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Gestational diabetesmellitus causes genome
hyper-methylation of oocyte via
increased EZH2

Hong-Yan Guo1,8, Shou-Bin Tang1,2,8, Li-Jun Li1,8, Jing Lin1,3, Ting-Ting Zhang4,
Shuo Chao1, Xiao-Wen Jin1, Kui-Peng Xu3, Xiao-Feng Su3, Shen Yin 1,
Ming-Hui Zhao1, Gui-An Huang1, Li-Jia Yang1, Wei Shen1, Lei Zhang5,
Cui-Lian Zhang 4 , Qing-Yuan Sun 6,7 & Zhao-Jia Ge 1

Gestational diabetes mellitus (GDM), a common pregnancy disease, has long-
term negative effects on offspring health. Epigenetic changes may have
important contributions to that, but the underlying mechanisms are not well
understood. Here, we report the influence of GDM on DNA methylation of
offspring (GDF1) oocytes and the possible mechanisms. Our results show that
GDM induces genomic hyper-methylation of offspring oocytes, and at least a
part of the altered methylation is inherited by F2 oocytes, which may be a
reason for the inheritance of metabolic disorders. We further find that GDM
exposure increases the expression of Ezh2 in oocytes. Ezh2 regulates DNA
methylation via DNMT1, and Ezh2 knockdown reduces the genomic methyla-
tion level of GDF1 oocytes. These results suggest that GDMmay induce oocyte
genomic hyper-methylation of offspring via enhancing the Ezh2 expression
recruiting more DNMT1 into nucleus.

Gestational diabetes mellitus (GDM), characterized as hyperglycemia
during pregnancy, is one of the most common diseases of pregnancy
and its prevalence has increased worldwide. The International Dia-
betes Federation (IDF) reported that 1 in 6 live birthswere complicated
by GDM in 20191. The incidence of GDM widely varies from 2% to 50%
depending on the diagnostic criteria and regions2. GDM is not only
associated with pregnancy complications, including neurodevelop-
mental delay, increased perinatal mortality, and perinatal complica-
tions, but also causes congenital malformations3. The probability of
fetal macrosomia for maternal GDM is 3-fold higher than normal

women4. Although maternal GDM can be treated with insulin, the
incidence of low-birth-weight infants is still higher compared with
normal females5. Offspring of women with GDM have a higher risk of
cardiac malformations6. Long-term outcomes of offspring of GDM
mothers are also reported7. Offspring of mothers with diabetes during
pregnancy have a higher risk of obesity8,9, impaired glucose tolerance,
insulin resistance, and diabetes10,11. Similar results are also received in
animal models12. Additionally, the deleterious influence of GDM on
offspring would be transmitted to the subsequent generations13.
Therefore, it’s crucial to elucidate how GDM affects offspring health.
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Previous studies have shown that altered DNA methylation
induced by GDM is observed in umbilical cord blood, placenta, feto-
placental endothelial cells, and offspring blood in humans14. GDM
exposure also has negative effects on histonemodification andmiRNA
expression in fetus and placentas15–17. Exposure to maternal GDM
during pregnancy alters the expression of miR-15 and miR-15b, and
DNA methylation of Txnip (thioredoxin-interacting protein gene) in
skeletal muscles of adults18. Similar results are also reported in animal
models19. Moreover, intrauterine hyperglycemia has negative effects
on DNA methylation of F1 primordial germ cells (PGCs)20. These sug-
gest that epigenetic changes may have vital contributions to offspring
health of GDM mothers. However, the underlying mechanism are not
well elucidated. Therefore, we investigated the effects of gestational
hyperglycemia on genomic DNAmethylation in offspring oocytes and
the possible mechanisms using a mouse model.

Here, we show that GDM disrupts the DNAmethylome in oocytes
and the metabolism of offspring, which can be partly transmitted to
the subsequent generations via females. We further find that GDM
increases the expression of EZH2 in oocytes, which interacts with
DNMT1 but not DNMT3A to increase the whole genome DNA methy-
lation of oocytes. Our results suggest that the increased EZH2 induced
byGDM recruits DNMT1 into nucleus leading to the hyper-methylation
of oocytes.

Results
GDM has negative contributions to the metabolism of F1 and F2
offspring
Previous studies have found that GDM exposure increases the risk of
obesity, metabolic syndrome, type 2 diabetes, and impaired insulin
sensitivity for offspring at a long-term21. We produced a GDM mouse
model and bred F1 (GDF1) and F2 (GDF2) generations as shown in
Fig. 1a. Results showed that GDM significantly reduced the average
pups per female mouse compared with NGDF1(F1 offspring of non-
gestational diabetic mice) (Fig. 1b). The average birth weight of female
GDF1 was significantly lower compared with female NGDF1, but the
difference of body weight between GDF1 and NGDF1 was not sig-
nificant from 3 to 16 weeks of age (Fig. 1c). The average body weight of
male GDF1was similar to that of NGDF1 (Fig. 1d). Zhu et al. reported the
glucose (GTT) and insulin (ITT) tolerance of GDF1 in C57/BLKS/Jmouse
(an inbred mouse being more glucose tolerant than C57BL/6mouse22)
were disturbed at 72 weeks of age, but not at 12 and 40 weeks of age23.
Another study reveals that the GTT and ITT of GDF1 are altered at
8 weeks of age in ICR mouse (an outbred mouse)24. Here we examined
the effects of GDM on GTT and ITT of GDF1 at 16 weeks of age. Com-
pared with NGDF1, maternal GDM disturbed GTT and ITT of female
GDF1 (n = 6 from5 litters, Fig. 1e). Formale GDF1, theGTT and ITTwere
similar to that of male NGDF1 (n ≥ 19 from at least 10 litters, Fig. 1f).
These findings suggest that GDM disrupts the metabolism of female
offspring, which is not completely consistent with previous studies22,24.
The inconsistence between our results and previous studies may be
caused by mouse species, age, sample size, and other factors.

To further examine the inheritance of metabolic disorders, we
bred F2 using female GDF1 mated with normal males (GC), and female
NGDF1 were mated with normal males (CC) used as control (Fig. 1a).
We found that the oocyte maturation rate (Supplementary Fig. 1A,B)
and blastocyst rate in GDF1were significantly reduced (Supplementary
Fig. 1C). Moreover, GC had a lower average pups per litter compared
with CC (Fig. 1g). The average body weight of female but not male GC
was significantly higher than that of CC from birth to 16 weeks of age
(n ≥ 15, Fig. 1h, i). The GTT and ITT of female but notmale GCwere also
disturbed compared with CC (n = 6 from 5 litters, Fig. 1j, k). These
results suggest that maternal GDM exposure has adverse effects on
offspring metabolism, which may be transmitted to F2 generation via
females.

GDM alters genomic methylation of F1 oocytes
We supposed that the above effect of GDM on offspring health was
mediatedby affectedDNAmethylationofGDF1oocytes, and examined
genomicmethylation of GDF1 GV oocytes using immunofluorescence.
Results showed that maternal GDM exposure significantly increased
the genomic methylation level of 5mC (5-methylcytosine) in GV
oocytes (Fig. 2a, b). We further examined the genomic 5mC and 5hmC
(5-hydroxymethylcytosine) levels in metaphase II (MII) oocytes using
chromosome spread and immunofluorescence, and found that the
genomic 5mC and 5hmC levels in GDF1 were higher than that in NGF1
(Fig. 2c–e). The ratio of 5mC/5hmC in GDF1 was also significantly
higher compared with NGDF1 (Fig. 2f). Milk of GDMmother may have
influence on the methylation of offspring oocytes. Thus, we fostered
GDF1 (G-F) and NGDF1 (NG-F) with normal mother after birth, and
examined the DNA methylation level of oocytes. Results showed that
methylation level of GV oocytes of G-F (n = 45) was still significantly
higher than that of NG-F (n = 54, Supplementary Fig. 2). To further
investigate the methylation in oocytes, we examined the genomic
methylation using whole genome bisulfite sequencing for small sam-
ples (WGBS, BGI, China). Each sample contains 100 MII oocytes from
10 female mice ≥5 litters, and there were three replicates for each
group. After the low-quality reads and adaptor sequence filtered, clean
data were mapped to reference sequence mm10 using BSMAP. A total
of 1009million clean reads were obtained and the average clean reads
Q20 rate was 95.28%. The mapping rate and bisulfite conversion rate
were presented in Supplementary Table 1. The C coverage rate in
chromosomes for each sample was presented in Supplementary Data
file 1. There are three types ofC according to the context, includingCG,
CHG, and CHH (H=A, T, or C), of which the number was presented in
Supplementary Table 1. The average coverage rates of CG, CHG, and
CHH in the whole genome were 54.63%, 51.57%, and 46.99%, respec-
tively. Methylation was identified and calculated as previous
studies25,26. The whole genome methylation levels were, respectively,
11.24% and 13.69% for NGDF1 and GDF1. In genomic elements, the
methylation level was higher in transposable elements, and lower in
5’-UTRs, CDS, 3’-UTRs, and ncRNAs in GDF1 oocytes (Supplementary
Fig. 3). GDM significantly increased the proportion of mCGs in three
types of mCs (Fig. 2g). The genomic CG methylation level for each
sample was presented in Fig. 2h, and the average genomic CG
methylation in GDF1 oocytes was higher than that in NGDF1
(p =0.013026, Fig. 2h). These results suggest that maternal GDM
exposure increased the whole genome methylation of GDF1 oocytes.

Altered DNA methylation in GDF1 oocytes is partly transmitted
to F2 offspring oocytes
DNA methylation level, especially at the promoter regions, often has
important contributions to gene expression. Thus, we analyzed the
differentially methylated regions (DMRs) of CG sites between GDF1
andNGDF1 oocytes viaMetilene as described by a previous study27 and
DSS, respectively. We identified, respectively, 10180 DMRs and 9784
DMRs (at CG number ≥5, absolute difference methylation ≥0.25 and
the absolute log2 Ratio (GDF1/NGDF1) ≥ 1) via Metilene and DSS. The
10180 DMRs were used for further analysis because the DMR number
was similar between two methods. In the present study, we identified
2211 genes with DMRs at promoter regions, including hyper-DMRs
16.69% and hypo-DMRs 83.31%. Gene ontology (GO) analysis showed
that these genes were significantly enriched in cell process, metabo-
lism process, and single-organism process (red box, Supplementary
Fig. 4). KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis
indicated that genes with DMRs at promoter regions were significantly
enriched in insulin signaling pathway and type 2 diabetes mellitus
(blue box, Fig. 3a). These results suggest that the altered methylation
in oocytesmight have crucial contributions to themetabolic disorders
in offspring21,24,28.
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CGIs (cytosine-phosphate-guanine islands) are commonly asso-
ciated with promoter regions and subsequent initiation of gene
expression. Usually, most of CGIs are unmethylated, in which altered
DNA methylation level can lead to gene silencing. According to the
methylation level, CGIs were divided into three types:methylated CGIs
(methylation level (Me) ≥ 80%), intermediate CGIs (20% <methylation
level (iMe) < 80%), and unmethylated CGIs (methylation level (unMe)≤

20%). In the present study, methylation levels of CGIs were calculated
at ≥20 CG sites covered. For methylated and intermediate CGIs, the
methylation level was similar between GDF1 and NGDF1 oocytes, but
the methylation level of unmethylated CGIs in GDF1 oocytes was sig-
nificantly higher than that inNGDF1 oocytes (Fig. 3b). Furthermore, we
identified 675 differentially methylated CGIs at the absolute methyla-
tion difference ≥0.25, including 673 unmethylated CGIs and 2
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intermediate CGIs (Supplementary Data file 2 and Supplementary
Fig. 5). These results suggest that DNA methylation at unmethylated
CGIs is prone to be affected in GDF1 oocytes.

Our previous study indicates that a part of the disturbed DNA
methylation in oocytes inducedbyuterine undernutrition can transmit
to F2 oocytes via female29. Takahashi et al. showed that edited CGIs
methylation of metabolism-related genes could be inherited by mul-
tiple generations30. Therefore, we analyzed the inheritance of the
alteredmethylation in GDF1 oocytes via females using cloning bisulfite
sequencing (BS). 3 DMRs (1 hypo-DMR and 2 hyper-DMRs) and 2 CGIs
(CGI1 and CGI2) were included in this assay. The hypo-DMR locates at
the promoter region of Bcat1 (branched-chain amino acid transami-
nase 1), and the hyper-DMRs respectively locate at the promoter
regions of Gng13 (guanine nucleotide binding protein 13) and Zfp867
(zinc finger protein 867). We found that the methylation levels of CGI1
and CGI2 were similar between GDF1 and NGDF1 oocytes, Bcat1-DMR
had a lower methylation level in GDF1 oocytes compared with NGDF1,
and the methylation levels of Gng13-DMR and Zfp867-DMR were sig-
nificantly higher in GDF1 oocytes than that in NGDF1 oocytes
(Fig. 3c–g). To avoid the effects of clonal bias on themethylation levels
of DMRs, we further examined the methylation level of DMRs via
amplicon bisulfite sequencing (AmpBS). We found that the methyla-
tion of Bcat1-DMR was decreased and that of Gng13-DMR and Zfp867-
DMRwas increased in DGF1 oocytes (Supplementary Fig. 6), whichwas
consistent with the BS results. To confirm the inheritance of altered
methylation, we examined the methylation of DMRs in GC oocytes.
Results showed that the methylation of Bcat1-DMR in GC oocytes was
lower than that in CC, and the higher methylation of Gng13-DMR and
Zfp867-DMR was maintained in GC oocytes (Fig. 3h–j). Bcat1 is mainly
expressed in embryonic tissues, ovary, brain, placenta, and neurons,
and has contribution to tricarboxylic acid (TCA) cycle, oxidative
phosphorylation, and metabolic reprogramming in eukaryotic cells31.
Gng13 is mainly expressed in brain and ovary32, and may be associated
with lipid metabolism33. These results suggest that the disturbed
methylation induced by GDM in GDF1 oocytes was, at least partly,
transmitted to F2 oocytes via females, and the altered methylation
might be a reason for the inheritance of metabolic disorders.

Analysis of the link between DMRs and differential expression
genes (DEGs) in GDF1 oocytes
To investigate the effects of alteredmethylation on gene expression in
oocytes, we examined the transcriptome using smart-seq (BGI, China).
Each sample contained 100MII oocytes from at least 10 femalemice in
≥5 litters, and each group had three replicates. Clean data were map-
ped to reference genome mm10 using HISAT34. The correlation in
samples (Supplementary Fig. 7A) and the distinguishment between
groups were showed in Supplementary Fig. 7A-B. PC1 explained 42%of
the variation and PC2 explained 21.7% of the variation. The transcrip-
tional profiles in oocytes were distinguishable between GDF1 and
NGDF1, although one sample of NGDF1 group was different with the
other two replicates (Supplementary Fig. 7B). Therefore, this sample
was not involved in the differentially expressed genes (DEGs) analysis.
DEGs were identified using DEseq2 and PossionDis with absolute
log2FC≥ 1 and adjusted p value ≤0.05. We identified 1931 DEGs,
including 697 up-regulated and 1234 down-regulated (Fig. 4a). In

oocytes, gene transcriptionmainly occurs before de novomethylation
of CGIs, and CGIs acting as transcription start sites (TSSs) have a low
methylation level compared with non-TSSs-CGIs35. Here we analyzed
the link between DEGs and DMRs in promoters, and found 192 DEGs
(9.94%, Supplementary Data file 3) were with DMRs at the promoter
regions including 52 up-regulatedDEGswith hypo-DMRs inpromoters,
25 down-regulated DEGs with hyper-DMRs, 98 down-regulated DEGs
with hypo-DMRs, and 17 up-regulatedDEGswith hyper-DMRs (Fig. 4b).
Our results are consistent with previous reports that DNAmethylation
in promoters of active genes is mainly established after gene expres-
sion in oocytes. The DNAmethylation levels of CpG sites in gene body
regions are positively associated with open promoters and active
transcription in mouse oocyte35,36. Thus, we analyzed the link between
DMRs in gene bodies and DEGs in GDF1 oocytes. Results showed that
648 DEGs (33.56%) were with DMRs at CG sites in gene body regions
(Supplementary Fig. 8). Two third of the methylated Cs are at non-CG
sites in oocytes. Non-CG (CHG and CHH) methylation is absent from
non-growing oocytes, and increases until fully grown oocyte stage
where it is mostly found over active genes37. The non-CG methylation
level is low in upstream and downstream, but that is high in gene
bodies. These suggest that non-CG methylation might also have con-
tributions to the regulation of gene expression. Thus, we analyzed the
association between DEGs and DMRs of non-CG sites. We found that
1081 DEGs (55.98%) were with DMRs of CHG sites, and 1057 DEGs
(54.74%) were with DMRs of CHH sites in gene bodies (Supplementary
Fig. 8). Most classes of transposable elements (TEs) in mouse GV
oocytes are methylated35, and non-CG DMRs locating in TEs may be
involved in regulating gene transcription in human oocytes38. As
showed in Supplementary Fig. 3, the DNA methylation in TEs was sig-
nificantly increased in GDF1 oocytes. These results suggest that the
changed DNA methylation levels in gene body regions, but not in
promoters, might have more contributions to the disrupted tran-
scriptome in GDF1 oocytes.

EZH2 may have an important contribution to the disturbed
genomic DNA methylation of GDF1 oocytes
During oogenesis, re-establishment process of DNA methylation is an
extremely essential biological event, which is mainly catalyzed byDNA
methyltransferases 3a/l (DNMT3a/l). However, the exposure of
maternal GDM had no significant effects on the expression of
DNMT3a/3 l in oocytes (Fig. 4c andSupplementaryTable 2). To explore
the possible key factors for the disturbed genomic methylation, we
further analyzed the enrichment of DEGs using GO. We identified 31
DEGs in GDF1 oocytes that was involved in themethylation process, of
which 7 DEGs were associated with the DNA methylation including
upregulated genesMis18a, Stella (also known as Dppa3 or Pgc7), Ezh2,
and Suz12 and downregulated genes Tex15 (testis-expressed sequence
15 protein), Prmt5 (protein arginine methyltransferase 5), and Kdm1b
(lysine demethylase 1B). EZH2 and SUZ12 are the core subunits of
polycomb repressive complex 2 (PRC2) that catalyzes methylation
(mono-, di- and tri-methylation) on histone 3 lysis 27 (H3K27)39, and
EZH2, the catalytic subunit of PRC2, interacts with DNMTs to methy-
late CG in relative regions40. This indicates that the increased expres-
sion of Ezh2maybe vital for the hyper-methylation inGDF1 oocytes. To
confirm this guess, we further examined the expression of Ezh2 and

Fig. 1 | Effects of GDM on offspring metabolism. a Schedule for breeding F1 and
F2;b average pups per litter of F1; n: NGDF1 = 11, GDF1 = 26, p = 7.577*10−6; c,d body
weight changes from birth to 16 weeks of age for female andmale F1; n: NGDF1 = 32
and GDF1 = 21 for females, and NGDF1 = 20 and GDF1 = 23 for males; e, f glucose
(GTT) and insulin (ITT) tolerance at 16 weeks of age for female and male F1,
respectively; n: NGDF1 = 6 and GDF1 = 6; g average pups per litter of F2; n: CC= 11
and GC=6, p = 0.039202; h, i bodyweight from birth to 16 weeks of age for female
and male F2, respectively; n: CC = 32 and GC= 17 for females, and CC = 20 and

GC= 10 to 18 for males (n: 16 weeks=10, 12 weeks=13, and the other age=18);
j, k glucose and insulin tolerance for female and male F2 at 16 weeks of age; n:
CC = 6 and GC= 6. data presented as mean± SEM; F0, the parents; F1, the first
generation; F2, the second generation; E1.5 d, embryonic day 1.5 day; GTT, glucose
tolerance test; ITT, insulin tolerance test; GDF1, offspring of gestational diabetes;
NGDF1, offspringof non-gestationaldiabetes; CC, offspring ofNGDF1 femalemated
with normalmale; GC, offspring of GDF1 femalematedwith normalmale; *p < 0.05,
**p <0.01. Source data are provided as a Source Data file.
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Suz12 in GDF1 oocytes using qPCR, and results showed that maternal
GDM exposure significantly increased the mRNA expression of Ezh2
and Suz12 in oocytes (Fig. 4d, e). Therefore, we further examined the
level of H3K27me3 level in GV oocytes, and found that it was also
increased by GDM (Fig. 4f, g). These suggest that EZH2 might have an
important contribution to the genomic hyper-methylation in GDF1
oocytes.

EZH2 regulates genomic DNAmethylation by DNMT1 in oocytes
During oocyte maturation, EZH2 mainly locates in the nucleus and its
expression gradually increases from GV to MII stages41. In the present
study, we examined the dynamics of EZH2 during folliculogenesis
using immunofluorescence. Results showed that EZH2 mainly located
in the nucleus and its level was similar in primordial follicles, primary
follicles, and secondary follicles, but it was increased in antral follicles
(Fig. 4h, i). We further examined the dynamics of H3K27me3 in folli-
culogenesis, and found that the H3K27me3 level in primordial follicles
was high, but it was reduced in primary follicles and maintained to
antral follicles (Fig. 4j, k). These suggest that EZH2 may have con-
tributions to methylation during oocyte growth and maturation. To
investigate the role of EZH2 in oocyte genome methylation, we
inhibited EZH2 function using inhibitors Dznep and GSK343 during
oocyte maturation. Results showed that H3K27me3 was significantly
reduced by inhibitors in MII oocytes (Fig. 5a, b). The 5mC and 5hmC
levels were also decreased in MII oocytes by EZH2 inhibitors
(Fig. 5c–e). The 5mC/5hmC ratios were also decreased by Dznep
(Supplementary Fig. 9). Previous works have demonstrated that Abca1
and Dact3 are EZH2-target genes42–44. Therefore, we examined the
methylation of these genes, and results showed that EZH2 inhibitors
reduced the methylation levels of Abca1 and Dact3 (Fig. 5f, g). We
further knocked down EZH2 level in oocytes using siRNA, and found
that siRNA significantly reduced the expression of EZH2 in oocytes
(Supplementary Fig. 10A), and genomic 5mC and 5hmC levels were
also significantly decreased (Fig. 5h–j). EZH2 knockdown also
decreased the 5mC/5hmC ratio in oocytes (Supplementary Fig. 10B).
When Ezh2 was overexpressed in oocytes using mRNA injection
(Supplementary Fig. 10C), the 5mC and 5hmC levels and 5mC/5hmC
ratio in MII oocytes were significantly increased (Fig. 5k–m, Supple-
mentary Fig. 10D). These results suggest that Ezh2may play a key role
in the DNA methylation of oocytes. We also performed Ezh2 knock-
down at GV stage using siRNA and examined the transcriptome of MII
oocytes using smart-seq. As expected, the transcriptome in MII
oocytes was not distinguishable between the Ezh2 knockdown
(siEZH2) and non-knockdown (cEZH2) groups (Supplementary
Fig. 11A).Weonly identified 156DEGs in the siEZH2 compared to cEZH2
(Supplementary Fig. 11B). GO analysis revealed that the DEGs were
enriched in metabolic and translational pathways (Supplementary
Fig. 11C). Two DEGs, Ezh2 and Setd4, were associated with the methy-
lation pathway. The expression of DNMT1 and DNMT3A was not sig-
nificantly affected by Ezh2 knockdown in MII oocytes (Supplementary
Fig. 11D).

EZH2 regulates DNA methylation by interacting with DNMTs40.
Thus, we examined the localization of EZH2, DNMT1, and DNMT3A in
oocytes. To avoid the effect of cytoplasm, we spread chromatin of GV
oocytes on slides. Results showed that EZH2 colocalized with DNMT1
(Fig. 6a) and DNMT3a at chromatin (Fig. 6b). With Ezh2 expression
knockdown, the level of DNMT1 and EZH2 localized on chromatin was
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significantly reduced in oocytes (Fig. 6c–e). Ezh2 overexpression
increased the levels of DNMT1 and EZH2 on chromatin in oocytes
(6f–h). Nevertheless, the level of DNMT3a in oocyte nucleus was not
significantly affected by Ezh2 overexpression and knockdown,
respectively (Fig. 6i–l). We further examined the interaction of EZH2
with DNMTs in oocytes using Co-IP. We firstly examined the interac-
tion between EZH2 and DNMTs in cumulus-oocyte complex (COCs),

and results showed that DNMT1 had interaction with EZH2, but not
DNMT3A in COCs (Fig. 7a). The interaction of EZH2 with DNMTs in
denuded GV oocytes was also examined, and the result showed that
EZH2 interacted with DNMT1, but not DNMT3a (Fig. 7b). We further
examined the interaction between EZH2 and DNMTs in ovaries using
Co-IP, and results indicated that EZH2 interacted with DNMT1 but not
DNMT3A in ovaries (Fig. 7c). To investigate the causality of EZH2 and
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DNMT1 in oocytes, here we examined the expression of DNMT1 in
oocytes after Ezh2 or Suz12 knockdown. Results showed that Ezh2 or
Suz12 knockdown decreased H3K27me3 (Fig. 7d–g, Supplementary
Fig. 12A, B) and DNA methylation (Fig. 5h–j) level in oocytes, but the
protein expression of DNMT1 was not significantly influenced (Sup-
plementary Fig. 12C).Otherwise, DNMT1 knockdown in oocytes hadno
significant effects on DNA methylation, EZH2 expression and
H3K27me3 level (Supplementary Fig. 13). These results suggest that
EZH2 may be involved in regulating genomic DNA methylation during
oocyte maturation via DNMT1 but not DNMT3A in oocytes.

Increased Ezh2 expression may mediate the hyper-methylation
of GDF1 oocytes via DNMT1
To investigate the role of EZH2 in hyper-methylation of GDF1 oocytes,
we examined the dynamics of EZH2 in follicular development. EZH2
was located in nucleus (Fig. 8a), the relative level of EZH2 in PGCs,
primary follicles, and secondary follicles was similar, but it was sig-
nificantly increased in antral follicles (Fig. 7a, b, Supplementary Fig. 14).
And the relative level of EZH2 was similar between NGDF1 and GDF1
from PGCs to antral follicles (Fig. 8b). The higher H3K27me3 level in
PGCs of GDF1 was significantly reduced from primary follicles
(Fig. 8c, d, Supplementary Fig. 14B). Compared with NGDF1, the
H3K27me3 level in follicles of GDF1 were higher from primordial fol-
licles to antral follicles (Fig. 8d). In GV oocytes, H3K27me3 level was
significantly higher in GDF1 than that in NGDF1 (Fig. 4f, g). Meanwhile,
the protein level of EZH2 in GDF1 oocytes was increased compared
with that of NGDF1 (Fig. 8e). DNA methylation is mainly catalyzed by
DNMT3A during oogenesis, but the mRNA (Fig. 4c) and protein
expression and localization of DNMT3Awere not significantly affected
in GDF1 oocytes (Fig. 8e–g). Although the main function of DNMT1 is
maintaining DNA methylation, its de novo methylation function in
oocytes is also confirmed by previous studies37,45. However, the de
novo methylation function of DNMT1 is usually prevented by STELLA
(also known as DPPA3 or PGC7) in oocytes45. We analyzed the mRNA
expression of Dnmt1, Stella, and Uhrf1 ((ubiquitin-like with PHD and
RING finger domains 1) in GDF1 oocytes, and found that the mRNA
expression of Dnmt1 and Uhrf1were not significantly affected by GDM
exposure, and the expression of Stella was increased (Fig. 8h, i, and
Supplementary Table 2). But more DNMT1 was recruited into the
nucleus in GDF1 oocyte (Fig. 8j, k). When knocking down the expres-
sion of Ezh2 in GDF1 oocytes using siRNA, the genomic hyper-
methylation of 5mC and 5hmC and 5mC/5hmC ratio were significantly
reduced (Fig. 8l–n, Supplementary Fig. 15). These results suggest that
increased EZH2 may be involved in mediating the genomic hyper-
methylation of GDF1 oocytes via recruiting more DNMT1 into nucleus.

Discussion
GDM is one of the most common gestational diseases which have
negative contributions to fetal development and long-term offspring
health, and changes of epigenetic modifications are considered to be
possible cause. However, the underlying mechanism are not well elu-
cidated. In the present study, we found that GDM disturbed offspring
metabolism that could be at least partly transmitted to F2 generation

via female. The disturbed genomic DNA methylation in GDF1 oocytes
may have contributions to the inheritance of metabolic disorders.
DNMT1 may regulate genomic hyper-methylation of GDF1 oocytes via
the increased expression of Ezh2.

Since Barker hypothesized the fetal origin of adult diseases in
1980s, researchers have demonstrated that adult diseases such as
hypertension, and diabetes have close relation with fetal development
environment. Gestational diabetes is an important pregnancy disease,
and increases risk of multiple complications including prenatal mor-
tality, macrosomia, preterm birth, neonatal hypoglycemia, and
respiratory distress, and long-term health problems such as obesity,
adiposity, hypertension, and nonalcoholic fatty liver diseases7,46.
Impaired glucose tolerance in offspring induced by GDM can be
transmitted to F2 generation47. Epigenetic changes are considered the
main causes of fetal origin and inheritance of adult diseases. In
humans, Awamleh et al. identified differentially methylated CG sites in
cord blood and placenta48. GDM disturbs epigenome and tran-
scriptome of placenta49. In rat, GDM results in hypomethylation and
higher expression of cyclin-dependent kinase inhibitor 2 A (CDKN2A)
and cyclin-dependent kinase inhibitor 2B (CDKN2B) in offspring
islets50. Negative effects of GDM on genomic methylation of pancreas
are also observed in mouse model19. So, the altered epigenetic mod-
ification may have contributions to metabolic diseases in offspring of
GDMmothers51,52. The inheritance of changed DNAmethylation is also
reported by studies. Ding et al. report that altered methylation of Igf2/
H19 in offspring islet induced by GDM exposure is also observed in F2
islet47. The edited DNA methylation at promoters of metabolism-
relative genes can be inherited by multiple generations and induces
metabolic disorders suchasobesity30. In thepresent study,wefind that
GDM exposure disturbs themetabolism of offspring, a part of which is
transmitted to F2 generation via female, and the altered DNA methy-
lation in F1 oocytes is partly inherited by F2 oocytes. These suggest
that the inheritance of metabolic disorders caused by GDM may be
associated with changes of DNA methylation in oocytes, which affects
the health of next generations.

In the present study, we found that GDM exposure disrupted the
glucose and insulin tolerance of female F1 and F2, but not males. This
contradiction between females and males may be caused by sexual
dimorphism. Sexual dimorphism in insulin resistance, obesity, and
metabolic syndromes is widely reported in previous studies53,54, which
may be associated with hormones and gut microbiota55. Sexual
dimorphism is also observed in the placentas and fetuses. The devel-
opment of the female placenta is generally slower than that of male,
and themales have heavier placentas in humans. Thus, the exposure of
embryo or fetus to intrauterine perturbation often results in different
disease susceptibility or progression. The male fetuses are at a greater
risk when perturbation occurs in late gestation. However, female
fetuses are more affected by maternal hypertension, preeclampsia,
villous infarction, and preterm birth during pregnancy. Perturbations
in early gestation also have more serious effects on females56,57.

EZH2 is the catalytic subunit of PRC2 which contributes to
H3K37me1, me2, and me339. During oogenesis, the expression of Ezh2
is gradually increased and reaches to the highest inmature oocytes41,58.

Fig. 4 | Effects ofGDMon transcriptomeof F1 oocytes. a differentially expressed
genes (DEGs) analysis in F1 oocytes; b the association between DMRs located at
promoter regions and DEGs; blue, downregulated DEGs; red, upregulated DEGs;
c the mRNA expression of DNMT3a (p = 0.16794) and DNMT3l (p = 0.27292) in
GDF1 oocytes; data presented as mean ± SD; d, e the mRNA expression of Ezh2
(p = 0.004) and Suz12 (p = 0.014) in GDF1 oocytes examined using qPCR; data
presented as mean ± SD; f H3K27me3 modification in GV oocytes is examined
using immunofluorescence and g the relative intensity of fluorescence is calcu-
lated using Image J; data presented as mean ± SD; NGDF1, n = 51; GDF1, n = 40;
p = 0.01135; h the expression of EZH2 (n = 59) during folliculogenesis is examined
using immunofluorescence histochemistry, and i the relative intensity

fluorescence is calculated using Image J; data presented as mean ± SEM; n: pri-
mordial follicles = 28, primary follicles = 32, secondary follicles = 46, and antral
follicles = 20 (p = 1.1527*10−8); 8 ovaries from 8 mice were used; j the H3K27me3
(n = 36) modification in follicular development is examined, and k the relative
intensity of fluorescence was calculated by Image J; data presented as mean ±
SEM; n: primordial follicles=27, primary follicles = 38 (p = 1.0952*10−12), secondary
follicles = 33, and antral follicles = 19. *p < 0.05; **p < 0.01. Bar, 20 μm. FPKM,
fragments Per Kilobase of exon model per Million mapped fragments. Source
data are provided as a Source Data file. The statistical difference between groups
was analyzed using two-tail t test.

Article https://doi.org/10.1038/s41467-024-55499-x

Nature Communications |          (2025) 16:127 8

www.nature.com/naturecommunications


H3K27me3 is also widely established in MII oocytes and can be trans-
mitted to offspring59,60. In early embryo development, maternal
H3K27me3 is associated with DNAmethylation61. Vire et al. have found
that EZH2 recruits DNMTs to relative regions to methylate CG and
regulates gene expression40. Overexpression Ezh2 altered DNA
methylation in prostate cancer62. In the present study, we find that the
expression of Ezh2 and Suz12 and genomic DNA methylation in GDF1

oocytes are significantly increased. While knockdown Ezh2 expression
level in GDF1 oocytes using siRNA reduced hyper-methylation. These
suggest that the increased Ezh2 expression in GFD1 oocytes may be
associated with the hyper-methylation induced by GDM.

DNMT3A and 3 L are the main enzymes for de novo DNA methy-
lation in oogenesis. Although DNMT1 is required for a part of methy-
lation at CG sites in oocytes, it is usually prevented by STELLA. Lack
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Stella expression in oogenesis results in excessive genomic DNA
methylationofoocytes by recruitingmoreDNMT1 into nucleus.UHRF1
is vital to recruit DNMT1 into nucleus to maintain DNA methylation in
oocytes45. But the expressionofDNMT3A,DNMT3L, DNMT1andUHRF1
in oocytes was not significantly influenced by GDM. EZH2 regulates
DNA methylation by interacting with DNMTs40. GDM exposure sig-
nificantly increases the expression of Ezh2 in oocytes.We also find that
GDM increases the nuclear localization ofDNMT1 and EZH2 in oocytes,
but not DNMT3A. Co-IP results indicate that EZH2 interacts with
DNMT1 but not DNMT3A in oocytes. These suggest that EZH2 may
interact with DNMT1 to regulate the hyper-methylation in GDF1
oocytes.

Although our results suggest that disturbed DNA methylation in
GDF1 oocytes may have contribution to the transgenerational inheri-
tance of metabolic disorders, and EZH2 is involved in mediating the
alteration of DNA methylation in GDF1 oocytes via DNMT1, the mole-
cular mechanisms are not completely elucidated because this process
is complex. It’s also important to explore other key factors which may
be responsible for the disturbed metabolism in offspring. Therefore,
more studies are necessary in the future to elucidate this question.

Methods
This study was performed according to the People’s Government of
Shandong Province guidelines for the Care and Use of Laboratory
Animals (no. [2018]311) and approved by the Ethics Committee of
Qingdao Agricultural University (No. QAU2017050087; Qing-
dao, China).

Mice
Female and male ICR mice at 7-8 weeks of age were purchased from
Jinan Pengyue Experimental Animal Breeding Co. Ltd (Jinan, China). All
micewere raised in a temperature-controlled room (at 23 ± 2 °C)with a
12 h day/dark cycle and 50%-60% humidity, and given a normal diet
and water.

Antibodies
Rabbit polyclonal anti-EZH2 antibody was purchased from Cell Sig-
naling Technology; rabbit polyclonal anti-H3K27me3, mouse mAb to
5mCand rabbitmAb to 5hmCantibodieswerepurchased fromAbcam;
mouse mAb to DNMT1 and rat mAb to DNMT3A antibodies were
purchased from Active Motif. Alexa Fluor 647 donkey anti-rabbit IgG
were purchased from Abcam; FITC-conjugated donkey anti-rabbit IgG
and Cy3-conjugated goat anti-mouse antibodies were purchased from
Sangon (Shanghai, China).

Gestational diabetes model
80 female ICR mice at 7 weeks of age were divided into two groups,
randomly. One groupwasused to producegestational diabetesmodel.
Female ICR mice were single injected with STZ at 200mg / kg after
fertilization. Four days later, blood glucose level was examined by tail-
blood sample using ACCU-CHEK® Active. If glucose levels were higher
than 17.0mM/L, mice were recognized as diabetic mice. Female mice
injected with buffer were used as control. Offspring of GDM and
control were marked as NGDF1 and GDF1, respectively. F2 was bred

using female F1: female NGDF1 mated with normal male (CC), female
GDF1 mated with normal male (GC).

Oocyte collection and culture
After 48 h of intraperitoneal injection of 8IU pregnant mare serum
gonadotropin (PMSG), GV (germinal vesical) oocytes were obtained by
puncturing ovary follicles. Female mice were administrated with
PMSG, and 48 h later, these mice were administrated with human
chorionic gonadotropin (HCG). MII (metaphase II) oocytes were
obtained from ampulla of Fallopian tubeunder stereomicroscope. The
GV oocytes were cultured in vitro with 5μM DZNep (MCE, China) or
1μM GSK343 (MCE, China) for 14 h at 37 °C and 5% CO2. DZNep and
GSK343 are inhibitors of EZH2.

Early embryo culture
Female offspring received intraperitoneal injection of 8IU PMSG and
HCG as according to standard procedure. Thesemice werematedwith
normal males after 8IU HCG injection. If the vaginal plug was observed
in the next morning, zygotes were collected and cultured in KSOM
(Sigma) in vitro for 108 h.

Fluorescence immunohistochemistry of ovarian sections
Ovaries were collected from female offspring. Ovarian tissue was fixed
overnight with 4% paraformaldehyde (4% PFA) at 4 °C. After that,
samples were washed, dehydrated, made transparent, embedded in
paraffin and sectioned. Paraffin sections were dewaxed with xylene,
rehydrated with alcohol at various concentrations, and repaired with
citric acid antigen repair solution for immunostaining. After blocking
in BDT (30mg BSA and 100ul goat serum dissolved in 900ul TBS) at
room temperature for 30min and then incubated overnight at 4 °C
with primary antibodies: rabbit anti-EZH2 antibody (1:50), and rabbit
anti-H3K27me3 antibody (1:100). Slides were rewarmed at 37 °C for
30min. After three washing in TBS containing 0.1% Tween 20 (TBST),
slides were incubated with secondary antibody (1:200) for 45min at
37 °C, and then washed three times with TBST. Chromatin was stained
with DAPI and then examined using a laser scanning confocal micro-
scope (Leica TCS SP5 II, Wentzler, Germany). Relative fluorescence
intensity was examined using Image J.

Ezh2, Suz12 and Dnmt1 knockdown
Ezh2 antisense oligonucleotide sequence (5-ATTTCTTCCCAGTCT
GGCCCATGAT-3), Dnmt1 antisense oligonucleotide sequence (5-
TTGGTGAGTTGATCTTCGG-3) and Suz12 antisense oligonucleotide
sequence (5- AAGCTGTTACCAAGCTCCGTG-3) were transcribed into
siRNA using T7 RNAi Transcription Kit (Vazyme Biotech, Nanjing, China).
siRNA was injected into GV oocytes using micromanipulation. GV
oocytes injected with buffer were used as control. And then, GV oocytes
were blocked with 2.5uM milinone for 24h. After blocking, GV oocytes
were washed using M16medium for 3 times, and incubated in drug-free
M16mediumfor 14 h.Matureoocyteswereused for further experiments.

For smart-seq, MII oocytes were collected after the knockdown of
Ezh2 using siRNA. Oocytes were injected with buffer were used as
control. Each sample contained 20 MII oocytes, and each group had
three replicates.

Fig. 5 | EZH2 regulates genomic methylation of oocytes. a, b inhibitors of EZH2
are used to inhibit the function of EZH2 in oocytes, and the H3K27me3 level is
examinedusing immunofluorescence; control, n = 83;Dznep,n = 73 (p = 0.009185);
Gsk343, n = 75 (p =0.043357); c–e after inhibition of EZH2, the 5mCand 5hmC level
in MII oocytes are examined using immunofluorescence; n: control=44, Dznep=56
(p = 0.007128), and Gsk343 = 36 (p = 0.021183) for 5mC, and control=42, Dznep=44
(p = 0.000235), and Gsk343 = 25 (p = 0.000834) for 5hmC; f, g Abca1 andDact3 are
target genes of EZH2, and the DNA methylation level of Abca1 (p = 0.000137 and
0.037005) and Dact3 (p = 0.017237 and 0.04808) is reduced by inhibiting the
function of EZH2; data presented as percentage, and the statistical difference was

examined using chi-square test; h–j when Ezh2 expression is knocked down in
oocytes using siRNA, the genomicmethylation level of 5mC and 5hmC is examined;
n: control =27 and Ezh2-siRNA = 58 (p = 0.010829) for 5mC, and control=13 and
Ezh2-siRNA =56 (p = 0.006307) for 5hmC; k–m with Ezh2 overexpression in
oocytes, the 5mC and 5hmC level are examined using immunofluorescence; n:
control =50 and Ezh2-overexpressionn=63 for both of 5mC (p= 1.31743*10−5) and
5hmC (p=0.001759). *p <0.05; **p <0.01; ***p < 0.001; black circle,methylatedCG;
white circle, unmethylated CG. Bar, 20 μm. data presented as mean± SEM. Source
data are provided as a Source Data file.
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Fig. 6 | EZH2 regulates DNA methylation in oocytes by DNMT1. a, b EZH2
colocalizes with DNMT1 and DNMT3a in nucleus of GV oocytes; c–e Ezh2 expres-
sion knockdown reduces the level of EZH2 and DNMT1 at chromatin; n: control=48
and Ezh2-siRNA=47 for EZH2 (p = 5.07772*10−8), and control=19 and Ezh2-siRNA=27
for DNMT1 (p = 2.62159 × 10−5); and f–h Ezh2 overexpression increases the level of
EZH2 and DNMT1 at chromatin, n: control=57 and Ezh2-overexpression=45 for
EZH2 (p = 4.54368 × 10−7), and control=26 and Ezh2-overexpression=22 for DNMT1

(p = 3.05373*10−7); but i–l the level of DNMT3a at chromatin is not affected by Ezh2
knockdown (n: control=25 and Ezh2-siRNA=20, p = 0.20404) and overexpression
(n: control=31 and Ezh2-overexpression=22, p = 0.227746). data presented as
mean ± SEM. ****p < 0.00001; ns, no significant difference. Bar, 20 μm. Ezh2-ov,
Ezh2 overexpression; ns, no significant difference. Source data are provided as a
Source Data file.
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Fig. 7 | EZH2 interactionwithDNMTs in oocytes. a,b the interaction of EZH2with
DNMT1 and DNMT3A and COCs (n = 2000) and oocytes (n = 5300) is examined
using co-immunoprecipitation and Western-blotting; c the interaction between
EZH2 and DNMT1 and DNMT3A in ovaries (n = 8) is examined using co-immuno-
precipitation; d, e EZH2 is knockdown using siRNA in oocytes and the H3K27me3

level is examined using immunofluorescence (n: control=43 and Ezh2-siRNA=46,
p = 0.002896); f, g SUZ12 knockdown in oocytes is performed using siRNA, and the
H3K27me3 level is examined (n: control=43 and Ezh2-siRNA=48, p = 0.034347).
*p < 0.05; **p < 0.01. Bar, 20μm.H3K27me3, histone 3 lysine 27 trimethylation. data
presented as mean± SEM. Source data are provided as a Source Data file.
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Ezh2 overexpression
CDS (coding sequence) sequence of Ezh2 with T7 promoter was
amplified using PCR and ligated with EGFP sequence (T7-Ezh2-EGFP).
Ezh2-EGFP mRNA was synthesized using mMESSAGE mMACHINE™ kit
(Thermo Fisher). For overexpression, Ezh2-EGFP mRNA was injected
into the cytoplasm of GV oocytes using micromanipulation. GV
oocytes injected with buffer were used as control. Injected oocytes

were blocked at the GV stage in M16 medium containing 2.5uM mili-
none for 10 h and then cultured in M16 medium for 14 h. Mature
oocytes were used for further experiments.

Real-time quantitative PCR analysis (qPCR)
Total RNA was extracted from oocytes using the RNAprep Pure micro
Kit (Tiangen Biotech, Beijing, China). cDNA was generated with RT
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Master Mix (Vazyme Biotech, Nanjing, China) and used as template to
examine the expression of genes. qPCR reaction system was: 2μl
cDNA, 10μl 2× SYBR Green PCRmaster mixes (Vazyme Biotech), 7.2μl
RNase free water, and 0.4μl 10uM primers. qPCR amplification con-
ditions were as follows: 95 °C for 5min, followed by 40 cycles of
denaturing at 95 °C for 10 s and 60 °C for 30 s, and then dissolution
curvewas established at 95 °C for 15 s, 60 °C for 30 s, and 95 °C for 15 s.
The relative expression was calculated according to the 2−△△Ct

method. Ppia andGapdhwere used as referencegene. All primerswere
presented in Supplementary Table 3.

Chromosome spread
Zona pellucida (ZP) of MII oocyte was removed using Acidic Tyrode’s
Solution (Sigma). After washing, oocytes without ZP were transferred
into explosive solution, dried at room temperature for 2 h, andwashed
several timeswith PBS containing 10mg/mL BSA (PBS/BSA). After that,
oocytes were treated with 4N HCL at room temperature for 10min,
neutralized with 100mM Tris-HCL (pH8.5) for 10min, washed several
timeswith PBS/BSAcontaining0.05%Tween20, and thenblockedwith
PBS/BSAat room temperature for 2 h. Then, slideswere incubatedwith
primary antibodies anti-5mC and anti-5hmC (1:200) at 4 °C for 24-48 h.
Afterwashing, slideswere incubatedwith secondary antibodies (1:500)
at room temperature for 1 h. Chromosomes were stained with DAPI
and then examined using a laser scanning confocal microscope (Leica
TCS SP5 II,Wentzler, Germany). Z-stack was scanned at an interval 2.52
μm. Images were reconstructed with maximum projection. Fluores-
cence intensity was examined using Image J, and the background
fluorescence was subtracted.

Immunofluorescence
We fixed oocytes using 4% PFA for 30min, and then the oocytes were
permeabilizated with 0.5% Triton X-100 at room temperature for
20min, blocked in PBS/BSA for 2 h and then incubated overnight at
4 °C with primary antibodies: rabbit anti-EZH2 antibody (1:500) and
rabbit anti-H3K27me3 antibody (1:200). After washing using PBS/BSA
containing 0.05% Tween 20, secondary antibody (1:500) was stained
and washed using PBS/BSA containing 0.05% Tween 20. Then, oocytes
were transferred into DAPI with mounting and examined using a laser
scanning confocal microscope (Leica TCS SP5 II, Wentzler, Germany).
Z-stack was scanned at an interval 2.52 μm. Fluorescence intensity was
examined using Image J, and the background fluorescence was
subtracted.

Bisulfite sequencing
Bisulfite treatment was done using EpiTect Fast LyseAll Bisulfite Kit
(Qiagen) according to the manual. Each sample contained at least 50
oocytes. Bisulfite treated samples were used as template to amplify
target fragments using nested PCR. PCR products were purified and
cloned into T-vector for sequencing (Tsingke, China). Methylation
status was analyzed using BiQ Analyzer, and at least 10 available clones
were used to calculate the methylation level.

Amplicon bisulfite sequencing
Each sample contained 100 oocytes, whichwere treated with EZ DNA
Methylation-Direct Kits (Zymo Research, D5044) according to the
manufacturer’s instruction. DMRs were amplified via nested PCR.
After that, the PCR productions were pooled together and ligated
with adapters tomake the sequencing library. The library quality was
checked using Qubit2.0 Fluorometer, Agilent 2100 bioanalyzer, and
qRT-PCR, respectively. Sequencing was performed via Illumina
sequencing platform. Raw data were filtered using cutadapt
software.

Localization of EZH2 and DNMTs on chromatin
Briefly, ZP of GV oocytes was removed using Acidic Tyrode’s Solution,
and then washed and placed on a glass slide with explosive solution.
Samples were dried at room temperature for 2 h. After that, samples
were washed and blocked with PBS/BSA at room temperature for 2 h
and incubatedwith primary antibodies anti-EZH2, anti-DNMT1, or anti-
DNMT3A (1:500) overnight at 4 °C. And then sampleswerewashed and
incubated with secondary antibodies (1:500) at room temperature for
1 h. Chromatin was stained with DAPI and examined using a laser
scanning confocal microscope (Leica TCS SP5 II, Wentzler, Germany).
Relative fluorescence intensity was examined using Image J.

Co-immunoprecipitation (Co-IP)
A total of 5300GVoocytes, 2000COCs and8ovarieswere respectively
used for Co-IP experiments. All procedures followed the instructions
of the Protein A/G Magnetic Co-IP Kit (Absin, China). Samples were
washed with pre-cooled PBS twice, and then incubated in cooled lysis
buffer on ice for 5min. After centrifuge at 13000 g for 10min, super-
natant was used for further experiment. Samples were incubated with
anti-EZH2 antibody overnight at 4 °C to form an antigen-antibody
complex, which we incubated with the magnetic beads at 4 °C over-
night. Then, we washed the beads with lysis/wash buffer for two times.
After that, beadswere incubatedwith 50μl IP elutionbuffer for 10min.
The supernatant was collected and neutralized with neutralization
buffer. Protein was analyzed using Western-blotting (WB).

Western-blotting (WB) analysis
Oocytes were collected in lysis buffer and then heated at 95 °C for
10min. Each sample contained 500 oocytes. Lysed samples were
separated with 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then transferred to polyvinylidene fluor-
ide (PVDF) membranes. The membranes were washed three times
using TBST (tris-saline-tween 20 buffer), and then blockedwith 5%BSA
diluted with TBST at 4 °C overnight. After that, the membrane was
incubated with primary antibodies at room temperature for 3 h: rabbit
anti-EZH2 antibody (1:1000), rabbit anti-DNMT3A antibody (1:500),
mouse anti-DNMT1 antibody (1:500) and rabbit anti-GAPDH antibody
(1:1000). After washing three times using TBST, secondary antibody
was stained at room temperature for 2 h. Results were examined using
SuperFemto ECL Chemiluminescence Kit (Vazyme, China).

Fig. 8 | Increased EZH2 mediates hyper-methylation in GDF1 oocytes
via DNMT1. a the dynamics of EZH2 in follicular development of GDF1 are exam-
ined using immunofluorescence, and b the relative level of EZH2 in GDF1 is com-
pared with NGDF1; n: NGDF1 = 23 and GDF1 = 20 for primordial follicles
(p = 0.088426), NGDF1 = 25 and GDF1 = 22 for primary follicles (p = 0.896508),
NGDF1 = 43 and GDF1 = 47 for secondary follicles (p = 0.942229), and NGDF1 = 16
and GDF1 = 15 for antral follicles (p = 0.67194); 8 ovaries from 8 mice were used;
cH3K27me3 level in folliculogenesis of GDF1 is examined, andd the relative level of
it is compared with NGDF1; n: NGDF1 = 23 and GDF1 = 22 for primordial follicles
(p = 0.003264), NGDF1 = 34 and GDF1 = 30 for primary follicles (p = 1.65546*10−5),
NGDF1 = 30 and GDF1 = 25 for secondary follicles (p = 0.018598), and NGDF1 = 17
and GDF1 = 15 for antral follicles (p = 0.008278); 8 ovaries from 8 mice were used;

e protein levels of DNMT3A and EZH2 in NGDF1 and GDF1 oocytes are examined
usingWestern-blotting; f, g the level of DNMT3a in GDF1 oocytes is not affected by
GDM compared with NGDF1 (n: NGDF1 = 19 and GDF1 = 18, p = 0.256458); h, i the
mRNA expression of Dnmt1 (p =0.655248), Uhrf1 (p =0.898845) and Stella
(p = 0.018583) in GDF1 oocytes (data presented as mean± SD), but j, k the level of
DNMT1 at chromatin is increased in GDF1 oocytes (n: NGDF1 = 14 and GDF1 = 15,
p = 0.000605); l–n Ezh2 knockdown in GDF1 oocytes significantly decreased the
level of 5mC and 5hmC (n: NGDF1 = 20, GDF1 = 30 (p = 0.041405), and Ezh2-
siRNA=16 (p = 0.005935) for 5mC,, and NGDF1 = 23, GDF1 = 30 (p = 0.017439), and
Ezh2-siRNA=16 (p =0.034593) for 5hmC, p = ). *p <0.05; **p < 0.01; ***p <0.001; ns,
no significant difference. Bar, 20 μm. data presented as mean ± SEM. Source data
are provided as a Source Data file.
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Whole genome bisulfite sequencing (WGBS)
For each sample, 100 MII oocytes from 10 females were pooled
together for WGBS. Each group contained three replicates. WGBS
was performed by GBI. Oocytes were lysised and genomic DNA was
bisulfite converted. After that, fragments were ligated with adaptors
which was used to establish sequencing library. High quality libraries
were sequenced by Illunina HiSeq 2000. Adaptor sequence, low
quality reads and contamination were filtered from raw data. Clean
data was mapped to reference genome mm10 by BSMAP. Differen-
tially methylated regions (DMRs) were called respectively using
Metilene with default parameters and DSS, respectively. Briefly, after
a pre-segmentation step to exclude non-informative regions, the
circularbinary segmentation was used to identify regions with sig-
nificant differential methylation. The segmentational gorithmis
applied recursively trying to identify a window with the maximum
difference of the cumulative sum of the mean methylation differ-
ence, indicating a potential differentially methylated region (DMR).
After additional filter steps were passed, potential DMRs were tested
using a two-dimensional Kolmogorov-Smirnov-Test (KS-test). DMRs
were finally tested through the Mann-Whitney-U test. GO (gene
ontology) analysis was performed using GOseq. KEGG (Kyoto o
Encyclopedia of Genes and Genomes) analysis was carried out using
KOBAS online.

RNA sequencing (RNA-seq)
Smart-seqwasused forRNA-seq. 100MII oocytes from10 femaleswere
pooled together. Sequencing library quality was examined using Agi-
lent2100 Bioanalyzer and qPCR. High quality library was sequenced
using Illunina HiSeq 2000. Low quality reads were filtered from raw
data using SOAPnuke (v1.5.2, parameters: -l 15 -q 0.2 -n 0.05 -i), and
clean data was mapped to reference genome mm10 using HISAT2
(Hierarchical Indexing for Spliced Alignment of Transcripts, v2.0.4,
parameters: --phred64 --sensitive --no-discordant --no-mixed -I 1 -X
1000). Gene expression analysis was carried out using Bowtie2 (v2.2.5,
parameters: -q --phred64 --sensitive --dpad 0 --gbar 99999999 --mp 1,1
--np 1 --score-min L,0,-0.1 -I 1 -X 1000 -- no-mixed --no-discordant -p 1 -k
200) and RSEM (v1.2.12, parameters: default). Pearson correlation
coefficient between samples was calculated using cor function of R
package. Principle component analysis (PCA) was performed using
online tool (https://www.omicshare.com/tools/home/report/
reportpca.html). Differentially expressed genes were identified using
DESeq2 (parameters: foldchange ≥2.00 and adjusted p value ≤0.05)
and PossionDis (parameters: foldchange ≥2.00 and FDR ≤0.001)
according to previous studies. GO and KEGG analysis were performed
using phyper function of R package, and the significant enrichment
was judged as FDR ≤0.01.

Glucose and insulin tolerance test (GTT and ITT)
For GTT, 16 weeks old mice were intraperitoneally injected with glu-
cose at 2 g/Kg body weight after 16 h fasting, and blood glucose level
was examined at 0, 30, 60, 90, and 120min after injection, respec-
tively. For ITT, a single intraperitoneal injection of insulin at 10 IU/Kg
body weight was administered after 4 h fasting, and blood glucose
level was respectively examined at 0, 30, 60, 90, and 120min after
injection.

Statistical analysis
Averagebodyweight, bloodglucose level, pupspermouse, proportion
ofmC, and relative expression of genes were presented asmean± SEM
and statistical difference was examined using independent sample
two-tail t-test. Relative intensity of fluorescence was presented as
mean± SEM and statistical difference was examined using unpaired
two-tail t-test. Methylation level was presented as percentage and
statistical difference was examined using Chi-square test. If P value <

0.05, the differencewas recognized as significant. At least repeat three
times for each experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data areprovidedwith this paper. Sequencingdata in this study
have been deposited in the BIG Sub database63,64 under accession code
CRA011637 or PRJCA017996. According to the requirement of the
journal, sequencing data have also been deposited in NCBI with
accession code PRJNA1197668.
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