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            Abstract
Genomic imprinting is an allele-specific gene expression system that is important for mammalian development and function1. The molecular basis of genomic imprinting is allele-specific DNA methylation1,2. Although it is well known that the de novo DNA methyltransferases Dnmt3a and Dnmt3b are responsible for the establishment of genomic imprinting3, how the methylation mark is erased during primordial germ cell (PGC) reprogramming remains unclear. Tet1 is one of the ten-eleven translocation family proteins, which have the capacity to oxidize 5-methylcytosine (5mC)4,5,6, specifically expressed in reprogramming PGCs7. Here we report that Tet1 has a critical role in the erasure of genomic imprinting. We show that despite their identical genotype, progenies derived from mating between Tet1 knockout males and wild-Peg10 and Peg3, which exhibit aberrant hypermethylation in the paternal allele of differential methylated regions (DMRs). RNA-seq reveals extensive dysregulation of imprinted genes in the next generation due to paternal loss of Tet1 function. Genome-wide DNA methylation analysis of embryonic day 13.5 PGCs and sperm of Tet1 knockout mice revealed hypermethylation of DMRs of imprinted genes in sperm, which can be traced back to PGCs. Analysis of the DNA methylation dynamics in reprogramming PGCs indicates that Tet1 functions to wipe out remaining methylation, including imprinted genes, at the late reprogramming stage. Furthermore, we provide evidence supporting the role of Tet1 in the erasure of paternal imprints in the female germ line. Thus, our study establishes a critical function of Tet1 in the erasure of genomic imprinting.
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                    Figure 1: Tet1 paternal knockout results in fetal and postnatal growth defects.


Figure 2: Early embryonic lethality caused by placental defects in Tet1 paternal knockout mice.


Figure 3: Tet1 paternal knockout embryos and placentae exhibit imprinting defects.


Figure 4: Locus-specific hypermethylation in Tet1 knockout PGCs and sperm.
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Extended data figures and tables

Extended Data Figure 1 Tet1 paternal knockout mice exhibit various phenotypes, including fetal and postnatal growth defects, and neonatal and embryonic lethality.
a, Scatter plot of body and placental sizes for each pup. b, Average placental weight of E13.5 and E16.5 embryos. Error bars indicate s.e.m. **Pâ€‰<â€‰0.01. c, Percentage of pups that die within 3â€‰days of birth. **Pâ€‰<â€‰0.01. d, Box plot presentation of body weights of 4- and 8-week-old control and paternalKO mice. Note that paternalKO mice exhibited a larger variation and smaller body weight compared to the control mice. Middle lines in the coloured boxes indicate the median, box edges indicate the 25th/75th percentiles, and whiskers the 0th/100th percentiles. e, Mating scores of Tet1+/âˆ’ maleâ€‰Ã—â€‰wild-type female (Ã—Het) and Tet1âˆ’/âˆ’ maleâ€‰Ã—â€‰wild-type female (Ã—KO) mice. Black dots indicate the numbers of pups for each litter recovered by Caesarean section at E19.5. Red lines indicate the mean litter size. f, The embryos and placentae at E13.5 recovered from four litters of Tet1 paternalKO mice. The dotted ovals indicate the residues of absorbed embryos. g, E10.5 paternalKO embryos recovered from five litters. Dotted oval indicates morphologically abnormal embryos. h, Top: E9.5 paternalKO embryos recovered from two litters. Dotted ovals indicate small embryos whose placentae are morphologically abnormal. Bottom: placentae corresponding to the embryos on the top panels. Red rectangles indicate morphologically abnormal placentae. i, Representative images of haematoxylin and eosin staining of E9.5 placentae. Red rectangles indicate the enlarged regions shown at the right panels. Ch, chorionic plate; Gi, trophoblast giant cells; La, labyrinthine zone; Sp, spongioblast. j, Schematic representation of Tet1 paternalKO phenotypes. Each bar represents an individual mouse. About 40% of paternalKO mice exhibit early embryonic lethality. About half of the remaining mice die neonatally, and about half of the surviving mice show postnatal growth defects. In contrast, abnormality is rarely observed in control, except at the neonatal stage (less than 10%).


Extended Data Figure 2 Dysregulation of imprinted genes in Tet1 paternal knockout embryos.
a, Relative expression levels of imprinted genes in E9.5 embryos analysed by RNA-seq. The averaged FPKM (fragments per kb of exon per million fragments mapped) value of three control embryos is set as 1. Arrows indicate dysregulated embryos. The location of each gene is indicated in the diagram on top of the panel. b, Relative average expression change of maternally and paternally imprinted genes. The imprinted genes that are highly expressed in E9.5 embryos (FPKM >1.0) are used in this analysis. Error bars indicate s.e.m. *Pâ€‰<â€‰0.05. c, Summary of imprinted genes dysregulated in paternalKO embryos. N, normal size; S, small size; +, normal expression; âˆ’, downregulated.


Extended Data Figure 3 Perturbation of gene expression in Tet1 paternal knockout embryos.
a, Heat-map representation of markedly downregulated genes (FC >1.5) in at least two E9.5 paternalKO embryos. Only those genes with significant change in at least two paternalKO embryos were shown. b, GO analysis of the 905 downregulated genes. c, Heat-map representation of markedly upregulated genes (FC >1.5) in at least E9.5 paternalKO embryos. d, GO analysis of the 635 upregulated genes.


Extended Data Figure 4 Hypermethylation in germline differentially methylated regions in Tet1 paternal knockout embryos and placentae, and Tet1 knockout sperm.
a, RTâ€“qPCR analysis of Igf2r and Air in E9.5 embryos. The average value of control embryos (n = 13) is set as 1. Error bars indicate s.e.m. b, Bisulphite sequencing analysis of Airâ€“Igf2r DMR of E9.5 embryos. The analysed region is indicated by a red line at the top of the diagram. Each CpG is represented by a circle with methylation and non-methylation represented by open and filled circles, respectively. The percentages of DNA methylation are indicated. c, qRTâ€“PCR analysis of Impact in E9.5 embryos. The average value of control embryos (n = 13) is set as 1. Error bar indicates s.e.m. d, Bisulphite sequencing analysis of Impact DMR of E9.5 embryos. The analysed region is indicated by a red line at the top of the diagram. e, The weight of individual E19.5 paternalKO placentae (top) and qRTâ€“PCR analysis of several imprinted gene expression patterns in each placenta. The average value of control placentae (n = 19) is set as 1. Asterisks indicate small placentae. Arrows indicate the samples showing a marked change in expression levels. Error bars indicate s.e.m. f, Bisulphite sequencing analysis of Peg3 DMR of E19.5 placentae. The analysed region is indicated at the top of the diagram. The percentages of DNA methylation are indicated. g, Bisulphite sequencing analysis of the Peg10 DMR in Tet1-heterozygous and knockout sperm. The analysed region is indicated by a red line at the top of the diagram.


Extended Data Figure 5 Summary of RRBS analysis.
a, b, Distribution of the level of methylation change for changed sites and promoters in E13.5 PGCs (a) and sperm (b) (cutoff, 10%). c, Cumulative distribution curve of methylation change in E13.5 PGCs for the sites showing methylation change in Tet1 knockout sperm. Note that methylation levels in E13.5 Tet1 knockout PGCs of both 422 hypermethylated sites in sperm (red) and 1,484 hypomethylated sites in sperm (blue) are higher than that of non-changed sites.


Extended Data Figure 6 Hypermethylation in Tet1 knockout E13.5 PGCs at imprinted genes and germline genes.
a, GO analysis of the genes with hypermethylated promoters in Tet1 knockout E13.5 PGCs. b, c, Representative DNA methylation profiles of selected imprinting genes (b) and germline genes (c) in E13.5 PGCs analysed by RRBS. Vertical grey lines represent the sequence read depth for each cytosine scored, and 30 reads were shown at most. The vertical red lines represent percentage of methylation for each cytosine scored, which range from 0% to 50%. For each gene, RefSeq exon organization (blue) and location of CGIs (green) are shown at the bottom.


Extended Data Figure 7 Hypermethylation in Tet1 knockout sperm at imprinted genes.
a, b, Mouse phenotype ontology enrichment of hypermethylated sites in Tet1 knockout sperm (a) and hypermethylated sites in both Tet1 knockout E13.5 PGCs and sperm (b). c, Representative DNA methylation profiles of selected imprinting genes in sperm analysed by RRBS. Vertical grey lines represent the sequence read depth for each cytosine scored, and 30 reads are shown at most. The vertical red lines represent percentage of methylation for each cytosine scored, which range from 0% to 50%. For each gene, RefSeq exon organization (blue) and location of CGIs (green) are shown at the bottom.


Extended Data Figure 8 Tet1 knockout affected loci are enriched in late demethylated regions in PGCs.
a, Methylation dynamics of the loci that are hypermethylated in Tet1 knockout E13.5 PGCs. Methylation levels were obtained from a previous study15. Middle lines in the coloured boxes indicate the median, box edges indicate the 25th/75th percentiles, and whiskers the 2.5th/97.5th percentiles. b, Percentages of hypermethylated promoters in Tet1 knockout PGCs among late demethylated promoters. The RRBS-covered promoters with >25% methylation in E9.5, E10.5 and E11.5 PGCs (ref. 14) were analysed. ***Pâ€‰<â€‰1.0â€‰Ã—â€‰10âˆ’15, **Pâ€‰<â€‰0.01.


Extended Data Figure 9 Early embryonic lethality and dysregulation of imprinted gene expression in Tet1 paternal knockout mice generated by ref. 17 . 
a, Representative image of paternalKO pups from the same litter showing big variation in body and placenta sizes. Embryos and their placentae were recovered by Caesarean section at the day of birth (E19.5). b, Average placental weights at E19.5. Error bars indicate s.e.m. **Pâ€‰<â€‰0.01. c, Mating scores of Tet1+/âˆ’ maleâ€‰Ã—â€‰wild-type female (Ã—Het) and Tet1âˆ’/âˆ’ maleâ€‰Ã—â€‰wild-type female (Ã—KO) mice. Black dots indicate the number of pups for each litter recovered by Caesarean section at E19.5. Red lines indicate the mean litter size. d, Representative image of E10.5 Tet1 paternalKO embryos from the mating of wild-type female with Tet1 knockout male mice. The dotted oval indicates morphologically abnormal embryos. e, Left: E9.5 paternalKO embryos recovered from a single litter. Dotted oval indicates small embryos whose placentae are morphologically abnormal. Right: placentae of the corresponding embryos shown in the left panel. The red rectangle indicates morphologically abnormal placentae. f, Summary of embryonic abnormality. Asterisk indicates the numbers of morphologically abnormal embryos (E10.5) or placentae (E9.5). g, qRTâ€“PCR analysis of selected imprinted genes in each of the E9.5 embryos from two litters (paternalKO 1 and paternalKO 2) are shown. Arrows indicate the samples showing marked change in expression level. The Ct values are normalized to the expression level of Gapdh.


Extended Data Figure 10 Defects in embryonic development and genomic imprinting in E19.5 Tet1 maternal knockout embryos and placentae.
a, Representative image of embryos and placentae from a single litter of E19.5 Tet1 maternalKO mice. Arrowheads indicate dead embryos whose placentae were morphologically normal. b, The ratio of dead embryos with relatively normal placentae. c, d, Box blot representation of the weight of embryos (c) and placentae (d). Middle lines in the coloured boxes indicate the medians, box edges indicate the 25th/75th percentiles, and whiskers the 0th/100th percentiles. e, qRTâ€“PCR analysis of paternally imprinted genes in Tet1 maternalKO placentae. Arrows indicate the placentae whose embryos were found dead in utero, as indicated by arrowheads in a. The average value of control embryos (n = 19) is set as 1. Error bars indicate s.e.m. f, BS-seq revealed hypermethylation in Tet1 maternalKO mice in the IG-DMR locus. Note that methylation level in Tet1 maternalKO mice was significantly higher than in control mice, although IG-DMR gained methylation during placental development. Each dot represents the methylation level of each placenta. The numbers next to each dot indicate the number of clones sequenced. The average methylation levels are indicated by horizontal lines. The analysed region is indicated by a red line at the top of the diagram. g, BS-seq analysis of Rasgrf1 DMR of E19.5 placentae. The analysed region is indicated by a red line at the top of the diagram. Each CpG is represented by a circle with methylation and non-methylation represented by open and filled circles, respectively. The percentages of DNA methylation are indicated. *Pâ€‰<â€‰0.05. **Pâ€‰<â€‰0.01.


Extended Data Figure 11 Model explaining Tet1 paternal knockout phenotypes, using one maternal germline DMR as an example.
Black and white bars represent methylated and unmethylated state, respectively. In the control, the maternal allele is completely demethylated through Tet1-mediated imprinting erasure during PGC reprogramming. However, in Tet1 knockout PGCs, DMRs fail to be demethylated. The remaining methylation in the maternal allele is inherited to the next generation, which leads to imprinting defects.
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        Editorial Summary
Tet1 removal of genomic imprinting
Genomic imprinting mediated by allele-specific DNA methylation must be erased during the genome-wide reprogramming that occurs in primordial germ cells. Here, Yi Zhang and colleagues establish an important role for the methylcytosine dioxygenase Tet1 in erasing genomic imprinting in vivo. Mice with a knockout of paternal Tet1 give rise to progeny with imprinting defects and associated growth and development defects, which leads to early embryonic lethality. Analysis of the DNA methylation dynamics in reprogramming primordial germ cells suggests that Tet1 is required at a late stage of the reprogramming process, in a second wave of DNA demethylation.
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