CpG is-

lands near different imprinted genes in oocytes, we classified the

follicles according to their sizes into S‐group (60–100 μm), M‐group
(100–140 μm), and L‐group (140–180 μm; Figure 1). Only oocytes

without other cell contaminations were obtained through trypsin

digestion. The diameter distribution of the growing oocytes in each

group is shown in Figure 1. Fully grown germinal vesicle (GV)‐stage
and metaphase phase II (M2)‐stage oocytes were also collected.

These five groups were used to detect the establishment of methy-

lation during oocyte growth.

F IGURE 1 Growing oocytes in the ovaries of adult mice. (a) Growing follicles of the S‐group (60–100 μm), M‐group (100–140 μm), L‐group
(140–180 μm), and growing oocytes in the corresponding groups. (b) Diameter distribution of the growing oocytes in each group
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2.2 | CpG islands near some imprinted genes might
not be highly methylated in MII‐stage oocytes

CpG islands often overlap with the imprinting control region of im-

printed genes, but whether there is a corresponding relationship

between imprinted genes and CpG islands is not clear. We supposed

that high methylation of CpG islands in the promoter region could

directly silence alleles. Peg3, Ndn, Magel2, Mkrn3, Peg12, Igf2, and

Kcnq1ot1 were analyzed through the UCSC genome browser with

CpG islands tracks (Gardiner‐Garden & Frommer, 1987) on Mouse

July 2007 (NCBI37/mm9) assembly (http://genome.ucsc.edu/cgi-bin/

hgGateway) to explore CpG islands in the 5,000 bp upstream and the

gene itself, and bisulfite sequencing primers were designed for CpG

islands (Figures 2, 3a and 4a). Bisulfite sequencing primers for Snrpn

were designed as reported by Lucifero, Mertineit, Clarke, Bestor, and

Trasler (2002) and Landers et al. (2004) (Figure 5a).

To investigate the relationship between these eight imprinted

genes and the methylation status of their adjacent CpG islands, the

methylation status was detected in MII‐stage oocytes, when oocyte

imprinting reestablishment was completed. The results showed that

CpG islands of Ndn, Magel2, Mkrn3, Peg12, and Igf2 were completely

unmethylated (Figure 2), while those of Peg3, Snrpn, and Kcnq1ot1

were highly methylated.

2.3 | CpG islands established methylation
asynchronously

The DNA methylation of the CpG islands near Peg3, Snrpn, and

Kcnq1ot1 was detected. The results showed that CpG islands near

Peg3, Snrpn, and Kcnq1ot1 established methylation asynchronously

(Figures 3–5). During follicular growth, CpG islands near Peg3 started

to methylate late. The CpG island remained hypomethylated in

oocytes of the L‐group and methylation was completed by the GV

stage (Figure 3). The methylation of Kcnq1ot1 began to be estab-

lished earlier in the M‐group, and a high level of methylation was

found in the L‐group (Figure 4). Snrpn was not methylated in the

S‐group. Its slight methylation was observed in the M‐group, ex-
tensive methylation was observed in the L‐group and methylation

was completed by the MII stage (Figure 5). These results show that

the establishment of methylation of CpG islands of different im-

printing genes occurs orderly and asynchronously.

3 | DISCUSSION

Gene imprinting is unique to mammals, and imprinted genes express

only a paternal or maternal copy during normal development. DNA

methylation imprinting is erased in early germ cells, and re‐
establishment during germ cell growth and maturation. In this study,

the DNA methylation status of CpG islands near imprinted genes

during oocyte growth after sexual maturation was examined, and the

results showed that CpG islands near the maternally imprinted genes

were not necessarily hypermethylated in MII‐stage oocytes, and

methylation of CpG islands in different imprinting genes was estab-

lished asynchronously.

The hypermethylated CpG islands inhibited gene expression ei-

ther directly or by recruiting other proteins to block the binding of

DNA binding factors (Klose & Bird, 2006; Metivier et al., 2008). In

this case, CpG islands, which regulate maternally imprinted genes,

were hypermethylated in MII‐stage oocytes. However, the CpG is-

lands around Ndn, Magel2, Mkrn3, Peg12, and Igf2 were found to be

completely unmethylated at the MII‐stage. Therefore, these CpG is-

lands could not regulate these genes as described above.

There is another novel mechanism of epigenetic regulation of

two imprinted genes, Igf2 and H19, named imprinting insulation.

F IGURE 2 DNA methylation status of CpG islands near five maternally imprinted genes in M2‐stage oocytes. Each circle represent a CpG

site, and each line corresponds to all CpG sites in the CpG islands. The hollow circles represent the nonmethylated CpG sites. CpG islands near
Ndn, Magel2, Mkrn3, Peg12, and Igf2 are unmethylated in M2‐stage oocytes
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In this model, the CpG island located between Igf2 and H19 of the

maternal genome is hypomethylated. Transcriptional repressor CTCF

could bind to the CpG island toprevent the expression of the ma-

ternally imprinted gene Igf2 (Hark et al., 2000; Wolffe, 2000).

This presents a typical example of the CpG island near the maternal

imprinted gene being hypomethylated. In addition to DNA methyla-

tion, repressive chromatin also could regulate maternal imprinting

(Hanna & Kelsey, 2017). Therefore, eight CpG islands with

F IGURE 3 DNA methylation dynamics of CpG island near Peg3 during oocyte growth. (a) Diagram showing the approximate position of the

CpG island on the genomic sequence (the gene ID on the left is the UCSC known gene ID). (b) Methylation degree of CpG island in each
group.The hollow circles represent the nonmethylated CpG sites, and the solid circles represent methylation. (c) DNA methylation status of CpG
islands near Peg3

F IGURE 4 DNA methylation dynamics
of CpG island near Kcnq1ot1 during oocyte
growth. (a) Diagram showing the

approximate position of the CpG island on
the genomic sequence (the gene ID on the
left is the UCSC known gene ID).

(b) Methylation degree of CpG island in
each group. (c) DNA methylation status of
CpG islands near Kcnq1ot1
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hypomethylation near the maternal imprinted genes could be explained.

Of course, these CpG islands might not be involved in imprinted gene

regulation. Further experiments are needed for validation.

The mouse strain used in this study was ICR. In the CpG island

we detected, the ICR sequences were consistent with those of C57.

There is no SNP and few mutations exist in different repeats. In

addition, we cannot determine the follicle diameter when methyla-

tion is established at the hypermethylated CpG islands in other

strains of mice because there are subtle differences in follicle dia-

meters among strains. About five L‐group oocytes could be isolated

from each mouse, whereas only one oocyte of the S‐group might be

isolated, and sometimes none could be obtained in our experiments.

The reason was that the degree of ovarian chopping was not enough,

or the effect of the enzyme was too strong. Moreover, the pH value

and light avoidance were key to the success of the bisulfite treat-

ment. PCR amplification was strongly correlated with primer design,

and the amplification efficiency of Peg3 primers was significantly

lower than others. The number of oocytes used for methylation de-

tection was significantly greater than the results shown.

Five imprinted genes, Snrpn, Ndn, Magel2, Mkrn3, and Peg12 were

close on the chromosome. The CpG island near Snrpn was hy-

permethylated, but the other four were hypomethylated. The CpG

island of Igf2 was hypomethylated, while the adjacent Kcnq1ot1 was

also hypomethylated. This indicated that the methylation status of

CpG islands is not related to its linear arrangement on chromosomes.

When detecting the CpG islands near Peg3, Snrpn, and Kcnq1ot1,

we found that the dynamic methylation patterns of various maternal

imprinting genes were quite different. The time course of methyla-

tion establishment in CpG islands is gene‐specific. The methylation in

CpG islands of different imprinting genesis was established at

different time points of oocyte growth; some completed methylation

imprinting during oocyte growth, while others were completed by

oocyte maturation, which infers that the gene imprinting is estab-

lished in a systematic and fine‐regulated pattern.

Currently, the methylation status of CpG sites near imprinted

genes is often used as an epigenomic biomarker (Carobin et al.,

2015; Peng et al., 2018). High‐throughput methods for genome‐
wide methylation status detection at a single‐cell was used (Q. N. Li

et al., 2018), but this method could only randomly cover 25–40% of

the whole genome, including false positives, making it difficult to

find differences in the methylation status related to specific studies.

Thus, bisulfite sequencing is currently recognized as the most ac-

curate method, but primers of some imprinted genes are hard to

design, and only a few genes are often tested. In this paper, multiple

pairs of bisulfite sequencing primers were provided for nested PCR

and could be used to detect the gene methylation status in a single

cell. Taken together, the current study provides valuable informa-

tion for the detection of the DNA methylation in a limited number

of oocytes.

4 | MATERIALS AND METHODS

4.1 | Mice

Female ICR mice at 6–8 weeks of age were purchased from SPF

(Beijing) Biotechnology Co., Ltd. The feeding conditions and all pro-

cedures described in the study followed the guidelines stipulated by

the Ethics Committee of the Institute of Zoology, Chinese Academy

of Sciences.

F IGURE 5 DNA methylation dynamics of

CpG island near Snrpn during oocyte growth.
(a) Diagram showing the approximate position
of the CpG island on genomic sequence (the

gene ID on the left is the UCSC known gene
ID). (b) Methylation degree of CpG island in
each group. (c) DNA methylation status of

CpG islands near Snrpn
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4.2 | Collection of oocytes

Mice were killed and ovaries were collected and minced with a

blade in M2 medium (Sigma‐Aldrich). The various growth‐stage
follicles were selected under a microscope, and divided into three

groups based on their diameters, including the S‐group
(60–100 μm), M‐group (100–140 μm), and L‐group (140–180 μm).

The follicles were washed three times with Gibco 0.25% trypsin‐
EDTA (Thermo Fisher Scientific) and digested at 37°C for 10 min.

After digestion, the oocytes were visualized and washed re-

peatedly in M2 medium, until the surrounding cells were removed.

When follicles were larger than 180 μm or oocytes were larger

than 70 μm in diameter, the oocytes were considered to be in the

GV‐group. Mice injected with 8 IU PMSG (Ningbo, China) were

further injected with 8 IU hCG (Ningbo) 46–48 hr later. After

14 hr, metaphase II mature oocytes (M2‐group) were collected

from the Fallopian tubes, and digested with 1 mg/ml hyaluronidase

(Sigma‐Aldrich), then washed three times in M2 medium. Oocytes

from the S‐group, M‐group, L‐group, GV‐group, and M2‐group
were separately collected in a PCR tube, with only a single oocyte

per tube and stored at −20°C.

4.3 | Bisulfite treatment

Experimental procedures were conducted according to those

previously described by our laboratory (Liang et al., 2011). The

1.5 μl lysis solution (10 mM Tris–HCl; 10 mM EDTA; 1% SDS;

20 μg/ml proteinase K) was added to the collected samples for

digestion at 37°C for 1 hr. Three molar NaOH was added to the

sample to achieve a final concentration of 0.3 M NaOH. At this

point, the total volume was less than 10 μl. Fifteen microliters of

melted 2% low gelling temperature agarose (Sigma‐Aldrich) was

added to the sample and then precooled in mineral oil (Sigma‐
Aldrich) to form agarose beads. The beads contained the DNA of

the cleaved single oocyte. Five molar sodium disulfite (Merck,

Germany) was mixed with 1 M hydroquinone (Sigma‐Aldrich) in a

4:1 ratio and the pH value was adjusted to 5 with 3 M NaOH. The

beads were placed in the mixtures at 50°C overnight. Some mi-

neral oil was added to prevent evaporation. The beads were

washed three times with TE (0.1 M Tris–HCl; 0.01 M EDTA; pH

8.0). Then, they were placed into 0.3 M NaOH and rinsed three

times for 15 min to remove sulfhydryl, followed by washing with

TE and water three times each, and stored at −20°C.

TABLE 1 Bisulfite sequencing primers
Primer sets (5′–3′)

Gene Forward Reverse Size (bp)

Ndn

Outer aggaaattttttatataagtttagtggt tacaaaattttaaaatcaacatcttctat 448

Inner ttagattttagtggttgggttttgt Same as above

Magel2

Outer ttgtttaaagagtatgaattagtttagttga aactctcaacaaacactacctaactaac 264

Inner gagtatgaattagtttagttgaggatttat tttcaaccaaatactactacctaacttact

Mkrn3

Outer gttaattagaggtaaggagtttgaggat taaaataaaaaaatctacaactcccat 313

Inner atgtagataatatttgtagaggatttgttt Same as above

Peg12

Outer gattaggaattagttttggaaagtatag cttcttatccctaacaactaataacc 256

Inner aaaaaaaaaaaagaagttttgttgatagt cttcttatccctaacaactaataaccc

Igf2

Outer gatttgtgtttagttagagggttataag aacctacaactaaacaaattcaaaatacta 457

Inner gtagttgggtagagggtttttatag Same as above

Peg3

Outer tgataatagtagtttgattggtaggg taattcacacctaaaaccctaaaacc 444

Inner ttttgtagaggattttgataaggagg aaataccactttaaatccctatcacc

Kcnq1ot1

Outer tgagaaaaaaattatatttaggagaattat ctaaacctccataataaaatcttatcttat 231

Inner aagtagaattatatagagggaaaagaag Same as above

Snrpn

Outer tatgtaatatgatatagtttagaaattag aataaacccaaatctaaaatattttaatc 420

Inner aatttgtgtgatgtttgtaattatttgg ataaaatacactttcactactaaaatcc

6 | LI ET AL.



4.4 | PCR amplification and sequencing

The bisulfite primers were designed for the CpG islands adjacent to

the maternally imprinted genes, that were located from 5,000 bp

upstream of the gene to its first intron, to detect their DNA me-

thylation status by UCSC genome browser (Kent et al., 2002).

Two bisulfite sequencing primers of maternal imprinting genes

including Snrpn and Peg3 were synthesized as reported by Lucifero et al.

(2002). Others were designed by methyl primer express v1.0 software

(Thermo Fisher Scientific), and checked with bisulfite primer pairs in

the genome with Bisearch software (Aranyi, Varadi, Simon, & Tusnady,

2006; Tusnady, Simon, Varadi, & Aranyi, 2005; http://bisearch.enzim.

hu). The primers are shown in Table 1.

A bisulfite agarose bead was used as template for PCR amplifi-

cation by Takara Taq Hot Start Version (Takara, Japan). The reaction

conditions for the first‐round PCR were 6min at 94°C, followed by

35 cycles of PCR for 1 min at 94°C, 2 min at the annealing tem-

perature, and 2min at 72°C and then extended to 7min at 72°C. The

conditions for the second‐round PCR were 6min at 94°C, followed

by 35 cycles of PCR for 1min at 94°C, 1min at annealing tempera-

ture, and 1min at 72°C and then extended to 7min at 72°C. The PCR

products were cloned into the pMD18‐T Vector (Takara, Japan) and

the clones were sequenced at Thermo Fisher Scientific. The se-

quencing results were analyzed with a BDPC DNA methylation

analysis platform (Rohde et al., 2009; Rohde, Zhang, Reinhardt, &

Jeltsch, 2010; http://services.ibc.uni-stuttgart.de/BDPC/index.php).
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