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Diabetes mellitus is prevalent among women of reproductive age, and many women
areleft undiagnosed or untreated'. Gestational diabetes has profound and enduring
effects on the long-term health of the offspring®*. However, the link between
pregestational diabetes and disease risk into adulthood in the next generation has not
been sufficiently investigated. Here we show that pregestational hyperglycaemia
renders the offspring more vulnerable to glucose intolerance. The expression of TET3
dioxygenase, responsible for 5-methylcytosine oxidation and DNA demethylationin
the zygote®, isreduced in oocytes from a mouse model of hyperglycaemia (HG mice)
and diabetic humans. Insufficient demethylation by oocyte TET3 contributes to
hypermethylation at the paternal alleles of several insulin secretion genes, including
the glucokinase gene (Gck), that persists from zygote to adult, promoting impaired
glucose homeostasis largely owing to the defect in glucose-stimulated insulin
secretion. Consistent with these findings, mouse progenies derived from the oocytes
of maternal heterozygous and homozygous Tet3 deletion display glucose intolerance
and epigenetic abnormalities similar to those in the oocytes of HG mice. Moreover,
the expression of exogenous 7et3mRNA in oocytes from HG mice ameliorates the
maternal effect in offspring. Thus, our observations suggest an environment-sensitive
window in oocyte development that confers predisposition to glucose intolerance in
the next generation through TET3 insufficiency rather than through adirect
perturbation of the oocyte epigenome. This finding suggests a potential benefit of
pre-conception interventions in mothers to protect the health of offspring.

Diabetes mellitus is awidespread major public healthissue; however,
efforts to prevent and treat diabetes mellitus have shown limited
success". Prolonged hyperglycaemia in diabetes increases the risk
of multisystemic complications'. Maternal hyperglycaemia confers
long-term complications to offspring and has a profound impact on
public health® 8, Maternal environmental factors, including adverse
germline or in utero exposure, caring behaviours and milk compo-
sition®™, reprogramme the health of offspring across generations
through intergenerational or transgenerational epigenetic inherit-
ance'®? 5, Although epigenetic inheritance in mammals via gametes
hasbeen reported™*'**, the mechanism of female germline-dependent
epigenetic inheritance remains largely unclear. Here, we sought to

determine how the long-term health of offspring is affected by preges-
tational hyperglycaemia.

Oocyte-transmitted glucose intolerance

To ensure that the phenotypes of mouse progenies originated exclu-
sively from the oocyte, we performed in vitro fertilization (IVF) and
2-cellembryo transfer to foster mothersto produce offspring (Fig.1a).
The oocyte donors—streptozotocin (STZ)-induced HG females—dis-
played gradually increased blood glucose levels (Extended DataFig. 1a).
Although the number of MIl oocytes retrieved was markedly reduced
inthe HG group compared with the control (Extended DataFig.1b-e),
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Fig.1|Pregestational hyperglycaemialeadsto glucoseintolerancein
offspring. a, Schematic of the nongenetic maternal hyperglycaemiamodel
and offspring breeding. The lightning denotes chemical treatment to generate
F, hyperglycaemia. Ctrl, control. b, Glucose tolerance test (GTT) results for
male offspring at 16 weeks of age. Ctrl: n=16 mice, HG: n =12 mice.c,
Insulinogenicindex duringthe GTT of male offspring at 16 weeks of age.n =10
mice per group.d, Thestimulationindex of insulinrelease fromisolated
pancreaticislets of male offspring at 16 weeks of age. Ctrl: n=8 mice, HG:n =10
mice.b-d, Dataare mean +s.e.m.; two-tailed P-values were calculated by
one-way repeated-measurements ANOVA followed by post hoc unpaired ¢-test
(b) or unpaired Student’s t-test (¢, d). *P < 0.05, **P < 0.01. Statistical details are
inSupplementary TableS.

the embryonic developmental competence and litter size were not
altered following IVF and embryo transfer (Extended Data Fig. 1f-k). The
offspring derived from the HG females also exhibited normal growth
and body weight compared with the controls (Extended Data Fig. 2a).

To examine the metabolic state of the F, offspring from HG mothers,
we tested glucose tolerance in cohorts from 8 weeks to 2 years of age.
Male offspring exhibited higher blood glucose levels after glucose
injection from 16 weeks of age onwards, whereas females had higher
blood glucose from1year of age (Fig. 1b, Extended Data Fig. 2b-f). These
longitudinal observations of metabolic effects indicate that both male
and female HG offspring gradually exhibited overt glucose intoler-
ance compared with controls from a lifetime perspective, although
the females exhibited delayed onset compared with males, presumably
owing to the protective effect of sex hormones®. These data demon-
strate thatimpaired glucose tolerance, a prediabetes status, appeared
inthe HG offspring. To confirm that HG offspring were more susceptible
to diabetes, we fed all offspring with a calorie-dense high-fat research
diet (HFD) toinduceinsulinresistance and accelerate the progression
of diabetes?*. After induction with HFD, the body weight did not differ
between HG and non-HG two groups (Extended Data Fig. 2g), whereas
both male and female offspringin the HG group showed glucose intoler-
ance earlier, from 12 weeks of age onwards (Extended Data Fig. 2h-j).
Together, these data demonstrate that F, offspring from HG mothers
tend toshow aglucose intolerance phenotype inasexually dimorphic
manner, most prominently among the males and older mice of both
sexes.

Toinvestigate the persistence of the transgenerational effect medi-
ated via the germline, we generated F, mice by inter-crossing control
and HG F, mice (Extended Data Fig. 3a). Compared with those with
control F, parents, the F, offspring with a F; HG father and/or mother
did not exhibit glucose intolerance at 24 weeks of age (Extended Data
Fig.3b, c). These datasuggest that the effects of maternal pregestational
hyperglycaemiamight extend only to theimmediate offspring and are
unlikely to persist to the second generation.
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Todetermine the primary defectinthe glucose intolerance, we meas-
ured insulinsensitivity and insulin secretionin the F, offspring. Asinsu-
linsensitivity in HG offspring was similar to thatin controls under both
normal conditions and with HFD challenge (Extended Data Fig. 4a-d),
glucose intolerance in HG offspring was probably a result of dysfunc-
tional insulin secretion. The insulin secretory function of pancreatic
B-cells was therefore assessed at the initial diagnosis of glucose intol-
erance among offspring. During the glucose tolerance test, the serum
insulin response to glucose in HG males was reduced during the first
30 min after the glucose load (Fig. 1c). An in vitro glucose-stimulated
insulin secretion (GSIS) test using pancreatic islets isolated from the
HG mice demonstrated animpaired acute insulin secretory response
toglucose over basal compared with that observed withislets fromthe
control group (Fig. 1d, Extended Data Fig. 4e), whereas the morphol-
ogy of pancreaticislets orinsulin content did not differ between male
offspring of the two groups (Extended Data Fig. 4f-1). These data sug-
gest that pregestational hyperglycaemialeads primarily to defective
insulin secretion in offspring.

Insufficient oocyte TET3 at high glucose

As the mammalian epigenome is properly reprogrammed by various
epigenetic modifying factors between generations in mammals?,
maternal environmental exposure might perturb the epigenetic
reprogramming of gametes and early embryos, and thus increase
the disease susceptibility of offspring™>**%. To identify the potential
epigenetic modifiers that mediate the female germline-dependent
epigenetic inheritance, we performed RNA sequencing (RNA-seq)
on HG MIl oocytes (Supplementary Table 1). Among the key epige-
netic modifiers expressed in MIl oocytes (with fragments per kilo-
base per million (FPKM) >20 in controls), Tet3 was noted for its high
abundance and significant reduction of the transcription level in the
HG group (Fig. 2a, b, Extended Data Fig. 5a-d). A reduction of Tet3
expression by almost 50% in HG MII oocytes was verified using quan-
titative PCR with reverse transcription (RT-qPCR) (Extended Data
Fig. 5e). Moreover, in another hyperglycaemic mouse model of obe-
sity (referred to as the type 2 diabetes (T2DM), Tet3 mRNA was also
reduced in germinal vesicle (GV) oocytes (Extended Data Fig. 5f, g).
TET3 is the only DNA 5-methylcytosine (SmC)-modifying enzyme
expressed during oocyte development that catalyzes the conversion
of 5mCto 5-hydroxymethylcytosine (5ShmC) and other high-oxidation
products, with an essential role in DNA demethylation at the zygote
stage, especially in the male pronucleus**~%, Immunofluorescence
staining confirmed that IVF-derived pronucleus stage 3-4 (PN3-4)
zygotes from HG females exhibited markedly reduced TET3 signals
and 5hmC/5mcC ratios mainly in the male pronucleus (Extended Data
Fig.5h-k). These observations suggest that TET3 isreduced in oocytes
inresponse to maternal hyperglycaemia, with insufficient zygotic DNA
demethylation as a consequence.

Moreover, in oocytes from STZ-treated donor mice with different
blood glucose levels (Extended Data Fig. 6a), Tet3 mRNA levels were
foundto be downregulatedin aglucose concentration-dependent man-
ner at both GV and Ml stages (Fig. 2c). Notably, STZ-treated mice with
normoglycaemiadid not show altered levels of Tet3transcriptin oocytes
(Fig. 2c). Next, we tested whether the extracellular environment of HG
oocytes had a higher glucose concentration. Owing to the insufficient
volume of mouse follicular fluid, we used a hyperglycaemic rat model.
Indeed, amuch higher concentration of glucose was detected in the fol-
licular fluid of hyperglycaemic rats (Extended Data Fig. 6b). Given that
aninvivo high-glucose environmentincreases glucose accumulationin
oocytes®, wereasoned that decreased Tet3expression might result from
the exposure to highenvironmental glucose. Asexpected, treatment with
high glucoseled toareduction of Tet3expression bothinmouse oocytes
within folliclesunder in vitro growth (IVG) and in oocytes under in vitro
maturation (IVM) (Extended Data Fig. 6c, d). Notably, Tet3 expression
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Fig.2|Decreased TET3 expressioninoocytes from hyperglycaemic mouse
and diabetic human. a, Bubble plot showing gene expression of key epigenetic
modifiers (FPKM >20) in HG versus control groups based on RNA-seq analysis
of mouse MIloocytes from 3 biological replicates. Foreachreplicate, ten
oocytes were collected from amouse. The colour and size of the dots denote
the expression level (FPKM) and the absolute value of log,-transformed fold
change (FC), respectively. Tet3is notable for its high abundance and fold
change. b, Tet3mRNA expressionin mouse oocytes, determined by RNA-seq
analysisin Fig. 2a. c, Tet3mRNA expression inmouse oocytes, measured by RT-
gqPCRintheCtrlgroup and STZ-treated groups with normoglycaemia (normal),
moderate hyperglycaemia (moderate) and severe hyperglycaemia (severe).
n=6/(Ctrl),5(normal), 7 (moderate) and 9 (severe) replicates for GV oocytes; 8
(Ctrl), 7 (normal), 8 (moderate) and 8 (severe) replicates for Ml oocytes (with 10
oocytes pooled from1-3 mice for each replicate). *Comparison with Ctrl;
fcomparison with normoglycaemia. d, TET3mRNA expression in GV oocytes
fromdiabetic humans (n =16 oocytes from 8 individuals) and from paired
nondiabetic controls (n=28 oocytes from16individuals). Dataaremean +
s.e.m. (b-d); two-tailed P-values by unpaired Student’s t-test (b, d) or one-way
ANOVA with post hoc least significant difference multiple comparisons (c).
*P<0.05,**P<0.01,'"P<0.05,""P<0.01.Statistical details are in Supplementary
Table5.

in the oocytes cultured in media with normal physiological b-glucose
supplemented with high L-glucose was similar to that in oocytes from
the normal D-glucose concentration group (Extended Data Fig. 6¢, d).
AsL-glucoseis not physiologically active, these dataindicate that down-
regulation of Tet3inthe oocytes canbe attributed to glucose metabolism
rather than physical factors such as high osmolality. Furthermore, Tet3
mRNA appeared to be more susceptible to degradation when the mouse
oocytes were exposed to high glucose (Extended Data Fig. 6e, f). Simi-
larly, follicular fluid from diabetic women also showedincreased glucose
levels (Extended Data Fig. 6g), and GV oocytes from hyperglycaemic
women with diabetes had reduced TET3 expression compared with those
from paired nondiabetic women (Fig. 2d, Supplementary Table 2). When
immature oocytes obtained from euglycaemic patients were cultured for
IVM, TET3expressioninMIl oocytes was significantly reduced with higher
glucose concentrations in the media (comparing 10 mM and 15 mM to
2.5mM) (Extended Data Fig. 6h, Supplementary Table 2). Collectively,
these datasuggest that Tet3expressionis compromised by high glucose
inboth human and mouse oocytes in vivo and in vitro.

Hypermethylation of B-cell genes

Considering the reduction of Tet3 expression and the impaired
DNA hydroxylation in HG zygotes, we next searched for aberrantly

methylated genes conferring glucose intolerance by characterizing the
methylome of the fetal mouse pancreaticislets onembryonic day 18.5
(E18.5) by whole-genome bisulfite sequencing (WGBS) (Supplementary
Table 3). Asadeficitin TET3-mediated demethylation usually leads to
a high level of DNA methylation in certain regions, we examined the
differentially methylated regions with hypermethylation (hyper-DMRs)
(Extended Data Fig. 7a-c). Since promoter methylation is inversely
correlated with transcription®*, we focused on DMRs at promoters.
Notably, genes with hyper-DMRs at the promoter were enriched in
the insulin secretion pathway (Fig. 3a, Extended Data Fig. 7d). This
resultis in agreement with the defective GSIS observed in HG offspring.
Among theseinsulinsecretion genes, Gck—with ahyper-DMRlocated
inthe pancreas-specific promoter (Fig. 3b)—encodes the rate-limiting
glucokinase enzyme that regulates GSIS and acts as an essential com-
ponent of the glucose-sensing machinery in pancreatic 3-cells* . As
previously reported, compromised Gck expression or function contrib-
utes to the dysfunction of B-cells*** and increased DNA methylation
at GCK is also regarded as a predictor of type 2 diabetes*. Together,
the pathway enrichment analysis of genes with promoter hyper-DMRs
pointstoalink between the glucose intolerance associated with defec-
tiveinsulinsecretionin HG offspring and impaired demethylation due
to TET3 insufficiency in oocytes.

To determine whether the affected methylation modification origi-
nates from early maternal exposure to impair GSIS in offspring, we
traced the methylation pattern on the Gck promoter during mouse
development. To examine the association between hypermethylation
of'the Gckpromoter and the deficit of TET3-mediated active demeth-
ylation, we analysed the levels of 5SmC and its oxidative product 5ShmC
in zygotes in which the passive demethylation was inhibited by the
DNA replicationinhibitor aphidicolin. Combined bisulfite sequencing
and APOBEC-coupled epigenetic (ACE) sequencing analyses of male
pronuclei from IVF-derived PN3-4 zygotes showed that the 5’ region
of LINE-1 transposons, which are actively demethylated by TET3 in
the zygotic male pronucleus*, exhibited a higher methylation level in
the HG group, indicating impaired active demethylation in HG male
pronuclei (Extended Data Fig. 8a, b). Notably, the Gck promoter inthe
PN3-4zygotes of HG group also had significantly more methylation but
less hydroxymethylation than the control group (with 5SmCand 5ShmC
levels of 79.3% and 3.6%, respectively, in the HG group compared with
57.8% and 7.1%, respectively, in the control group) (Fig. 3¢, Extended
DataFig.8c, d). A higher level of methylation (with a combined 5SmCand
S5hmClevel of 69.3% in the HG group compared with 45% in the control
group) was also detected onthe paternal Geckallelein the late zygote at
pronuclear stage 5, using astrategy based on a35-bp deletion before of
the promoter totrack the paternal allele (Extended DataFig. 8e, f). The
increased methylation levels at the Gck promoter were further detected
in HG samples of blastocyst stage embryos (Fig. 3d), E18.5 fetal islets
(Fig. 3e) and pancreatic islets in offspring at 3 weeks (Extended Data
Fig.8g, h) and 16 weeks (Extended DataFig. 8i,j), indicative of the persis-
tence of hypermethylation throughout development. Consistent with
the promoter hypermethylation (Extended DataFig. 8k), mMRNA expres-
sion of Gck—as well as several other hypermethylated genes involved
ininsulinsecretion—asreduced in HG pancreaticislets compared with
controls (Fig. 3f, Extended Data Fig. 81, m). Involvement of disturbances
of GCK in defective GSIS was supported by the observations that the
GCKactivator dorzagliatinimproved glucose tolerance in the HG mice
andincreased GSIS from their islets whenincubated in vitro (Extended
DataFig. 8n, p). To verify whether similar hypermethylation occursin
human patients, we assessed DNA methylation at the GCK promoter in
invitro cultured blastocysts fromahuman couple in which the woman
had diabetes (diabetes group) and from two couples without diabetes
(control). The amount of methylation at the GCK promoter was higher
intheblastocyst from the diabetes group than from the control group
(Fig.3g, Supplementary Table 2). These dataimply that hyperglycaemia
mightinitiate epigenetically inheritable hypermethylation at the GCK
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Fig.3|Pregestational hyperglycaemiaalters DNA methylation at genes
controllinginsulinsecretionin mouse offspring and humanblastocysts.
a, Top pathways identified from KEGG analysis of genes with hyper-DMRs in
their promoter region. Hyper-DMRs were determined on the basis of the WGBS
dataof HGE18.5 mouse fetalislets. The red line corresponds to P=0.05.

b, Methylation profile of the Gck gene. Vertical bars (Ctrl, grey; HG, black)
above the horizontalline indicate the methylation level (0-1) atindividual CpG
dyads (counting the two complementary CpGs). The boxindicates a
hyper-DMRin the pancreas-specific promoter. ¢, Bisulfite sequencing (BS) and
ACE sequencing analyses of the Gck promoter in male pronucleiisolated from
aphidicolin-treated PN3-4 mouse zygotes. The percentages of methylated

promoter, whichin turn interferes with gene expression, leading to
glucose intolerance in the next generation.

Our results strongly suggest that altered DNA methylation associ-
ated with anincreased susceptibility to metabolicimpairments arises
frominsufficient TET3-mediated demethylation and is heritable to a
large extent, as exemplified by the Gck gene. To further examine the
parental origin of Gck promoter hypermethylation, the paternal allele
was tracked by the presence of a35-bp deletion before the promoterin
blastocysts (Extended DataFig. 8e). Pyrosequencing analysis revealed
that Gck promoter hypermethylation is specific to the paternal allele
in the HG blastocysts (Extended Data Fig. 9a-c). This result suggests
that the Geck hypermethylation originates from the male pronucleus
rather thanemerging duringembryo development. To trace the paren-
tal origin of all the hypermethylated insulin secretion genes at the
fetal stage, we analysed allele-specific 5SmC distribution using single
nucleotide polymorphism (SNP) based on the WGBS data. Among the
nine genes with promoter hyper-DMRs of the insulin secretion pathway
inHGE18.5fetalislets, SNPs were available for five genes to distinguish
the parental origin of sequences in the hyper-DMR region. Notably,
the promoter of four genes, including Gck, Rapgef4, Gnall and Prkca,
exhibited hypermethylation specific to the paternal allele (Extended
Data Fig. 9d). This result suggests that more genes—besides Gck—are
affected by oocyte TET3 insufficiency. Together, these resultsindicate
that paternal hypermethylation persistsinasubgroup of genes of the
insulin secretion pathway and is probably traceable to oocyte TET3
insufficiency.

Transgenerational effect evoked by TET3

To further confirm that TET3 insufficiency causes increased suscep-
tibility to diabetes in offspring, we used female mice with Tet3 alleles
floxed for the deletion of exon 8-9—which encode part of the catalytic
domain*—to generate embryos and offspring of the three test groups
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CpGsareindicated. d, e, Pyrosequencing analysis of the Gck promoter
methylationin mouse blastocysts (d) and E18.5 pancreaticislets (e). Ctrland
HG:n = 6replicates per group (with Sblastocysts pooled for each replicate) for
blastocysts; n =9 (Ctrl) and 7 (HG) mice for fetal islets. f, GckmRNA expression
of 8-week-old male pancreaticislets. Ctrl, HG: n = 8 and 9 mice. g, Bisulfite
sequencing analysis of the GCK promoter in human blastocysts from two
nondiabetic control couples (n =3 blastocysts per couple) and from one couple
with adiabetic female (n =4 blastocysts). The percentages of methylated CpGs
areindicated. P-values by Fisher’s exact test (a). Dataare mean ts.e.m. (c-f);
two-tailed P-values by unpaired Student’s t-test. *P < 0.05, **P< 0.01and

***p < (0.001.Statistical details arein Supplementary Table 5.

by mating them with wild-type males (Extended Data Fig. 10a, b).
To verify that Gck promoter hypermethylation in the offspring is
attributable to insufficient TET3-mediated demethylation in the
one-cell embryo, the Gck methylation level was determined in male
pronucleiisolated from IVF-derived PN3-4 zygotes from maternal
Tet3-knockout (Mat-KO), maternal Tet3-heterozygous (Mat-Het) and
maternal wild-type (Mat-WT) groups of mice (Extended DataFig.10a, b).
In zygotes with wild-type maternal TET3, substantial demethylation
occurred by the PN3-4 stage, as reflected by the difference in methyla-
tion levels (96.4% in the sperm versus 62.1% in the male pronuclei). In
the absence of maternal TET3, the zygotic Gck paternal allele remained
largely hypermethylated (90% in Mat-KO male pronuclei versus 96.4%
in sperm) (Fig. 4a). Of note, a significantimpediment in demethyla-
tion was also observed in zygotes with a heterozygous deficiency of
maternal TET3, as evidenced by a methylation retention rate of 85%,
consistent with diminished 5ShmC production (5% compared to 11.4%
in the wild type) (Fig. 4a, Extended Data Fig. 10c-e). The Gck hyper-
methylation state persisted through the blastocysts to E18.5 fetal islets
(Fig. 4b, c) and 3-week-old offspring (Extended Data Fig. 10f, g). Addi-
tionally, pups with haploinsufficiency or deficiency of maternal TET3
exhibited reduced GCK mRNA and proteinlevels (Fig.4d, Extended Data
Fig.10h, i, Supplementary Fig. 1) and glucose intolerance phenotype
(Fig.4e, Extended Data Fig.10j, k). Therefore, TET3 haploinsufficiency
or deficiency in oocytes impedes zygotic reprogramming at the Gck
promoter, driving the epigeneticinheritance of diabetes susceptibility.

To interrogate whether exogenous TET3 enzyme could alleviate the
maternal effects on offspring, HGMIl oocytes were injected with wild-type
Tet3mRNA oramutant mRNA encodinga catalytically inactive form (here-
after TET3-mut) before IVF (Extended DataFig.11a). Immunofluorescence
assay revealed substantially increased ShmC signalsin the male pronuclei
ofzygotes derived from oocytes injected with wild-type but not mutant
Tet3(Extended DataFig. 11b). Notably, the supplementation of Tet(3mRNA
in HG Mll oocytes resulted in a less methylated state as exemplified by
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Fig.4 |Maternal Tet3 deficiency in mouse oocytes leads toimpaired
demethylation at the Gckpromoter and glucoseintolerance in offspring,
and exogenous Tet3 expressionin HG oocytesreverses the maternal effect.
a-e,Mat-WT, Mat-Het and Mat-KO denote the oocyte-specific Tet3genotype of
dams fromwhich the analysed embryos or offspring were derived. a, Bisulfite
and ACE sequencinganalyses of the Gck promoter in sperm and male pronuclei
isolated from aphidicolin-treated PN3-4 zygotes. b, ¢, Pyrosequencing
analysis of the Gck promoterinblastocysts (b) and E18.5 pancreaticislets (c).
n=6(Mat-WT),7 (Mat-Het) and 6 (Mat-KO) (with 5 blastocysts pooled for each
replicate) for blastocysts; n=9 (Mat-WT), 8 (Mat-Het) and 8 (Mat-KO) mice for
fetalislets.d, GckmRNA expression in 3-week-old male pancreaticislets.n=8
(Mat-WT),10 (Mat-Het) and 8 (Mat-KO) mice. e, GTT of male offspring at 16
weeks of age.n=15(Mat-WT), 13 (Mat-Het) and 14 (Mat-KO). For Mat-Het
offspringin c-e, only Tet3"* pups were used. *Comparison of Mat-Het and
Mat-WT; 'comparison of Mat-KO and Mat-WT. f-h, HG + Tet3and HG + Tet3-mut

the Gck promoter in male pronuclei and blastocyst embryos (Fig. 4f-g,
Extended Data Fig. 11c-g). Consistently, the resultant offspring showed
increased expression of GCK at both mRNA and protein levels (Extended
DataFig.11h, i, Supplementary Fig. 1) and became more tolerant to glu-
cose administration, asindicated by decreased blood glucose areaunder
the curve (AUC) (Fig. 4h, Extended Data Fig. 11j-m). These experiments
suggest that the glucose intolerance in offspring induced by maternal
hyperglycaemia s directly linked to oocyte TET3 insufficiency.

Discussion

Previous studies have established the transmission of traits acquired by
environmental exposure, including HFD, via gametes to offspring and

denote the analysed embryos or of fspring from HG Mll oocytes injected with
wild-type Tet3mRNA or inactive Tet3mutant mRNA. Embryos or of fspring
fromMlloocytes, derived from non-hyperglycaemic mice and injected with
H,0 were used as the control group. f, Bisulfite sequencing analysis of the Gck
promoter inmale pronucleiisolated from aphidicolin-treated PN3-4 zygotes.
g, Pyrosequencinganalysis of the Gck promoter methylationin mouse
blastocysts.n=4(Ctrl), 5 (HG + Tet3), 4 (HG + Tet3-mut) with Sblastocysts
pooled foreachreplicate.h, GTT for male offspring at one year of age with
natural ageing.n=11(Ctrl), 10 (HG + Tet3),10 (HG + Tet3-mut). *Comparison of
HG + Tet3-mut and Ctrl; fcomparison of HG + Tet3and HG + Tet3-mut. Dataare
mean ts.e.m.; two-tailed P-values by unpaired Student’s t-test with Mat-WT
(b-d) or HG + Tet3-mut (g), and one-way repeated-measurements ANOVA
followed by post hoc unpaired t-test with Mat-WT (e) or with HG + Tet3-mut (h).
*P<0.05,**P<0.01,***P<0.001,'"P<0.05,"P<0.01and """P < 0.001. Statistical
detailsareinSupplementary TableS.

have proposed the possibility of persistent alteration of the genomic
methylome as one of the epigenetic variations carried in gametes'®".
Our findings demonstrate that a maternal environmental effect on
offspring occurs by affecting the level of oocyte TET3, whichin turn
impinges on zygotic paternal genome reprogramming. Impaired DNA
demethylation and epigenetic inheritance affect the expression of a
subset of paternally hypermethylated genes involved ininsulin secre-
tion, including Gck—which is critical for glucose metabolism—thus
sensitizing offspring to glucose intolerance. Moreover, injection of
mRNA encoding catalytically active TET3—but not the inactive form—in
Mll oocytes from hyperglycaemic mothers is sufficient to rescue the
maternal effect on glucose intolerance in offspring. These datado not
supportthe notion that epigenome alterations in mature oocytes upon
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exposure to maternal hyperglycaemia make a critical contribution
to the susceptibility of the offspring. Instead, they suggest that Tet3
transcript levels are vulnerable during oocyte growth and matura-
tion,and that the reductioninoocyte TET3 renders the offspring more
susceptible to metabolic disease.

Tet-mediated DNA demethylationinresponse to high glucose varies
among different tissues and species ina context-dependent manner®.
We have revealed a critical window in oocyte growth and maturation
thatis vulnerable to metabolic perturbation by high glucose. Further
workis needed toinvestigate how Tet function might be disturbed dur-
inggerm cell development by various environmental challenges, ren-
dering offspring susceptible to diseases. Importantly, TET3-mediated
epigenetic inheritance of risk predisposition is not restricted to the
mouse model, but also appears relevant to oocytes from women with
diabetes mellitus. Our findings call for new guidance on pre-conception
care for early prevention, regular screening and glucose control for
diabetesamong women of reproductive age to protect against disease
inthe subsequent generation.
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Methods

Animal use and care

The animal study protocols were approved by the Animal Care and
Use Committee of Zhejiang University and CAS Center for Excellence
in Molecular Cell Science, Shanghai Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences, China. All animal experi-
ments were carried out according to the rules and guidelines of the
local animal ethics committee. Mice and rats were housed ina12-h
light-dark cyclein climate-controlled, pathogen-free barrier facilities
with humidity range of 40%-70% and temperature range of 20-26 °C
inaclimate-controlled cleanroomon al2-h/12-hlight/dark cycle. Mice
andrats had ad libitum access to water and food.

HG mouse model

Atthe age of 7-8 weeks, fasted virgin female C57BL/6N mice were ran-
domly dividedinto two groups and intraperitoneally injected with STZ
(Sigma) atadose of 150 mg kg™ or the same volume of citrate buffer'™.
Mice thatreceived citrate buffer (vehicle) served as controls, and those
thatreceived STZ injection and had nonfasting blood glucose concen-
trationsabove16.7 mM (300 mg dI™) onthe 30th day of IVF were defined
as HG mothers. Blood glucose concentrations from the tail vein were
measured using a glucometer (Roche Diagnostics Accu-Chek). For
Tet3 transcript level measurements, female mice that received STZ
injection were further divided into three subgroups according to the
nonfasting glucose level on the day of oocyte retrieval: blood glucose
above 33.3 mM (600 mg dI™) was defined as severe, between 16.7 and
33.3 mM (300-600 mg dI™*) was defined as moderate, and below 8.3 mM
(150 mg dI™) was defined as normal (Extended Data Fig. 6a).

T2DM mouse model

T2DM mice were modelled as described*. Female C57BL/6) mice aged
4 weeks were fed with a high-fat diet (HFD; 60% of calories from fat;
Research Diets, D12492) or a normal chow diet. After 4 weeks, HFD
micewereinjected intraperitoneally with asingle dose of STZ (100 mg
kg™). Mice fed with a chow diet received citrate buffer alone and were
processed in parallel with the diabetic mice. All mice were maintained
ontheirrespective diets for another 8 weeks until the end of the study.

IVF, embryo transfer and offspring generation
Germline-dependent inheritance experiments were conducted as previ-
ously described®. Female oocyte donors were euthanized for produc-
tion of the offspring cohorts. Offspring cohorts for the controland HG
groups were generated on the same day. IVF assays were performed
following astandard protocol®. In brief, sperm were obtained from the
dissected epididymis of one sperm donor for all parallel groups and
capacitated for 1hin HTF medium (Merck Millipore). The cumulus-
oocyte complexes (COCs) were isolated from oviducts 14-16 h after
human chorionic gonadotropin (hCG) injection and then incubated
withspermin HTF medium at 37 °C with 5% CO,. The zygotes were cul-
tured until 2-cellembryo formation. The well-developed 2-cellembryos
were selected and transferred into the oviducts of ICR foster mothers.

Litter sizes of 6-12 was used for the experiments and then randomly
reduced to no more than 8 to ensure equal access to breast milk for
the pups. The offspring identities were marked by toe clipping on day
7,and the weaned pups from different groups were redistributed ad
libitum according to sex. Pups from different groups were cohabited
tomaintainidentical environments and reduce other variables (micro-
biota, circadian rhythm, and so on).

Glucose metabolism measurements

The metabolic measurements were conductedinablinded manner. The
offspring fromdifferent groups were cohabited and then remarked tem-
porarily on the tail with a felt tip marker. Experimenters were blinded
to the mouse identities marked by permanent toe clipping, and the

phenotyping procedures were carried out by the experimenters based
on the temporary markers. The mice were handled daily for a week
before the test to allow them to get used to the handling to minimize
stress. For HFD challenge, both male and female offspring were fed
with a high-fat diet (HFD; 60% of calories from fat) from 3 weeks of
age onwards. Glucose metabolism measurements were performed on
offspring according to a previous report’.

For the GTTs, mice were fasted overnight and injected intraperi-
toneally with D-glucose (Sigma) saline water (2 g kg™ body weight).
Blood glucose concentration was measured via tail vein blood in the
fasted state and at 15,30, 60 and 120 min after glucose administration
using the glucometer (AccuCheck, Roche). AUCs were calculated asan
index of whole glucose excursion in the blood after glucose loading,
which has been widely used for evaluating the efficacy of insulin for
the maintenance of glucose homeostasis.

Insulintolerance tests (ITTs) were conducted after 4 h of fasting, and
blood glucose levels were measured before and 15,30, 60 and 120 min
after the intraperitoneal injection of insulin (Novolin R, Novo Nordisk;
0.75Ukg'bodyweight). Data are presented as the percentages of basal
glucoselevel.

Isolation of pancreaticislets

Adultand E18.5fetal pancreases were dissected and digested according
toour previous publication, with minor modifications®. For adult mice,
the animals were killed, and the gall bladder area was exposed. After
clamping at the confluence of the common bile duct and duodenum,
thebile duct was perfused with collagenase IV (2 mg ml™; Worthington),
and the pancreas was distended. The pancreas was then excised and
shaken at 37 °C for 28 min. After washing and centrifugation, adult
islets were handpicked under a stereomicroscope. For E18.5 fetal mice,
the pancreases were dissected and digested directly in collagenase IV
under the same conditions, washed, centrifuged and then recovered
in RPMI1640 medium with 5 mM glucose for 6 h in the incubator and
handpicked under a stereomicroscope.

Insulin secretion function test

For the in vivo test, mice that had fasted overnight were injected with
D-glucose saline water (2 g kg™ body weight), and blood samples were
collected through the orbital vein before and 30 min after glucose
load. We calculated the insulinogenic index by dividing the incre-
ment inserum insulin (Alns,_so; in pU mI™) by the increment in plasma
glucose (AGlug_;o; in mM) during the 0 to 30 min time periods of the
intraperitoneal glucose tolerance test (ipGTT). Blood glucose levels
were determined using a glucometer. Serum insulin was measured by
radioimmunoassay (iodine (**I) radioimmunoassay kit; BNIBT).

For the in vitro test, the isolated islets were incubated for 4 h in
RPMI1640 mediumwith 5 mM glucose for recovery, distributed to ten
size-matched islets for each well and incubated for 1 h in RPMI1640
mediumwith noglucose for starvation. InFig.1d, for baseline secretion,
islets wererinsed and cultured in 5 mM D-glucose Krebs-Ringer bicar-
bonate buffer (KRBB) in anincubator for 1 h. For stimulated secretion,
islets were again rinsed and cultured in 25 mM D-glucose KRBB for 1 h.
After islets were removed, supernatants were mixed and collected for
insulin content measurements by ELISA. The stimulation index was
calculated as the insulin content secreted in 25 mM divided by that in
5 mM. Two batchreplicates were performed to obtain an average value
foreach mouse. Insulin contents were measured by ultrasensitive ELISA
kitsaccordingto the instructions fromthe manufacturer (CrystalChem).

Measurement of pancreatic insulin content

Tomeasure pancreaticinsulin content, the whole pancreas was isolated,
homogenized in acid alcohol, and extracted overnight at 4 °C. The
extractwas centrifuged to remove unhomogenized tissue and neutral-
izedwith1M Tris at pH 7.5. Protein concentration was examined with a
BCA Protein Assay Kit (Thermo Scientific). The supernatant was used
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for the measurement of insulin content by using ultrasensitive Mouse
Insulin ELISA kit (Crystal Chem).

Histological and morphometric analysis of pancreaticislets
Animals were fasted overnight before dissection. For histological
studies, pancreas samples were rinsed in cold PBS and fixed overnight
in 4% paraformaldehyde. The pancreases were then processed and
embedded in paraffin, and consecutive sections were obtained. The
largest cross-section of each pancreas was taken to perform insulin
immunohistochemistry (IHC) to mark pancreatic islets and perform
insulin and glucagon immunofluorescence to present the ratio of a- or
B-cell. Thetissue slices were de-paraffinized in xylene and rehydrated
inethanol. Sections were stained with anti-insulin (CST 3014, 1:500 for
immunofluorescence, 1:400 for IHC) and anti-glucagon (R&D systems
MAB1249,1:500) and were revealed using fluorescent-conjugated sec-
ondary antibodies (647-conjugated, Invitrogen A21247,1:800; Alex-
aFluor 488-conjugated, Abcam 150077, 1:500) for multiple labelling
or DAB chromogenic agent kit (Servicebio). Images were captured
using Olympus BX51 microscope and Olympus FV3000 confocal laser
scanning microscope.

For islet parameter analysis, paraffin-embedded pancreas sec-
tions (4 um) were stained with haematoxylin and eosin (H&E). The
cross-sectional areas of islet from H&E-stained sections were meas-
ured from at least two slices per individual pancreas from the largest
cross-sections, evenly sectioned and separated by 100 pm. Images
were scanned using a Pannoramic DESK. Images of islets were traced
manually and analysed using CaseViewer software.

Mouse oocyte and embryo collection

To obtain oocytes and embryos, Ml oocytes were denuded with 0.5 mg
ml™ hyaluronidase (Sigma), and zona pellucida were removed with
Tyrode’ssolution (Sigma), rinsed and stored in DPBS buffer supplemented
with 0.2% BSA. The GV oocytes were obtained from ovarian follicles in
M2 medium (Sigma) with 200 pM 3-isobutyl-1-methylxanthine (IBMX)
(Sigma) 48 h after pregnant mare serum gonadotropin (PMSG) priming.
The PN3-4 zygotes were selected from IVF assays 7-8 hafter fertilization.
Toobtainblastocysts, IVF-derived 2-cell embryos were culturedin KSOM
medium (Merck Millipore) for an additional 48-72 hin the incubator.
Only the oocytes and embryos with good morphology and appropriate
developmental speed were included for biochemical evaluation.

DNA library preparation for RNA-seq

For Mlloocytes, every 10 Mll oocytes from asingle mouse were pooled
for one group. All groups were preamplified to obtain cDNA by the
SMART-Seq2 protocol*®. cDNA was quantified by Qubit 3.0 (Thermo
Fisher Scientific) and 1 ng cDNA was used for DNA library construction
with TruePrep DNA Library Prep Kit V2 for lllumina (Vazyme) following
the manufacturer's instructions.

RNA-seq data analysis

First, the raw pair-end RNA-seq FASTQ data were trimmed to remove
low-quality bases and adaptor sequences by Trim Galore (v0.5.0) with
default settings. Then the clean RNA-seq FASTQ data were mapped to
mouse reference genome mm10 using hisat2 (v2.1.0) with default param-
eters. Differentially expressed gene analysis was performed by using
DESeq2 package with the raw count. Only genes with adjusted P-value
(attained by the Wald test and corrected for multiple testing using the Ben-
jamini-Hochberg method by default) less than 0.05 and at least 1.5-fold
change were considered to be differentially expressed. To perform KEGG
analysis, the DEGs were submitted to the DAVID 6.8 website, and Fisher's
Exact test was used to measure the gene enrichmentinannotation terms.

Ethics statement
This study was approved by the ethics committees of the Interna-
tional Peace Maternity and Child Health Hospital, School of Medicine,

ShanghaiJiao Tong University (2019-02), Sir Run Run Shaw Hospital,
School of Medicine, Zhejiang University (20190617-3) and Women'’s
Hospital, School of Medicine, Zhejiang University (20190064). All
the experiments, the composition of the ethics committees and the
informed consent process complied with International Society for
Stem Cell Research (ISSCR) Guidelines for Stem Cell Research and
Clinical Translation (2016), Guidelines for Human Assisted Repro-
ductive Technology (2003) and the Ethical Principles of the Human
Assisted Reproductive Technology and the Human Sperm Bank (2003)
issued by the Ministry of Health of People’s Republic of China, and
the Helsinki declaration (2013). All the medicine ethics committees
involved are composed of members including qualified scientists,
ethicists, legal and regulatory experts and community members. All
human oocytes used involved in the study were immature and col-
lectedinIVF orintracytoplasmicsperminjection (ICSI) cycles. ForIVM
experiments,immature oocytes were cultured under various glucose
concentrations until MII stage and were not used for fertilization or
forming embryos. All the donated blastocysts were from patients who
underwent pre-implantation genetic diagnosis/screening (PGD/PGS)
and were identified with genetic or chromosomal abnormalities thus
unable to develop healthy offspring. Alldonor couples signed informed
consents for voluntary donations of immature oocytes and genetic
or chromosomal abnormal blastocytes. In the process, couples were
informed that their donation would not affect their assisted repro-
ductive technology (ART) treatment. No financial inducements were
offered for the donations.

Sample collection from patients

Allthe humansamplesinthe current study were follicular fluid, oocytes
and blastocysts from the patients who underwent ART. All the oocytes
involvedinthe current study wereimmature and unavailable for ICSI,
and blastocysts with genetic or chromosomal abnormalities were from
patients who underwent PGD/PGS. Among the patients underwent ART,
the diabetic females (with fasting blood glucose >7.0 mM or 2 hglucose
in GTT >=11.1 mM) were in the diabetes group, and those non-diabetic
females with normal glucose levels and without a history of diabe-
tes were in the control group. For oocytes collection, each diabetic
patient was paired with two control patients. The paired controls were
matched with diabetic patients according to the following variables:
age (within 4 years) and superovulation protocol (GnRH-agonist regi-
men or GnRH-antagonist regimen). For blastocysts collection, all the
involved males displayed normal semen analysis and fasting glucose
testresults. The follicular fluid from nondiabetic and diabetic women
was obtained during the oocyteretrieval process. The glucose concen-
trationsin allsamples were measured with aglucometer. Forimmature
oocytes collected for IVM, allthe women were infertile owing to nono-
varian reasons, younger than 35 years old, displayed no endocrine or
metabolicdisorders, and had nochromosome abnormalities. Detailed
information of the patients is listed in Supplementary Table 2.

Invitro maturation of human oocytes

Immature oocytes were denuded with hyaluronidase (Irvine Scientific)
onthe day of ovumretrieval and collected, and then randomly distrib-
uted in G-IVF medium (Vitrolife) supplemented with various D-glucose
concentrations and cultured at 37 °C with 6% CO,. Only competent MII
oocytes were collected for further analysis.

Invitro culture of human blastocysts

Zygotes (fertilized by ICSI) were cultured in G1-plus medium (Vitrolife)
in20 pl droplets covered with mineral oil (Sage) until day 3. Then, the
embryos were cultured in G2-plus medium (Vitrolife) in 20 pl droplets
until day 5 or 6. Blastocysts were vitrified at 30 min after biopsy using
vitrification solution (Kitazato). Blastocysts with genetic or chromo-
somal abnormalities for bisulfite sequencing were thawed following
standard clinical protocols by using thaw solution (Kitazato) and



transferred to G2-plus culture medium for 2 h to evaluate their survival.
Blastocysts with a smooth trophectoderm, clearly visible blastocyst
cavity and well-developed inner cell mass were used in this study.

Follicular fluid collection and glucose concentration
measurementsin rats

As the mouse model provided insufficient volume of follicular fluid,
a hyperglycaemic rat model was established in an identical fashion
as the HG mouse model by injecting 60 mg kg™ STZ; these rats had a
nonfasting glucose level above 16.7 mM (300 mg dI™). The follicular
fluid was collected from ovarian antral follicles after PMSG priming as
described®. In brief, rat follicular fluid was obtained using a fine glass
capillary tube under ice-cold mineral oil by capillary action.

Invitro maturation of mouse oocytes

For mice, denuded GV oocytes were collected from the ovarian folli-
cles of mice after PMSG priming in M2 with200 uM IBMX. After being
washed twice, GV oocytes were randomly distributed and incubated
in M16 medium with various glucose concentrations at 37 °C with 5%
CO,. After 12 h, the competent MIl oocytes (with the first polar body
extruded) after zona pellucida removal were rinsed in DPBS and stored
at-80 °C.

Invitrogrowth

We mainly followed the published protocols®. To collect mouse follicles
forinvitro culture, ovaries were obtained from 12-day-old females and
transformed into M2 medium. Puncture them using a 30-gauge needle
torelease follicles. Select follicles with diameters around 120 pum and
culturedindividually in20 pl culture medium: a-MEM (Gibco) supple-
mented with 5% of fetal bovine serum, 1x ITS liquid media supplement
(Sigma), 1x nucleosides (Millipore), 1x penicillin-streptomycin and
100 mIU mI* PMSG. Follicles were cultured in the incubator at 37 °C
and 5% CO,inairand 10 plof culture mediumwas added to each follicle
after 24 h. Half of the medium was changed every other day. After 12
days, 70-80% of oocytes reached the fully grown GV stage.

RNA extraction, reverse transcription and quantitative
real-timePCR

For pancreaticislets, total RNA was extracted using an RNeasy Micro Kit
(Qiagen) according to the instruction manual. cDNA was synthesized
using a PrimeScript RT reagent Kit (Takara) when Actb and Hprt were
used as internal controls for normalization. PrimeScript RT reagent
was used with the gDNA Eraser Kit (Takara) when 18S rRNA was used
for normalization. To analyse smallamounts of oocytes or blastocysts,
RNA extraction, PCR with reverse transcription (RT-PCR) and cDNA
amplification were carried out following the Smart-seq2 protocol*s. To
measure gene expression, real-time quantitative PCR was performed
onaRocheLightCycler 480 with SYBR Premix Ex Taq (TliRNaseH Plus,
Takara). Unless otherwise stated, the gene expression levels were nor-
malized to those of Actb or ACTB and further confirmed by normali-
zation to those of Hprt or HPRT1. All primer sequences are shown in
Supplementary Table 4.

Immunofluorescence of zygotes

Zygotes were fixed with 4% paraformaldehyde for 15 min, permeated
with 0.2% Triton X-100 for 20 min, denatured in 4 N HClI solution for
10 min and neutralized in Tris-HCI (pH 8.0) for 10 min for 5mC and
ShmC staining but without HCl denaturation for TET3 and DAPI stain-
ing. The zygotes were then blocked in 5% BSA solution diluted in PBS
containing 0.2% Triton X-100 for 1 h. Samples were stained overnight
at 4 °C with the primary antibodies (anti-TET3: Active motif 61744,
1:300; anti-5mC: Calbiochem NA81, 1:1,000; anti-5hmC: active motif
39770, 1:500) and for 1 h at room temperature with the secondary
antibodies (594-conjugated, Jackson ImmunoResearch 711-585-152,
1:800; 488-conjugated, Jackson ImmunoResearch 715-545-150,1:800).

Samples were mounted onto slides with antifade medium contain-
ing DAPI (Abcam) and examined under Olympus Fluoview FV1000
or Zeiss LSM880 with Ariyscan laser-scanning confocal microscope.
Z-stackmode was used to merge 7-8 layers (every 0.1 um) by FV21S-SW
Viewer or ZEN 2.3 Lite to calculate intensity using ImageJ 1.52j software
(National Institutes of Health).

Intracytoplasmic sperminjection

Sperm of CAST/Ei) male mice were collected from caudaepididymis and
incubated in HTF medium for 10-15 min at 37 °C under 5% CO, before
use. Control and HG Ml oocytes were isolated from superovulated
female mice 14-15 h after injection with hCG. Oocytes were operated
inadrop of M2 medium containing 5 pg ml™ cytochalasin B, and single
spermatozoa were injected into oocyte cytoplasm with a Piezo-drill
micromanipulator. After injection the embryos were cultured in KSOM
medium. Two-cell stage embryos were transferred into oviducts of
pseudopregnant ICR females at 0.5 days post-conception (dpc) to gen-
erate offspring, and pancreatic islets were collected for postbisulfite
adaptor tagging (PBAT) library preparation (E18.5 fetuses).

PBAT library preparation

Pancreaticislets of three fetuses from one pregnant mouse were pooled
asonesamplefor library building, and both the controland HG groups
had threereplicates from three dams. All groups were used to construct
the PBAT library using a previously described protocol® with slight
modifications. The final quality-ensured libraries were pooled and
sequenced onthellluminaHiSeq X tensequencer for 150 bp paired-end
sequencing.

PBAT data analysis

By using Trim Galore (v0.5.0), raw pair-end FASTQ reads were trimmed
to remove low quality bases and adaptor sequences. The remain-
ing clean reads were mapped to mouse reference genome mm10
with single-end and non-directional mapping parameters by using
BS-seeker2* (v2.1.8). Duplicated reads were removed using Picard
(v2.21.2) for the subsequent analysis. Bisulfite conversion rate was
estimated by the Lambdagenome, which was built asthe extrachromo-
some. Only samples with at least 97.5% bisulfite conversion rate were
kept for DNA methylation analysis.

CGmapTools (v0.1.2)** was used for DNA methylation downstream
analysis following BS-Seeker2. The single-Cfiles of the replicates were
merged together,and only CpG sites with at least 3x coverage were kept
for further analysis. The annotated information of exon, intron, inter-
genic and CpG island (CGI) was downloaded from the UCSC Genome
Browser (mm10), and all the repetitive elements were annotated using
RepeatMasker (mm10). Promoters were defined as the regions from
-2.5to +2.5kb of the transcription start site.

DMRs were filtered using dmr command in CGmapTools by the DMR
length (lessthan1,000 bp), CpG number (atleast 5CpGsinaDMR) and
the methylation level difference between control and HG group (at least
20% absolute methylation level difference). Maximal distance between
two adjacent cytosinesin CpGwas 100 bp. P-values were calculated by
t-testaccording to the DNA methylation levels of all the CpGsin every
DMR using dmr command in CGmapTools. To perform KEGG analysis,
the genes with promoter DMRs were submitted to the DAVID 6.8 web-
site, and Fisher’s exact test was used to measure the gene-enrichment
inannotation terms.

Allele-specific methylation analysis

By using SNPsplit>*, we were able to distinguish allele-specific CpG
methylation patternsin the hybrid embryos by using the SNPs between
CAST/EiJ and C57BL/6) mice. The PBAT data were mapped to mouse
reference genome N-masked mm10 with paired end and non-directional
mapping parameters by Bismark (v0.19.0). Then, the unmapped reads
after the first step alignment were re-aligned to the same reference in
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single-end mode. The SNPsplit could split totalbam files into C57BL/6)
and CAST/Ei) bam files, and bismark_methylation_extractor could call
methylationinformation frombam files. CGmapTools would transfer
CpG_report files into CGmap files. The further analysis is similar to
PBAT data analysis.

DNA extraction and methylation analysis

For low cell number samples, genomic DNA was extracted with a
QIAamp DNA MicroKit (Qiagen). For sperm, somatic cells were removed
by standard cell lysis, and the residual sperm were lysed in 3% sodium
dodecylsulfate (SDS), 0.4 mg ml™ proteinase K, and 44 mM dithiothrei-
tol buffer and incubated overnight at 55 °C. Then, DNA was isolated
by ethanol precipitation. Genomic DNA was extracted, and bisulfite
was converted with EZ DNA Methylation-Direct Kit (Zymo Research).
Bisulfite-treated DNA was amplified with Takara EpiTaq HS (Takara) or
PyroMark PCRKit (Qiagen).

Pyrosequencing

Primers for the pyrosequencing analysis were designed using PyroMark
Assay Design software 2.0 (Qiagen). Pyrosequencing was carried out
according to the manufacturer’s standard protocol on aPyroMark Q24
instrument (Qiagen). The biotinylated PCR products wereimmobilized
with streptavidin-coated Sepharose beads (GE healthcare), purified,
denatured, and then annealed to 0.3 uM sequencing primers. Data
were analysed using PyroMark Q24 software (Qiagen) to determine
the methylation percentage at each CpG site. All primer sequences
are shown in Supplementary Table 4.

Bisulfite sequencing

After amplification, PCR products of bisulfite-treated DNA were puri-
fied with a Gel Extraction Kit (Qiagen) and cloned into the pMD19-T
vector (Takara). Individual clones were sequenced by standard Sanger
sequencing (TSINGKE). Data were analysed by the online tool QUMA
(http://quma.cdb.riken.jp/).

APOBEC-coupled epigenetic sequencing

ACE sequencing was conducted to determine the ShmC level follow-
ing a previous publication®. In brief, the genomic DNA mixture was
glucosylated using UDP-glucose and T4 (3-glucosyltransferase (NEB)
at37°Cfor1h.Onemicrolitre of DMSOwas added, and the sample was
denatured at 95 °C for 5 min and snap cooled by transfer toa PCR tube
rack preincubated at -80 °C. Human cytosine deaminase APOBEC3A
was added toafinal concentrationof 5 uMinatotal volume of 10 pl. The
deaminationreactions wereincubated under linear ramping tempera-
ture conditions from4-50 °C over 2 h. PCR amplification and sequenc-
ing were carried out as described above.

Isolation of male and female pronuclei

IVF-derived zygotes were treated with replication inhibitor aphidicolin
(3 ug ml™) at 4 hafter fertilization®*. Male pronuclei and female pro-
nuclei, which were distinguished on the basis of their size and distance
from polar bodies®®, were collected from zygotes of PN3-4 stages by
breaking the zonausinga piezo drive (Prime Tech) and aspirating using
amicromanipulator. More than 200 pronuclei were pooled for the
subsequent methylation analysis.

CRISPR-Cas9-mediated editing of Gck gene in mouse embryos

We mainly followed the published protocols®®.. For microinjection
of one-cell embryos, B6D2 F, female mice and ICR mice were used as
embryo donors and foster mothers, respectively. The embryo-donor
female mice were superovulated and mated with wild-type male mice.
One-cell-stage embryos were collected from oviducts and injected with
Cas9 mRNA (100 ng pI™) and single guide RNA (sgRNA) (50 ng pl ™) in
RNase-free water. The injected embryos were cultured in KSOM at
37 °C under 5% CO, until 2-cell stage and transferred into oviducts of

pseudopregnant ICR females at 0.5 dpc. The mice were genotyped as
described®’. The sgRNA sequence and PCR primers for genotypingare
listed in Supplementary Table 4. A schematic diagram of the strategy
todistinguish the parental DNA methylation pattern of Gck promoter
is presented in Extended Data Fig. 8e. The bisulfite PCR primers to
distinguish allele-specific methylation in this strategy are listed in
Supplementary Table 4.

Glucokinase activation
For invivo GCK activation, glucokinase activator (GKA) Dorzagliatin
(HMS-5552, 2mg kg™) was administered intragastrically (via oral gav-
age) 15 min before ipGTT assay and control animals received PBS®* %,
Forinvitro GCK activation, islets were pre-incubated in dorzagliatin
for1h before the GSIS assay®* %, In brief, islets from each HG mouse
were separated into two groups. Ten islets of each mouse were incu-
bated with 0.5 pM dorzagliatin as the HG + GKA group and another
tenwere untreated as the HG group. Islets from control mice were left
untreated for GSIS assay as the control group.

Tet3 conditional knockout mouse model and offspring
generation

Tet3” Zp3-Cre mice were generated as described*. The offspring were
obtained to mimic oocytes with TET3 downregulation from the HG
mouse model (Extended Data Fig. 10a, b). In this model, mice were
naturally conceived, delivered and nursed. The offspring were also
genotyped and cohabited with others of the same sex from three weeks
of age.

Protein extraction and immunoblotting

Pancreatic islets were collected from 2-5 mice per sample. Pooled
islets were lysed in 50 pl RIPA lysis buffer (50 mM Tris pH 7.6,150 mM
NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing
protease inhibitors (protease inhibitor cocktail, Roche) and 0.5 mM
PMSF. Tissues were briefly sonicated and protein concentrations
were determined by BCA protein assay (Thermo Fisher). Then 6x SDS
sample buffer (0.5 M Tris-Cl pH 6.8,30% (w/v) glycerol, 10% (w/v) SDS,
0.6 M dithiothreitol, 0.012% (w/v) bromophenol blue) was added to
afinal concentration of 1x and samples were denatured by incuba-
tionat 100 °C for 5 min. Lysate samples with equivalent protein levels
(50 pg) were loaded on a10% SDS-PAGE gels and electrophoretically
transferred to nitrocellulose membrane (Bio-Rad), followed by primary
antibodies against GCK (rabbit polyclonal, 1:200; sc-7908, Santa Cruz)
or 3-actin (rabbit monoclonal, 1:10,000; AC026, ABclonal) and second-
ary antibody (peroxidase-conjugated, Jackson ImmunoResearch 111-
035-003,1:10,000). Images were taken by SageCreation and analysed
by SageCapture software. 3-actin was included as loading control.

Invitro transcription

To prepare mRNAs for microinjection, wild-type Tet3 or Tet3 mutant
(in which the HKD coding sequence is replaced by the YRA coding
sequence) sequence was first cloned into pCAG vector withasequence
encodingaHAtag, and then the sequence of the T7 promoter followed
by the desired cDNA was PCR-amplified from the constructed vec-
tor. The purified DNA fragments were used as a template for in vitro
transcription with mMMESSAGE mMACHINE T7 ULTRA Transcription
Kit (Invitrogen) according to the manufacturer's instructions. RNA
was purified by lithium chloride precipitation. Synthesized RNA was
aliquoted and stored at -80 °C until use. GFP-UTR,; untailed mRNA
was prepared according to the manufacturer's instructions.

Microinjection of oocytes

For GV oocytes microinjection, fully grown GV oocytes were collectedin
M2 mediumwith 0.2 mMIBMXtoinhibit spontaneous GVBD from super-
ovulated 3-week-old B6D2 F, female mice. BFP-polyA, mCherry-UTR ;5
and GFP-UTR,,,; mRNA were injected into the cytoplasm with equal
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mole ratio using a Piezo-drill micromanipulator. Following injection,
oocytes were cultured in IVM medium with 0.2 mM IBMX for at least
6 hbefore subsequent IVM.

For Mll oocytes microinjection, wild-type Tet3, Tet3 mutant mRNA
(1pg pl™ in RNase-free water) or H,0 was injected into the cytoplasm
using FemtoJet (Eppendorf). After injection, the zona pellucida of
each Mll oocyte was punched to make a small hole using Piezo-drill
micromanipulator. Then MIl oocytes were washed and cultured in
KSOM for at least 3 h before subsequent IVF.

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

Data availability

All the sequencing data can be viewed in NODE under accession
OEP002503. All other data are available from the corresponding
authorsonreasonable request. Statistical details arein Supplementary
Table 5. Fullimmunoblots are provided as Supplementary Fig. 1. Source
data are provided with this paper.
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