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Mapping putative enhancers in mouse 
oocytes and early embryos reveals TCF3/12 as 
key folliculogenesis regulators
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Yuexin Qiu3, Yunlong Xiang1,2, Feng Kong1,2, Fangnong Lai1,2, Mrinmoy Pal    6, 
Peizhe Wang    7, Jia Ming7, Bingjie Zhang1,2, Qiujun Wang    1,2, Jingyi Wu1,2, 
Weikun Xia1,2, Weimin Shen2,5, Jie Na    7, Maria-Elena Torres-Padilla    6, 
Jing Li    3,4   & Wei Xie    1,2 

Dynamic epigenomic reprogramming occurs during mammalian oocyte 
maturation and early development. However, the underlying transcription 
circuitry remains poorly characterized. By mapping cis-regulatory elements 
using H3K27ac, we identified putative enhancers in mouse oocytes and early 
embryos distinct from those in adult tissues, enabling global transitions 
of regulatory landscapes around fertilization and implantation. Gene 
deserts harbour prevalent putative enhancers in fully grown oocytes 
linked to oocyte-specific genes and repeat activation. Embryo-specific 
enhancers are primed before zygotic genome activation and are restricted 
by oocyte-inherited H3K27me3. Putative enhancers in oocytes often 
manifest H3K4me3, bidirectional transcription, Pol II binding and can drive 
transcription in STARR-seq and a reporter assay. Finally, motif analysis 
of these elements identified crucial regulators of oogenesis, TCF3 and 
TCF12, the deficiency of which impairs activation of key oocyte genes and 
folliculogenesis. These data reveal distinctive regulatory landscapes and 
their interacting transcription factors that underpin the development of 
mammalian oocytes and early embryos.

Enhancers are cis-distal regulatory sequences that can activate pro-
moters over great distances1,2. They are typically bound by transcrip-
tion factors (TFs)3 and are marked by distinct epigenetic signatures4–6. 
Active enhancers frequently bear histone acetylation, such as H3K27ac7, 
which helps activate enhancers by attenuating nucleosome stability, 
increasing chromatin accessibility and promoting enhancer–pro-
moter communication4,8. Many active enhancers also exhibit enhancer 
RNAs (eRNAs), which are often bidirectionally transcribed and could 
be detected by nascent RNA-seq and cap analysis of gene expression 
sequencing (CAGE)9,10.

The oocyte-to-embryo transition (OET) features a transcription-
ally quiescent period starting from the end of oocyte growth to zygotic 

genome activation (ZGA) accompanied by dramatic epigenetic repro-
gramming11–13. Of note, oocytes and early embryos are often subjected 
to unique or ‘non-canonical’ transcription and epigenetic regulation. 
In mice, H3K4me3 exists as widespread non-canonical, broad domains 
in oocytes and early embryos before ZGA14–16. H3K27me3 occurs per-
vasively in the oocyte genome, occupying most regions without tran-
scription17. Such non-canonical H3K27me3 persists after fertilization 
until the blastocyst stage and plays a critical role in regulating DNA 
methylation-independent imprinting and X chromosome inactiva-
tion18–20. Moreover, the higher-order chromatin organization in oocytes 
and early embryos is also distinct from that in somatic cells. For exam-
ple, the repressive lamina-associated domains (LADs), which usually 
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Such transitions were also observed at repeats. H3K27ac peaks were 
enriched for MaLR and ERVK in oocytes (Extended Data Fig. 4), con-
sistent with previous findings31. H3K27ac peaks in pre-implantation 
embryos were enriched for ERV and SINE elements, including  
B1/B2/B4, agreeing with them being preferentially accessible at these 
stages27. Post-implantation embryos were relatively enriched for 
mammalian-wide interspersed repeat (MIR) and LINE2 (L2) (Extended 
Data Fig. 4). Taken together, these data reveal two global regulome 
transitions centred around fertilization and implantation.

Prevalent H3K27ac in gene deserts in FGOs
Given that oocytes possess many unique enhancers, we sought to char-
acterize them in greater details. During oocyte growth, a transcription 
switch occurred between GO-P7 and GO-P10, correlated with promoter 
H3K27ac changes (Extended Data Fig. 5a). For example, Hexb, Sohlh1 
and Sohlh2, three genes expressed in GO-P7 but not in GO-P10, showed 
strong promoter H3K27ac only in GO-P7 (Extended Data Fig. 5b). Oosp1, 
Oosp2 and Oosp3 genes32 were highly induced starting from P10, con-
sistent with increased H3K27ac at their promoters (Extended Data 
Fig. 5b). Distal H3K27ac was also highly dynamic during oocyte growth 
(Fig. 2a). Compared to GOs and adult somatic tissues, FGOs showed the 
most stage-specific putative enhancers (44.3%, n = 18,200) (Fig. 2b). 
Further analysis showed that FGOs exhibited increased H3K27ac 
(Fig. 2c,d), gene expression (Extended Data Fig. 5c, left) and active 
repeats (Extended Data Fig. 5c, right, and Extended Data Fig. 5d) in 
gene-poor regions or gene deserts (Methods). For example, the Oosp 
gene cluster is present in gene deserts (Extended Data Fig. 5b, right). 
In sum, these data revealed prevalent H3K27ac and potential regula-
tory activities in gene deserts in FGOs linked to oocyte-specific genes 
and repeats.

Allelic reprogramming of H3K27ac after fertilization
We then examined H3K27ac in early embryos, by separating allelic sig-
nals using single-nucleotide polymorphisms (SNPs) present between 
the two parental strains (Fig. 2e and Methods). Upon meiotic resump-
tion, H3K27ac is quickly erased in MII oocytes (Extended Data Fig. 1a) 
due to the recruitment of histone deacetylases to metaphase chro-
matin25,26,29. After fertilization, H3K27ac reappears at the pronuclear 
stage 3 to pronuclear stage 4 (ref. 33). A comparison of sperm and 
zygote paternal H3K27ac revealed distinct patterns (Fig. 2e,f), sug-
gesting rapid paternal reprogramming upon fertilization, similar to 
that for H3K4me3 and H3K27me3 (refs. 16,17). Notably, the maternal 
allele of the PN5 zygote showed H3K27ac enrichment that partially 
resembled that of FGOs (Fig. 2e,f), suggesting that regulatory ele-
ments may be bound by the inherited maternal factors in the one-cell 
embryos. However, H3K27ac in gene-poor regions showed an evident 
decrease after fertilization (Fig. 2e,g, ‘gene-poor’). H3K27ac peaks 
lost in the one-cell embryos enriched for similar TF motifs as those 
that retained H3K27ac compared with FGOs (Extended Data Fig. 6a, 
discussed later), suggesting that the absence of these peaks is not 
due to the loss of maternal TFs, but is likely related to the chromatin 
reorganization. The exact mechanisms underlying such depletion of 
H3K27ac in gene deserts remained to be determined. Notably, LADs are 
absent in FGOs and are de novo established after fertilization in mice22.  
Consistently, the strengths of the genome–lamina interaction and 
H3K27ac were anti-correlated in early embryos and mouse embry-
onic stem (mES) cells, except on the maternal allele of the one-cell 
embryos (R = 0.20) (Extended Data Fig. 6b), which was shown to feature 
fragmented LADs22. Given the enrichment of H3K27ac in gene deserts 
appeared as early as GO-P10 (Fig. 2b), we thus asked whether LADs were 
already absent at GO-P10 stage using DNA adenine methyltransferase 
identification (DamID)22. Indeed, Dam-lamin B1 profiles suggested the 
absence of LADs at this stage (Extended Data Fig. 6c). We could not map 
LADs in an even earlier stage such as GO-P7 due to the difficulty of per-
forming robust microinjection given their smaller sizes. In sum, these 

occupy gene deserts21, are absent in fully grown oocytes (FGOs) and are 
established de novo after fertilization22. However, how this epigenetic 
reprogramming facilitates transcriptional changes during OET remains 
elusive in mammals. Cis-regulatory elements (CREs), such as enhanc-
ers, are central in the interplay between chromatin and transcription 
but are still poorly defined in mammalian oocytes and early embryos. 
How CREs interact with TFs to elicit transcription in this period remains 
unclear. Notably, early reports suggested that mouse oocytes and 
zygotes may even lack enhancer activity based on enhancer reporter 
assays23,24. Here, we presented a complete putative enhancer map 
from mouse oogenesis to post-implantation development. These data 
revealed distinctive epigenetic signatures of enhancers in oocytes and 
early embryos. We further showed that putative enhancers are often 
bidirectionally transcribed and can drive reporter activities in oocytes. 
Notably, these cis-regulome maps revealed their potential interacting 
TFs, leading to the identification of key TFs TCF3 and TCF12 that direct 
oocyte development.

Results
Dynamic CRE activities in mouse oocytes and early embryos
To identify possible CREs in mouse oocytes and early embryos, we per-
formed H3K27ac STAR chromatin immunoprecipitation (IP) sequenc-
ing (ChIP-seq)16 in growing oocytes (GOs) at postnatal day 7 (GO-P7) 
and day 10 (GO-P10) stages, FGOs at postnatal week 8, metaphase II 
(MII) oocytes and mouse early embryos at the one-cell, early two-cell, 
late two-cell and eight-cell stages and inner cell mass (ICM) from blas-
tocysts (Fig. 1a and Methods). Consistent with the immunostaining 
results (Extended Data Fig. 1a) and the previous studies25,26, STAR 
ChIP-seq did not detect H3K27ac enrichment in MII oocytes, which 
was thus excluded from subsequent analysis (Fig. 1a and Extended 
Data Fig. 1a,b). H3K27ac ChIP-seq data were well reproduced in repli-
cates (Extended Data Fig. 1b,c). As validations, the promoter H3K27ac 
levels correlated with stage-specific gene expression (Fig. 1b, left and 
Extended Data Fig. 2a). Large fractions of H3K27ac peaks (75.4–86.3%) 
were in distal regions (2.5 kb away from the transcription start sites; 
TSSs) (Fig. 1a, left), indicating putative enhancers. Distal H3K27ac 
correlated with chromatin accessibility19,27 (Extended Data Fig. 2b) 
and resided near active genes (non-transcribing stages excluded) 
(Extended Data Fig. 2c). We refer to these distal regions as putative 
enhancers, hereafter.

Two enhancer transitions around fertilization and 
implantation
Combined with H3K27ac data in post-implantation embryos that we 
previously generated28, we mapped a complete landscape of H3K27ac 
from oocytes to post-implantation embryos (Fig. 1a). The hierarchi-
cal clustering showed two clear transitions of H3K27ac upon OET (as 
reported29) and implantation (Fig. 1c), indicating dramatic epigenetic 
reprogramming during these periods. This was largely paralleled by 
the dynamics of the transcriptome during the same period (Fig. 1d and 
Extended Data Fig. 3). Of note, embryos at the 1-cell and 2-cell stages 
were clustered with oocytes in transcriptome analyses, presumably 
due to their inherited maternal RNAs (Fig. 1d). Distal H3K27ac levels 
seemed to increase from GO-P7 to GO-P10 and elevated further in FGOs 
at oocyte-specific putative enhancers (Fig. 1b, right), consistent with 
the immunofluorescence results (Extended Data Fig. 1a). We then 
identified 63,657, 42,409 and 37,590 distal H3K27ac sites as putative 
enhancers in mouse oocytes, pre- and post-implantation embryos, 
respectively. Notably, comparison with those from a panel of tissues 
(n = 94) from ENCODE30 showed oocytes possessed a large fraction of 
unique enhancers (n = 31,838, 47.7%), in contrast to pre-implantation 
embryos (n = 6,581, 9.7%) and post-implantation embryos (n = 7,855, 
11.9%) (Fig. 1b, right, discussed below). Similar to global H3K27ac, 
distal H3K27ac-defined putative enhancers also displayed two waves 
of transitions during fertilization and implantation (Fig. 1b, right).  
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Fig. 1 | H3K27ac landscape in mouse gametes, early embryos and tissues.  
a, Schematic showing the overview of H3K27ac STAR ChIP-seq in mouse gametes 
and early embryos. The UCSC browser view shows H3K27ac signals in gametes 
(GO-P7, GO-P10, FGO, MII oocyte and sperm), pre-implantation embryos  
(one-cell PN5, early two-cell, late two-cell, eight-cell and ICM), post-implantation 
embryos (Epi, VE, Ect, PS, Mes and End) and tissues (cortex, kidney and liver). 
Pie charts show H3K27ac peak distribution at the promoter and distal regions. 
Epi, epiblast; VE, visceral endoderm; Ect, ectoderm; PS, primitive streak; 
Mes, mesoderm; End, endoderm. b, Heatmaps showing the stage-specific 

gene expression and H3K27ac signals for the corresponding promoters (left). 
Heatmaps showing the oocyte- (GO-P7, GO-P10 and FGO), pre-implantation- 
(one-cell, early two-cell, late two-cell, eight-cell and ICM), post-implantation- 
(Epi, VE, Ect, PS, Mes and End) enriched and common putative active enhancers 
marked by distal H3K27ac (right). H3K27ac signals of 94 mouse tissues are also 
mapped. c, Hierarchical clustering of global H3K27ac in 2-kb bins. d, Hierarchical 
clustering of gene expression across all stages. Source numerical data are 
available in source data.
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Fig. 2 | Reprogramming of H3K27ac in mouse gametes and early embryos. 
a, The UCSC browser view showing H3K27ac signals in GO-P7, GO-P10 and FGOs 
with two replicates. Gene-rich (orange) and gene-poor (green) regions are also 
shown. b, Bar chart showing the percentages of the unique enhancers at each 
stage compared with adult tissues. c, Line chart showing normalized H3K27ac 
signals of GO-P7, GO-P10 and FGO at gene-rich regions and the nearby gene-
poor regions. d, Bar chart showing distributions of H3K27ac peaks in gene-rich 
(orange) and gene-poor (green) regions at each stage. e, The UCSC browser view 
showing allelic H3K27ac signals in FGO, MII oocytes, sperm, PN5 zygote, early 
two-cell, late two-cell, eight-cell and ICM. M, maternal (red). P, paternal (blue). 

Gene-rich and gene-poor regions are also shown. f, Hierarchical clustering of 
FGOs and early embryos on allelic H3K27ac enrichment. For FGO and sperm 
H3K27ac data, only regions covered by SNPs were included for analysis. g, Line 
charts showing normalized H3K27ac signals in gene-rich and gene-poor regions 
in gametes (FGO and sperm) and early embryos (one-cell, early two-cell and late 
two-cell). M, maternal; P, paternal. h, Heatmaps showing distal H3K27ac signals, 
gene density and distance to nearby ZGA genes at shared, FGO/sperm-specific, 
one-cell-specific and late two-cell-specific allelic peaks. Source numerical data 
are available in source data.
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results suggest that after fertilization, the paternal H3K27ac undergoes 
reprogramming and the maternal H3K27ac adopts an FGO-like pattern, 
while losing enrichment in gene-poor regions.

At the late two-cell stage, H3K27ac distal peaks preferentially 
resided in gene-rich regions and were proximal to major ZGA genes 
(Fig. 2d,h). Notably, early two-cell embryos manifested an intermediate 
H3K27ac state between those of the one-cell and late two-cell embryos, 
as they already bore H3K27ac in sites destined to be activated in late 
two-cell embryos (Fig. 2h), suggesting chromatin priming before major 
ZGA. This finding echoes the ‘pre-configuration’ of RNA polymerase 
II (Pol II) to major ZGA genes at the early two-cell stage34. Therefore, 
these data indicate that the activities of H3K27ac-marked regulatory 
elements also undergo pre-configuration before ZGA.

Maternal H3K27me3 represses putative embryonic enhancers
H3K27ac undergoes erasure in MII oocytes and re-establishment after 
fertilization (Fig. 2e and Extended Data Fig. 1a). Yet, how H3K27ac is 
re-established remains elusive. Maternally deposited H3K27me3 
represses enhancers during ZGA in Drosophila35. Oocyte-derived 
H3K27me3 is also inherited in mouse early embryos and regulates gene 
imprinting19. Notably, H3K27me3 is mutually exclusive with H3K27ac 
in the one-cell and two-cell embryos (Fig. 3a). Therefore, we asked 
whether the activities of embryonic enhancers around ZGA are affected 
by oocyte-inherited H3K27me3 in mouse embryos. We deleted Eed in 
oocytes using Gdf9-Cre, erasing H3K27me3 globally36. Due to limited 
SNPs between the parental strains which prevented allele distinction 
in embryos (Methods), we obtained parthenogenetically activated 
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Fig. 3 | Reprogramming of H3K27ac and H3K27me3 during ZGA. a, Scatter-
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and late two-cell embryos. M, maternal. P, paternal. Pearson correlations of each 
stage are also shown. b, Heatmaps showing H3K27ac, DNA methylation (mC) and 
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and RNA at H3K27me3-imprinting genes in WT, parthenogenetic Eed control 
and KO late two-cell embryos. M, maternal. P, paternal. d, The UCSC browser 
view showing H3K27me3, H3K27ac and mC signals of WT late two-cell and FGO, 
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and Jade1. Heatmaps show RNA expression of related genes. Ectopic H3K27ac  
is shaded.
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(PG) late two-cell embryos from Eed−/− oocytes and profiled H3K27ac. 
We first identified regions that showed paternal-specific H3K27ac in 
wild-type (WT) embryos and further classified them into those marked 
by H3K27me3 or DNA methylation on the maternal allele. Indeed, we 
observed ectopic H3K27ac in maternal H3K27me3-marked regions 
in Eed−/− PG embryos (Fig. 3b, right, ‘△’). These regions included, but 
were not limited to, a subset of the H3K27me3-controlled imprinted 
regions19 such as Xist, Etv6 and Jade1 (Fig. 3c,d). Nevertheless, these 
imprinted genes remained silenced based on the RNA-seq analyses 
(Fig. 3c, ‘RNA’). We speculate that additional regulators, such as key 
TFs, are necessary for the ultimate activation of these genes. Thus, 
oocyte-inherited H3K27me3 represses putative embryonic enhancers 
in mouse embryos.

H3K4me3 marks enhancers in oocytes and pre-implantation 
embryos
Previously, we found that somatic enhancers were aberrantly activated 
and acquired H3K4me3 in dnmt1-deficient zebrafish early embryos 
that lost DNA methylation37. As mammalian oocytes and embryos 
are naturally hypomethylated38,39, we asked whether their putative 
enhancers may be also susceptible to acquiring H3K4me3. In line with 
previous work29, distal H3K27ac sites were preferentially marked by 
H3K4me3 in oocytes and pre-implantation embryos, but were less so 
in post-implantation embryos, which became DNA hypermethylated 
(Fig. 4a). Consistent with the antagonism between H3K4me3 and DNA 
methylation in FGOs40, putative enhancers with high levels of DNA 
methylation showed low levels of H3K4me3 in WT FGOs but acquired 
H3K4me3 in Dnmt3a/b mutant FGOs (Fig. 4b and Extended Data Fig. 7a). 
This result echoed a similar finding for enhancers in Dnmt3a/b double 
knockout mES cells (Extended Data Fig. 7b). One exception is GO-P7, 
where the entire genome is DNA hypomethylated41 but the enhancers 
did not show strong H3K4me3 enrichment (Fig. 4a), suggesting that 
additional mechanisms may exist to prevent H3K4me3 deposition. 
H3K4me3 is closely associated with RNA Pol II, including that at enhanc-
ers42. Consistently, enhancers with the H3K4me3-H3K27ac dual mark 
were more likely to be bound by Pol II and showed shorter distances to 
nearby active genes compared with H3K27ac-only enhancers (Extended 
Data Fig. 7c,d). Finally, in oocytes (except GO-P7) and pre-implantation 
embryos, but not post-implantation embryos, H3K4me3/H3K27ac 
dual-marked and H3K27ac-only distal regions showed comparable 
enrichment for distal CREs identified by ENCODE43 (Extended Data 
Fig. 7e). Taken together, H3K4me3 also marks a portion of putative 
active enhancers in oocytes and pre-implantation embryos, a feature 
that is closely linked to global DNA hypomethylation.

Oocyte enhancers are transcribed and drive reporter expression
We then sought to functionally validate putative enhancers in oocytes. 
Given eRNAs were shown to be a reliable marker for active enhanc-
ers44,45, we took advantage of a CAGE dataset in mouse GO-P14 oocytes46 
to assess whether putative enhancers were transcribed (Fig. 4c). CAGE 
allows the mapping of the transcription initiation sites of unidirec-
tional transcribed RNAs at TSSs and bidirectionally transcribed RNAs 
preferentially at enhancers10. We identified 7,157 unidirectionally and 
2,786 bidirectionally transcribed sites using CAGEr47 and CAGEfightR48 
(Fig. 4c and Methods). To strictly exclude promoters, we used an 
expanded promoter annotation that included defined TSSs of de novo 
assembled oocyte transcripts using deep-depth RNA-seq data31 and 
pooled promoters from a panel of somatic cells (191,499 H3K4me3 
sites from 26 tissues from ENCODE49). These data confirmed that uni-
directionally transcribed sites predominantly (99.5%) enriched for 
promoters (overlapping with expanded oocyte TSSs, somatic H3K4me3 
sites or both). By contrast, only 60.6% of bidirectionally transcribed 
sites overlapped with annotated promoters. We considered the rest 
39.4% as ‘CAGE-enhancers’ (n = 1,097; Methods). The small number of 
CAGE-enhancers was likely an underestimation of enhancers in oocytes 

considering the limited sensitivity of low-input CAGE. Reassuringly, 
91.4% of CAGE-enhancers overlapped with H3K27ac (compared with 
16.2% of random sites) (Extended Data Fig. 7f). Overall, 90.8% were 
also occupied by H3K4me3 (compared with 20.5% of random sites) 
and 83.4% were marked by both marks (compared with 7.3% of random 
sites). Consistent with the essential roles of histone acetylation in tran-
scription50, removing histone acetylation in NSN-FGO by Plumbagin, an 
inhibitor for histone acetyltransferases (HATs)51, blocked transcription 
as measured by EU staining (Extended Data Fig. 8a,b). On the other 
hand, the role of H3K4me3 at enhancers remains elusive. H3K4me3 
at enhancers is reported to cause enhancer overactivation52. Yet, a 
mutation in Mll2, which encodes an H3K4me3 methyltransferase in 
oocytes, caused a substantial reduction of non-promoter H3K4me3, 
which had little correlation with transcription defects40. However, a 
detailed analysis showed that 83.3% of CAGE-enhancers46 and 52.5% of 
H3K4me3-marked distal H3K27ac sites still retained H3K4me3 upon 
the ablation of Mll2 (Extended Data Fig. 8c,d). Therefore, it remains 
to be determined whether H3K4me3 is functional at these putative 
enhancers. Taken together, these data show that putative enhancers 
in oocytes are often marked by H3K4me3, H3K27ac and bidirectional 
transcription.

To further validate the putative enhancers in oocytes, we employed 
self-transcribing active regulatory region sequencing (STARR-seq)53. 
We optimized the STARR-seq protocol for low-input samples with an 
improved RNA recovery method adapted from Smart-seq2 (ref. 54; 
Methods and Extended Data Fig. 9a). As the limited oocytes were insuf-
ficient to support the assessment of all enhancers, we constructed the 
STARR-seq plasmid library by manually cloning 70 enhancer candidates 
with strong bidirectional CAGE signals and distal H3K27ac peaks (84% 
also carried H3K4me3, n = 59) (Fig. 4d, ‘CAGE +’) (Methods) and 16 
negative regions (regions with neither CAGE signals nor H3K27ac in 
oocytes, including two putative embryo-specific enhancers near Nanog 
and Fgf3) (Fig. 4d,e). We also tested whether H3K27ac alone, without 
CAGE signals, can mark active enhancers by cloning two such putative 
enhancer sites near Nobox and Bmp15 (Fig. 4d, ‘CAGE −’). The STARR-seq 
plasmid library was injected into the nuclei of FGOs and RNAs were 
extracted for sequencing. Our results showed that 64% (45 of 70, with 
37 out of 45 (82%) carrying H3K4me3) of putative enhancers showed 
bidirectional activities, compared with none (0 of 16) from the negative 
controls (P = 1 × 10−6; Fig. 4e and Extended Data Fig. 9b). For example, on 
chromosome 16, all three candidate sites, but not the negative control, 
showed strong STARR-seq RNA signals (Extended Data Fig. 9c). While 
most of these elements enhanced reporter activities in both orienta-
tions, some did exhibit stronger activation abilities for one orientation 
than the other (Fig. 4e), echoing the observation that enhancers are 
largely but not completely orientation-independent55,56. Moreover, the 
putative enhancers near Nobox and Bmp15 with no CAGE signals only 
showed weak STARR-seq signals, often for only one orientation (Fig. 4f, 
‘CAGE −’), raising the possibility that CAGE together with H3K27ac may 
be a better mark for active enhancers than H3K27ac alone. To further 
validate these enhancers, we cloned seven candidate enhancers that 
showed positive STARR-seq signals, four negative controls (including 
embryo-specific enhancer candidates near Nanog and Fgf3) and the 
two ‘CAGE −’ candidate enhancers near Nobox and Bmp15 into the GFP 
(mNeonGreen) reporter (Fig. 4g, Extended Data Fig. 9d,e and Meth-
ods). A Zp3 promoter-driven mCherry construct was co-injected as a 
control to normalize GFP signals. Our data showed that 100% (7 out of 
7) of positive candidates, but neither the four negative controls nor the 
two ‘CAGE −’ candidates near Nobox and Bmp15, showed enhanced GFP 
expression compared with the empty vector (Fig. 4g and Extended Data 
Fig. 9d,e). Notably, these positive enhancers also preferentially showed 
Pol II binding in FGOs34, compared with ‘CAGE −’ enhancers and nega-
tive controls (Fig. 4g and Extended Data Fig. 9d; ‘Pol II’). Genome-wide 
analyses also showed that distal H3K27ac sites associated with Pol II 
tended to have strong H3K4me3 and CAGE signals and were closer to 
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Fig. 4 | Validation of enhancers in FGOs. a, Bar chart showing the percentages 
of H3K4me3-marked putative enhancers (marked by H3K27ac) at each stage 
from oocytes to post-implantation embryos. b, Line charts showing H3K27ac 
and H3K4me3 signals at putative enhancers with low (green) or high (blue) 
DNA methylation and active promoters (red) in WT (left), control (middle) 
and Dnmt3a/Dnmt3b KO (right)40 FGOs. The dashed lines indicate the peaks of 
H3K4me3 signals at putative enhancer regions. c, Bar chart showing the overlap 
between uni- or bidirectional CAGE sites and oocyte TSSs or somatic H3K4me3 
sites. d, The UCSC browser views showing H3K27ac and H3K4me3 enrichment 
and CAGE signals near oocyte candidate enhancers and negative controls. 
e, Heatmaps showing FGO STARR-seq signals (STARR/input) for enhancer 
candidates (n = 70) and negative controls (n = 16, including putative embryo-
specific enhancers near Nanog and Fgf3). f, Heatmaps showing STARR-seq 

(STARR/input) signals in FGO with two replicates and Pol II signals in GO-P14 and 
FGO at enhancer candidates (orange shade in d) and negative control (green shade 
in d) regions. g, Top, fluorescence and bright fields of mouse FGOs in the enhancer 
reporter assay (Pro, minimal promoter). Scale bar, 100 μm. Boxplot showing the 
ratio of GFP to mCherry intensity in the enhancer reporter assay (bottom). The 
numbers of oocytes used in each group: 17, 18, 15, 13, 10, 11 and 6. The median is 
indicated by the centre line. The bottom, top edges and whiskers represent the 
10th and 90th percentiles and 1.5 × interquartile range (IQR), respectively. The 
dashed line indicates the ratio in the empty vector group. h, Heatmaps showing 
H3K27ac, H3K4me3 and CAGE signals at all distal H3K27ac peaks in FGOs (ranked 
by Pol II signals) (left). Line charts showing the cumulative distribution of the 
distances between promoters of active and inactive genes (top 5,000) and nearest 
distal H3K27ac sites (top, middle and bottom 1,000 peaks) (right).
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active genes, indicating they are more likely to be active enhancers 
(Fig. 4h). These data indicate that active enhancers exist in FGOs as 
validated by both STARR-seq and the enhancer reporter assay and Pol 
II and CAGE association provide additional prediction power for active 
enhancers than H3K27ac alone.

Enhancer maps identify TCF3/12 as key folliculogenesis 
regulators
Enhancers are bound by cell-type-specific TFs7. To further validate 
these enhancer maps, we performed a motif analysis using HOMER57 

in distal H3K27ac peaks in oocytes and early embryos to search for 
potentially interacting TFs (Fig. 5a). Consistent with the previous stud-
ies27,28, key factors such as DUX58–60, OBOX61,62 and NR5A2 (refs. 63–65) 
were enriched at the pre-implantation stages. SOX2, GATA2, TCF4 and 
EOMES were enriched at the post-implantation stages. Of note, no 
strong TF motif enrichment was present at the one-cell stage and ICM. 
This was possibly due to the dilution of enrichment by different TF 
motifs as these stages undergo rapid transitions. Indeed, an analysis 
with finer gene classification identified similar motifs at the one-cell 
stage as those in oocytes and two-cell embryos (Extended Data Fig. 6a).
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maps during oogenesis and pre-implantation embryos. a, Transcription 
factor motifs identified from distal H3K27ac peaks at each stage in mouse 
oocytes (GO-P7, GO-P10 and FGO), embryos (one-cell, early two-cell, late two-
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from WT, Tcf3 mKO, Tcf12 mKO and Tcf3/12 DKO mice at postnatal day 30. Scale 
bar, 50 μm. d, Bar chart showing the follicle numbers of WT (blue), Tcf3 mKO 
(green), Tcf12 mKO (yellow) and Tcf3/12 DKO (red) P30 ovaries (n = 3 biological 
replicates). P value (t-test, two-sided) is also shown. The error bars represent the 
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P value (t-test, two-sided) is also shown. The error bars represent the s.e.m. 
Source numerical data and unprocessed blots are available in source data.
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Notably, motifs of TCF12 (HEB), TCF3 (E2A) and TFAP4 seemed to 
be specific for oocytes (Fig. 5a). These motifs were shared by putative 
enhancers in both GOs and FGOs, despite their distinct H3K27ac land-
scapes, suggesting that the same TFs may actively redistribute in the 
genome upon oocyte growth. TCF3/TCF12 are basic helix-loop-helix 
(bHLH) TFs known to play compensatory roles in T cell lineage differen-
tiation and B cell development by forming heterodimers66–68. TCF12 also 
participates in germ layer development in concert with the Polycomb 
repressive complex 2 (PRC2)69. Tcf3 and Tcf12 were expressed in oocytes 
and early embryos but their expression culminated in GO-P7 (Fig. 5b). 
FGO enhancers previously identified by STARR-seq also enriched for the 
TCF3 and TCF12 motifs (Extended Data Fig. 10a,b). Of note, TCF3 could 

interact with FIGLA in vitro, a germ cell-specific TF required for ovarian 
follicle formation and activate zona pellucida genes (Zp1/Zp2/Zp3) in 
a reporter assay in fibroblast cells70,71. However, whether TCF3/TCF12 
regulate oocyte development in vivo remains unknown. Therefore, 
we generated conditional knockout (KO) mice deficient for either 
Tcf3 or Tcf12 in oocytes (driven by Gdf9-Cre) (Methods) and confirmed 
the depletion of Tcf3/Tcf12 in oocytes (Extended Data Fig. 10c and 
Methods). However, folliculogenesis and ovulation seemed largely 
normal for Tcf3 maternal knockout (mKO) and Tcf12 mKO oocytes 
(Fig. 5c–e). Due to the functional compensation and the similar bind-
ing motifs of TCF3 and TCF12 (ref. 67), we obtained Tcf3/Tcf12 dou-
ble KO (DKO) oocytes (Methods) and confirmed the depletion of  
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Dynamic enhancer rewiring in oocytes and early embryos
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Fig. 7 | Dynamic enhancer rewiring in mouse oocytes and early embryos.  
a, Venn diagrams showing the overlap of downregulated (top) and upregulated 
(bottom) genes among Tcf3/Tcf12, Figla and Lhx8 knockout oocytes. P values 
(Fisher’s exact test, two-sided) for overlapped genes are also shown. b, Schematic 
of IP results showing pairwise interactions between TCF3, TCF12, FIGLA and 
LHX8 (top). The interaction between FIGLA and LHX8 is from Wang et al.78. 
IPs for various TF combinations in HEK293T cells: TCF3 with TCF12, FIGLA, 
LHX8 and TCF12 with FOXO3 (negative control), FIGLA and LHX8 (bottom). 
c, Immunostaining showing TCF3, TCF12 and LHX8 in oocytes from the cyst, 
primordial and primary follicles of P2.5 ovary (n = 3 biological replicates).  

Scale bar, 10 μm. d, A model illustrating the enhancer dynamics in oocytes and 
early embryos. In oocytes, putative enhancers reside in both gene-rich and 
gene-poor regions, potentially interacting with key TFs such as TCF3 and TCF12. 
A large portion of putative active enhancers bear both H3K4me3 and H3K27ac. 
After fertilization, putative enhancers are located mainly in gene-rich regions, 
likely interacting with a new set of TFs, such as DUX, OBOX and NR5A2, in pre-
implantation embryos. In post-implantation embryos and adult tissues, putative 
enhancers enrich for motifs for lineage-specific TFs such as SOX2 and GATA and 
no longer carry H3K4me3 likely due to genome-wide DNA hypermethylation. 
Source numerical data and unprocessed blots are available in source data.
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TCF3/TCF12 (Extended Data Fig. 10d–f). Notably, these mice were 
infertile (Fig. 5f). A detailed analysis showed ablation of Tcf3/Tcf12 
led to a drastic loss of primordial follicles, with some progressing to a 
primary follicle-like state but not to the secondary follicles (Fig. 5c,d). 
To investigate the effect of TCF3/TCF12 deficiency on transcription, we 
manually performed single-oocyte RNA-seq for Tcf3/Tcf12 DKO oocytes 
at the GO-P10 stages (Fig. 6a). Uniform Manifold Approximation and 
Projection (UMAP) analysis showed that Tcf3/Tcf12 DKO oocytes were 
clustered closer to primordial follicles but were distinct from primary 
or secondary follicles in WT oocytes (Fig. 6a). To further pinpoint the 
states of these mutant oocytes, we identified stage-specific genes in 
oocytes from primordial, primary and secondary follicles. We also 
added RNA-seq data for P0 oocytes in germ cell cysts isolated from 
newborn ovaries72 (Fig. 6a,b). Genes specifically activated in oocytes 
from primary and secondary follicles were expressed normally in 
Tcf3 or Tcf12 mKO oocytes, but completely failed to be expressed in 
Tcf3/Tcf12 DKO oocytes (Fig. 6b). Therefore, despite some DKO oocytes 
morphologically resembling primary follicles (Fig. 5c,d), their tran-
scriptomes were still arrested at the primordial follicle stage (Fig. 6b). 
The majority of primordial oocyte-specific genes were activated in DKO 
mutants. However, 20.1% (121 of 601) of them still failed to be expressed, 
including Zp1/Zp2/Zp3, Oas1c/Oas1d/Oas1e and Cnot7 (Fig. 6b, right). 
These data support compensatory functions between TCF3 and TCF12 
and suggest that they, together, play key roles in oocyte development 
in primordial follicles, although we cannot fully exclude the possibility 
that they may also have different functions.

We then asked whether these transcription defects were related to 
TCF3/TCF12 binding. Among differentially expressed genes, the down-
regulated genes contained more TCF3/TCF12 motifs at their promoters 
(Fig. 6c). As attempts to profile the binding of TCF3/TCF12 in oocytes 
failed, we inferred TCF3/TCF12 binding sites based on ATAC-seq in 
GO-P7 (the earliest stage at which we could collect sufficient oocytes) 
and TCF3/TCF12 motifs using TOBIAS73 (Fig. 6d, top and Methods). 
Encouragingly, the predicted TCF3/12 distal binding was also present 
near downregulated genes (Fig. 6d, bottom), as exemplified by that 
near Zp3, Tle6 and Nlrp5 (Fig. 6e). Zp3 and Tle6 were also bound by 
TCF3/TCF12 in mES cells69,74 (Fig. 6e). These downregulated genes in 
Tcf3/Tcf12 mutant oocytes significantly overlapped with the down-
regulated genes (Zp1/Zp2/Zp3, Oas1c/Oas1d/Oas1e, Tle6 and Npm2) 
in mouse oocytes deficient for Figla or Lhx8, two TFs required for pri-
mordial follicle formation or maintenance75–78 (Fig. 7a). Furthermore, 
TCF3 and TCF12 interacted with each other and both also interacted 
with FIGLA and LHX8 (Fig. 7b). As a negative control, TCF12 did not 
interact with FOXO3, another oocyte TF regulator79. Thus, these data 
are in line with the notion that TCF3/TCF12 and FIGLA, LHX8 share 
common targets in oocytes. Immunostaining in the P2.5 ovary for TCF3, 
TCF12 and LHX8 (we did not find good antibodies for FIGLA) revealed 
that all three TFs exhibited nuclear localization and both TCF3 and 
TCF12 showed partial co-localization with LHX8 (Fig. 7c), supporting 
a model that they may function cooperatively. Taken together, these 
analyses revealed a drastic transition of the transcription factor net-
work during the OET and identified TCF3/TCF12 as key regulators of 
mouse oogenesis.

Discussion
Transcription during mammalian gametogenesis and early develop-
ment undergoes extensive reprogramming. However, the CREs underly-
ing the transcription network in this process remain poorly understood. 
Here, we mapped putative enhancers across 15 stages during mouse 
oogenesis and embryogenesis. Our data demonstrate that the enhancer 
networks undergo drastic transition, bear unique epigenetic signatures 
and likely interact with stage-specific TFs to wire transcription networks 
in oocytes and early embryos (Fig. 7d).

Putative enhancers in oocytes and early embryos are globally 
distinct from those in tissues and cell lines (Fig. 1b). Many putative 

enhancers appear in gene-poor regions in oocytes, where a number of 
oocyte-specific genes reside. The activities of these enhancers gradu-
ally diminish after fertilization. Notably, this correlated with loss of 
LADs in mouse FGOs and their subsequent re-establishment after 
fertilization22. It is tempting to speculate that loss of LADs in FGOs may 
enable an active transcription environment in gene deserts to permit 
the expression of a subset of oocyte-specific genes that are otherwise 
repressed. In mouse oocytes and pre-implantation embryos, many 
putative enhancers are also marked by H3K4me3, a classic promoter 
mark, likely due to DNA hypomethylation in the genomes (Fig. 4a), 
as observed in zebrafish dnmt1-deficient embryos37. These data are 
consistent with the H3K4me3-H3K4me1 seesaw model previously 
proposed80. In addition, H3K4me3 at enhancers is actively converted 
to H3K4me1 by the demethylases KDM5B/KDM5C in mES cells to avoid 
overactivation52,81. Kdm5a/Kdm5b/Kdm5c are lowly expressed in FGOs82, 
which may further contribute to the widespread presence of H3K4me3 
on enhancers. Future works are warranted to decipher the function of 
H3K4me3 at enhancers in oocytes and early embryos.

Earlier studies reported a lack of enhancer activities in oocytes23,24. 
Here, our study presented evidence of enhancer activities in FGOs using 
STARR-seq53 and an enhancer reporter assay (Fig. 4d–g and Extended 
Data Fig. 9a–e). We noticed that at least for one enhancer tested pre-
viously23, the corresponding TF (SP1) is poorly expressed in oocytes 
(Extended Data Fig. 10g). Moreover, our results indicate that the asso-
ciation of Pol II and CAGE signals may provide additional prediction 
power for active enhancers in oocytes than H3K27ac alone. Finally, in 
strong support of the notion that enhancers are actively employed in 
oocytes and early embryos, we identified key TF regulators of ovarian 
folliculogenesis, TCF3 and TCF12, inferred from the enhancer maps. 
Therefore, uncovering these regulatory networks represents an impor-
tant step towards decoding the genetic circuitry underlying the OET, 
which resets the life clock to generate a totipotent embryo.
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Methods
Animal maintenance
All animal maintenance and experimental procedures were carried 
out according to the Institutional Animal Care and Use Committee 
guidelines of Tsinghua University, Beijing, China or under the authori-
zation of the Upper Bavarian Government (ethical approval protocol 
no. 21-XW2 and IACUC-1601220). All oocytes were collected from WT 
C57BL/6N females. PWK/PhJ mice were originally purchased from The 
Jackson Laboratory and raised in the local core facility. C57BL/6 and 
ICR mice were purchased from Vital River.

Preparation of mouse oocytes and embryos
In brief, GOs were isolated by mechanical dissection in M2 medium 
(Sigma, M7167). GOs were isolated from mice at postnatal day 7 or 
day 10. Pre-implantation embryos were collected from 5–6-week-old 
C57BL/6N females (Vital River) mated with PWK/PhJ males (The Jackson 
Laboratory). Adult female mice were superovulated for oocyte and 
embryo collection. For superovulation, female mice were injected 
intraperitoneally with 7.5 IU pregnant mare serum gonadotropin 
(PMSG) and human chorionic gonadotropin (hCG) with 5 IU 46–48 h 
after PMSG injection. FGOs (>70 μm) were isolated from 8-week-old 
mice 46–48 h after PMSG injection. MII oocytes were isolated from 
6-week-old mice 20 h after hCG injection. Each set of embryos was 
isolated at a defined period after hCG injection, 27–29 h (PN5 zygotes), 
33–35 h (early two-cell), 46–48 h (late two-cell), 62–65 h (eight-cell), 
94–96 h (blastocysts) in M2 medium.

At least 200 cells were collected for STAR ChIP-seq experiments. 
To remove the granulosa cells, the dissociated oocyte and granulosa 
cell complexes were transferred into M2 medium containing 0.1% 
hyaluronidase (Sigma, A5177) and digested for 5 min. Oocytes were 
collected after removing the zona pellucida by acidic Tyrode’s solution 
(Sigma, T1788) treatment. To remove the zona pellucida of embryos, 
the embryos were incubated with 10 IU ml−1 pronase (Sigma, P8811) for 
several minutes. Samples were washed in PBS quickly and manually 
picked up into the lysis buffer (0.5% NP-40, 0.5% Tween-20, 0.1% SDS 
and proteinase inhibitor) for STAR ChIP-seq.

Cell culture of ES cells
The R1 ES cells were cultured on gelatin in DMEM containing 15% FBS, 
leukaemia inhibiting factor, penicillin/streptomycin, l-glutamine, 
β-mercaptoethanol and non-essential amino acids.

STAR ChIP-seq library preparation and sequencing
STAR ChIP-seq library preparation was conducted following a pro-
tocol described previously16. In brief, each sample was subjected 
to MNase (Sigma, N3755-200UN) digestion at 37 °C. The reaction 
was terminated by adding stop buffer (110 mM Tris-HCl, pH 8.0 and 
55 mM EDTA) and cold 2× RIPA buffer. Each chromatin sample was 
supplemented with RIPA buffer to make sure the lipid in the tube 
could flow while rotating it. The IP sample was incubated with anti-
bodies for H3K27ac (Active Motif, 39133, 1:70 diluted) overnight with 
rotation at 4 °C. The next day, the sample was incubated with protein 
A Dynabeads (Life Technologies) for 2 h with rotation at 4 °C. Beads 
were washed with RIPA buffer four times and LiCl buffer once. After 
washing, tubes were spun briefly and the supernatant was removed. 
For each IP sample, beads were resuspended with ddH2O and Ex-Taq 
buffer (TaKaRa). Then, 1 μl proteinase K (Roche, 10910000) was 
added at 55 °C for 90 min to elute DNA from beads. The supernatant 
was transferred to a new tube and the proteinase K was inactivated at 
72 °C for 40 min. Then, 1 μl rSAP (NEB, M0371) was added to dephos-
phorylate the 3′ end of DNA at 37 °C for 1 h. rSAP was inactivated 
at 65 °C for 10 min. The resulting sample was subjected to library 
preparation starting from PolyC tailing as previously described83. 
Mouse sperm ChIP-seq was performed as described previously with 
modifications84.

Whole-mount immunofluorescent staining
Oocytes and embryos were fixed in 4% paraformaldehyde at room 
temperature for 30 min. Subsequently, they were permeabilized for 
10 min in PBST (1% Triton X-100). After blocking with 1% BSA for 1 h, 
samples were incubated with H3K27ac antibody (Active Motif, 39133, 
1:200 diluted) at 4 °C overnight. The secondary antibody Alexa Fluor 
488-conjugated anti-rabbit ( Jackson ImmunoResearch, 611-545-215, 
1:200 diluted) was added with 4,6-diamidino-2-phenylindole (DAPI) 
(Invitrogen, D1306) after washing the primary antibody. Images were 
acquired on an 880 META laser scanning confocal microscope and 
manipulated by ZEN software (v.3.9).

DamID library preparation and sequencing
The DamID procedure was performed as previously described22. In 
brief, a messenger RNA mixture containing 100 ng μl−1 membrane-eGFP 
and AID–Dam-lamin B1 or AID–Dam were injected into the cyto-
plasm of oocytes. Oocytes were isolated and injected with 5 ng μl−1  
AID–Dam-lamin B1 or 20 ng μl−1 AID–Dam and kept in auxin-free M2 
medium for 6–8 h to methylate LADs or accessible regions, respec-
tively. Following oocyte collection, library preparation and sequencing 
were performed as previously described22.

Inhibitor treatment
To block H3K27ac, FGOs were collected and cultured in M2 medium 
containing 60 μM plumbagin (Selleck, S4777) for 24 h with mil-
rinone. FGOs cultured in M2 medium with 0.1% DMSO were used  
as control.

EU staining
Cell-LightTM EU Nascent RNA Detection kit (RiboBIO, C10316) was used 
to explore the transcription level of Plumbagin or DMSO-treated FGOs. 
These FGOs were transferred into 100 μl 500 mMEU solution (1:1,000 
diluted in medium), soaked at 37 °C for 2 h, washed several times with 
PBS (GIBCO, 21600-044) and fixed by 4% polyformaldehyde for 30 min 
at room temperature. FGOs were permeabilized with 1% PBST at room 
temperature for 10 min and washed with PBS several times before stain-
ing in 100 μl Apollo reaction buffer (Apollo 567 nm). Freshly prepared 
Apollo reaction buffer was maintained in the dark for 30 min at room 
temperature with gentle shaking, after which DNA-stained embryos 
with DAPI were mounted and imaged using an 880 META laser scanning 
confocal microscope.

STARR-seq plasmid library cloning
The candidate enhancer sequences were obtained from PCR of 
genome DNA (primer sequences in Supplementary Table 3) and 
cloned between the truncated form of GFP and the polyA site in 
the hSTARR-seq_ORI vector (Addgene, #99296). Purified PCR 
products of each candidate enhancer were pooled together and 
ligated with Illumina adaptors in DNA Library Prep kit (NEB, E7645S). 
Subsequently, adaptor-ligated PCR products were purified with 
AMPure XP beads and amplificated by PCR with library cloning 
primers (forward: 5′-TAGAGCATGCACCGGACACTCTTTCCCTA-
CACGACGCTCTTCCGATCT, reverse: 5′-GGCCGAATTCGTCGAGT-
GACTGGAGTTCAGACGTGTGCTCTTCCGATCT) (1 μl adaptor-ligated 
PCR products, 2.5 μl 10 μM forward primer, 2.5 μl 10 μM reverse 
primer, 25 μl KAPA 2× HiFi HotStart Ready Mix (Roche, KK2602) 
and 19 μl H2O) with the programme of 98 °C for 45 s (98 °C for 15 s, 
65 °C for 30 s and 72 °C for 45 s) with five cycles and 72 °C for 2 min, 
which results in that candidate sequences were flanked by overlap 
sequences with vector around insertion site. The hSTARR-seq_ORI 
vector was restriction digested by AgeI-HF and SalI-HF and puri-
fied for Gibson assembly with ClonExpress II One Step Cloning kit 
(Vazyme, C112). The STARR-seq plasmid library was amplified using 
Illumina i5 and i7 index primers and its quality and complexity were 
assessed by deep sequencing.
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STARR-seq library preparation and sequencing
The STARR-seq plasmid library was purified and injected into the pronu-
cleus of FGOs cultured with milrinone. After 24 h, the FGOs were lysed in 
hypotonic lysis buffer (Vazyme, N712) and the polyadenylated mRNAs 
were captured by the oligonucleotide (dT) primers. After 3 min at 72 °C, 
the Smart-seq2 reverse transcription reactions were performed. After 
pre-amplification and AMPure XP beads purification, cDNAs were 
amplified with junction PCR primers (forward: 5′-TCGTGAGGCACTGGG
CAG*G*T*G*T*C, reverse: 5′-CTTATCATGTCTGCTCGA*A*G*C, where 
* indicates a phosphorothioate bond), which specifically enriches 
reporter transcripts and excludes STARR-seq plasmids. Then the 
PCR products were cleaned up with AMPure XP beads and we per-
formed sequencing-ready PCR to add Illumina i5 and i7 indexes for 
deep sequencing. All libraries were sequenced on an Illumina HiSeq  
2500 platform.

Oocyte reporter assay
The hSTARR-seq_ORI vector (Addgene, #99296) was modified for 
reporter assay constructs: truncated Gfp was replaced with a mNeon-
Green coding sequence. Candidate enhancer sequences were inserted 
after polyA. The primer sequences used for the amplification of candi-
date enhancers are listed in Supplementary Table 2. Zp3 promoter was 
inserted into the pGL4.23 luciferase reporter vector (Promega, E8411) 
and the luciferase gene was replaced with an mCherry coding sequence, 
which acts as a control for enhancer reporter. Purified enhancer 
reporter plasmid for each candidate enhancer and Zp3-mCherry plas-
mid were injected into the pronucleus of FGOs cultured with milrinone. 
After 24 h, the ratio of mNeonGreen to mCherry fluorescence intensity 
was recorded as enhancer activity.

Tcf3/Tcf12 and Eed cKO mice
Tcf3flox/flox and Tcf12flox/flox transgenic mice were gifted from Y. Zhuang at 
Duke University. Gdf9-Cre mice were gifted from Y. Su at Shandong Uni-
versity. The Gdf9-Cre mice were crossed with Tcf3flox/flox and Tcf12flox/flox 
mice to establish Gdf9-Cre Tcf3flox/flox Tcf12flox/flox cKO mice. All mice had 
a C57BL/6J genetic background. Primers used for genotyping are listed 
in Supplementary Table 1. Eed KO mice were previously described36. In 
brief, Eedflox/flox FGOs and Eed−/− FGOs were collected from 8-week-old 
Eedflox/flox and Eedflox/flox Gdf9-Cre mice, respectively.

H&E staining, IHC and IF staining
Ovaries were fixed in 10% formalin overnight, paraffin-embedded 
and sectioned to a thickness of 5 μm. Sections were deparaffinized 
and rehydrated and endogenous peroxidase activity was blocked by 
incubating in 3% hydrogen peroxide in methanol for 15 min.

The sections were stained with H&E. Follicles were classified as 
primordial follicles (an oocyte surrounded by a partial or complete 
layer of squamous granulosa cells), primary follicles (a single layer of 
cuboidal granulosa cells), secondary follicles (more than one layer of 
cuboidal granulosa cells with nonvisible antrum) and antral follicles 
(a clearly defined antral space and a cumulus granulosa cell layer).

For immunohistochemistry (IHC), the antigen of ovarian sec-
tions was retrieved at 95 °C for 15 min in 10 mM sodium citrate buffer  
(pH 6.0). Sections were blocked for 60 min at room temperature in 
PBS contained with 5% BSA and incubated at 4 °C overnight with the 
primary antibodies: TCF3 (Proteintech, 21242-1-AP, 1:200 dilution) 
and TCF12 (Proteintech, 14419-1-AP, 1:200 dilution). Subsequently, 
the sections were washed with TBS 5 min three times and incubated 
with secondary antibodies for 60 min. The signals were coloured with 
a diaminobenzidine (DAB) reagent (ZSGB-BIO).

Immunofluorescence (IF) staining was performed with a 
multi-immunofluorescent kit (Aifang Biological, AFIHC033). Samples 
were incubated with primary antibodies: TCF3 (Proteintech, 21242-1-AP, 
1:2,000 diluted), TCF12 (Proteintech, 14419-1-AP, 1:2,000 diluted) and 
LHX8 (Abclonal, A2046, 1:2,000 diluted).

Quantitative real-time PCR
The method for preparing cDNA was adapted from the Smart-seq2 
protocol54. qPCR was performed using the ChamQ SYBR Green qPCR 
Master Mix (Vazyme Q311) with an ABI StepOnePlus Real-Time PCR 
system (Applied Biosystems, Life Technologies). Relative mRNA levels 
were calculated by normalizing them to β-Actin mRNA levels. Primer 
sequences are listed in Supplementary Table 1.

Western blot
Ovaries were lysed in RIPA (Beyotime Institute of Biotechnology, 
P0013B) with 1% protease inhibitor (MCE, HY-K0012). Proteins were 
separated by electrophoresis by 10% SDS–PAGE and transferred into 
polyvinylidene fluoride membranes (Bio-Rad). The membranes were 
blocked with 5% nonfat dry milk for 60 min and incubated at 4 °C over-
night with the following primary antibodies: TCF3 (Proteintech, 21242-
1-AP, 1:800 diluted), TCF12 (Proteintech, 14419-1-AP, 1:800 diluted) 
and β-tubulin (Yifei Xue Biotechnology, YFMA0053, 1:1,000 diluted). 
The membranes were washed with TBST for 10 min three times and 
incubated with secondary antibodies for 60 min. The signals were 
enhanced through enhanced chemiluminescence (Biosharp, BL520A).

RNA-seq library preparation and sequencing for oocytes
The ovaries were digested in 500 µl HBSS supplemented with 0.25% 
trypsin, 1 mM EDTA and 0.01% DNase I and incubated at 37 °C for 10 min 
with gentle agitation. After aspirating the supernatant completely, 
the cells were resuspended in 500 µl HBSS. The dissociated single-cell 
suspensions were transferred under the microscope (Nikon, SMZ1000) 
and oocytes were washed three times with 0.1% BSA/PBS, each oocyte 
was transferred into 0.2-ml PCR tubes containing 2 μl lysis buffer. 
Transcriptome libraries were prepared following the Smart-seq2 proto-
col54. Sequencing libraries were constructed by using KAPA HyperPlus 
kit (Kapa Biosystems) according to the manufacturer’s instructions.  
All libraries were sequenced on the Illumina NovaSeq 6,000 platform.

ATAC-seq library preparation and sequencing
The ATAC-seq procedure was performed as previously described27.  
In brief, cells were transferred into 6 μl lysis buffer (10 mM Tris-HCl,  
pH 7.4, 10 mM NaCl, 3 mM MgCl2 and 0.5% NP-40) on ice for 10 min.  
The ATAC reaction was performed by adding 4 μl ddH2O, 4 μl 5× TTBL 
and 5 μl TTE mix V5 (Vazyme, TD502) at 37 °C for 30 min and then 
stopped by adding 5 μl 5× TS stop buffer at room temperature for 
5 min. The DNA product was PCR-amplified with 10 μl index (Vazyme, 
TD202), 10 μl 5× TAB and 1 μl TAE (Vazyme, TD502) for 16 cycles. The 
amplified DNA was size-selected using AMPure Beads for 200–800-bp 
DNA fragments. All libraries were sequenced by an Illumina 2500 or 
XTen platform, accordingly.

Data analyses
ChIP-seq data processing. The paired-end reads were aligned with 
the parameters: -t -q -N 1 -L 25 -X 2,000–no-mixed–no-discordant 
by Bowtie (v.2.2.2)85. All unmapped reads, non-uniquely mapped 
reads and PCR duplicates were removed. For downstream analysis, we 
normalized the read counts by computing the numbers of reads per 
kilobase of bin per million of reads sequenced (RPKM). RPKM values 
were calculated by merged replicate bam files (SAMtools v.1.3.1)86. 
To minimize the batch and cell-type variation, the RPKM values were 
further normalized through z-score transformation (Python v.2.7.12). 
To visualize the ChIP-seq signal in the UCSC genome browser, we 
extended each read by 250 bp and counted the coverage for each base 
(bedGraphToBigWig v.4). The correlation between ChIP-seq replicates 
was calculated as follows: ChIP-seq correlation was calculated by deep-
Tools87. Allele assignment of sequencing reads for mouse embryos 
was conducted as described previously27. The distal H3K27ac peaks 
(beyond ±2.5 kb from TSSs) were identified as putative enhancers 
(Supplementary Table 4).
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Gene expression data processing. All RNA-seq data were mapped to 
mm9 genome by Tophat (v.2.4.0)88. The gene expression level was calcu-
lated by Cufflinks (v.2.2.1)88 based on the annotation mm9 refFlat data-
base from the UCSC genome browser. The expression matrix (FPKM) 
for control and Tcf3/Tcf12 DKO single-oocyte RNA-seq was produced 
in a manner similarly to that of bulk RNA-seq data. Subsequently, the 
data were imported into Seurat (v.4.2.1)89 to perform UMAP clustering 
and compute the average expression.

DNase-seq, ATAC-seq, DNA methylation, DamID and STARR-seq 
data processing. DNase-seq and ATAC-seq were mapped to mm9 
genome by Bowtie with similar parameters as ChIP-seq data. For down-
stream analysis, we calculated the read counts by computing RPKM on 
the genome 100-bp bin. DNA methylation data were mapped to mm9 
genome by BSMAP (v.2.74)90 with parameters: -r 0 -p 16 -w 100 -v 0.1. PCR 
duplicates were removed. For each CG site, the methylation level was 
calculated as the total methylated counts (combining Watson and Crick 
strands) divided by the total counts across all reads covering this CG.

DamID was processed as previously described22. In brief, DamID 
was mapped to the mm10 genome and the computation of OE values 
per bin was carried out as previously described91. Reads that precisely 
flanked an annotated GATC site were associated with GATC fragments 
and kept for downstream analysis.

STARR-seq was processed as previously described53. In brief, 
STARR-seq was mapped to the mm9 genome by Bowtie with similar 
parameters as ChIP-seq data. For downstream analysis, we calculated 
the read counts by computing RPKM on the genome 100-bp bin for 
input controls and RNA. STARR-seq signals were then calculated as 
RNA/input. The background level of STARR-seq was estimated using 
all negative controls (n = 64; 16 negative controls × two replicates × 
both strands). After excluding outliers (n = 4), the background cut-
off was determined as the values that correspond to mean + 3 × s.d. 
(fold change = 0.29, 99.7% confidence level). Enhancer candidates 
with STARR-seq RNA/input higher than the background cutoff in 
both replicates from at least one strand of enhancers were identi-
fied as STARR-seq-positive enhancers. The rest were classified as 
STARR-seq-negative enhancers.

Analyses of ChIP-seq peaks and peak comparison. H3K27ac peaks 
were called using HOMER57 with the parameters -region -size 1,000 
-minDist 1,500 -gsize 2.9 × 109 -fdr 0.0005. The peaks with tag count 
numbers more than 40 were selected as strong peaks for downstream 
analysis. Peak comparison was conducted using BEDTools (v.2.26.0)92 
intersectBed function.

Identification of stage-specific genes. A Shannon-entropy-based 
method was used to identify stage-specific genes, as previously 
described93. Genes with entropy score less than 2 were selected as 
candidates for stage-specific genes. Among these genes, we selected 
candidates of stage-specific genes for each stage based on the follow-
ing criteria: the gene is highly expressed at this stage (FPKM > 5) and 
such high expression cannot be observed in more than two additional 
stages. These genes were then reported in the final stage-specific gene 
lists and visualized using Java TreeView (v.1.1.6r4)94.

The comparison between H3K27ac ChIP-seq peaks and repetitive 
elements. To identify the enrichment of repetitive elements in distal 
H3K27ac peaks, the ChIP-seq peaks were compared with the locations 
of annotated repeats (RepeatMasker) downloaded from the UCSC 
genome browser. As repeats of different classes vary greatly in num-
bers, a random set of peaks with identical lengths of ChIP-seq peaks 
were used for the same analysis as a control. The numbers of observed 
peaks that overlap with repeats were compared with the number of 
random peaks that overlap with repeats and a log ratio value (log2) was 
generated as the ‘observed/expected’ enrichment.

Motif analyses for distal H3K27ac ChIP-seq peaks. To find the 
sequence motif enriched in ChIP-seq peaks, findMotifsGenome.pl 
from the HOMER program was used57.

Gene Ontology analysis. The DAVID web-tool (v.6.8)95 was employed 
to identify the Gene Ontology terms using databases including molecu-
lar functions, biological functions and cellular components96.

Hierarchical clustering analysis. Hierarchical clustering was per-
formed in R (v.4.2.1) by hclust() function with ChIP-seq RPKM values 
via Pearson correlation coefficients.

Identification of oocyte enhancers by CAGE. The GO-P14 oocytes 
GAGE data were obtained from previous work46 and mapped to mm9 
genome using Bowtie (v.2.2.2)85. Uniquely mapped reads were kept for 
downstream analyses using CAGEr Bioconductor package47. The unidi-
rectional and bidirectional transcription starting sites were identified 
using CAGEfightR48. The candidate enhancers identified by CAGE in 
GO-P14 are included in Supplementary Table 5.

Statistical analyses and reproducibility. Statistical analyses were per-
formed in GraphPad Prism v.8.2.0 and R v.4.2.1. No statistical methods 
were used to predetermine sample size. No data were excluded from the 
analyses. The experiments were not randomized and the investigators 
were not blinded to allocation during outcome assessment.

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

Data availability
The generated and analysed data are available in the Gene Expression 
Omnibus with accession number GSE217970. Source data are provided 
with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Validation of H3K27ac ChIP-seq data in mouse oocytes 
and early embryos. a, Top, immunostaining showing H3K27ac signals in GO-P7 
(n=9), GO-P10 (n=8), FGO-NSN (non-surrounded nucleolus) (n=10), FGO-SN 
(surrounded nucleolus) (n=4), MII oocyte (n=8), one-cell PN5 (n=16), early 
two-cell (n=19), late two-cell (n=9), 8-cell embryos (n=6), and blastocyst (n=5). 
One representative image from 3 independent experiments is shown. Scale 
bar, 20 μm. Bottom, boxplot showing the ratio of H3K27ac to DAPI intensity 

in immunostaining. The median is indicated by the center line. The bottom, 
top edges, and whiskers represent the 10th and 90th percentiles and 1.5 times 
the interquartile range (IQR), respectively. b, The UCSC browser view showing 
H3K27ac signals at each stage with two biological replicates. c, Heatmap showing 
the pairwise Pearson correlation between each sample for their H3K27ac levels 
in oocytes, early embryos, and tissues. Source numerical data and unprocessed 
blots are available in source data.
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Extended Data Fig. 2 | H3K27ac, gene expression, and chromatin accessibility 
in mouse oocytes and early embryos. a, The UCSC browser view and heatmaps 
showing H3K27ac signals and RNA expression at representative genes. Oocyte-, 
pre-implantation- and post-implantation-specific putative enhancers are shaded 
green, red, and blue, respectively. b, Heatmaps showing the stage-specific distal 

H3K27ac signals and the mapped chromatin accessibility signals. DHS, DNase 
I hypersensitive site. c, Line charts showing the cumulative distribution of the 
distances between promoters of active and inactive genes (top 5,000) and 
nearest distal H3K27ac sites (top 10,000).
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Extended Data Fig. 3 | Gene expression in mouse oocytes, early embryos, and tissues. Heatmaps showing the stage-enriched gene expression in mouse oocytes 
and early embryos. Mouse adult tissue gene expression97 is also mapped. Example genes are listed on the right.
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Extended Data Fig. 4 | Repeat enrichment in H3K27ac peaks. Heatmaps 
showing enrichment of all repeat subfamilies at distal H3K27ac peaks compared 
to that in random peaks in oocytes, early embryos, and mESCs. The H3K27ac 

enrichment was calculated as a log2 ratio for the numbers of observed peaks 
overlapped with repeats divided by those for random peaks (shuffled peaks with 
lengths matched).
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Extended Data Fig. 5 | Dynamics of putative enhancers during mouse 
oogenesis. a, Heatmaps showing the expression for oocyte stage-specific and 
common genes with promoter H3K27ac signals mapped. b, The UCSC browser 
views and heatmaps showing H3K27ac signals and RNA expression, respectively, 
in GO-P7, GO-P10, FGO, and mESCs (ENCODE) with replicates at representative 

genes. c, Bar charts showing the expression levels of genes (left, n=5,505) and 
the numbers of active repeats (right; GO-P7, n=17,082; GO-P10, n=34,430; 
FGO, n=70,975; 8C, n=33,384; Epi, n=34,265; mESC, n=14,026) in gene-poor 
regions at each stage. d, The UCSC browser views showing H3K27ac signals at 
representative repeats in gene-poor regions in GO-P7, GO-P10, and FGOs.
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Extended Data Fig. 6 | The transition of putative enhancers during 
fertilization and ZGA. a, Heatmap and bubble plot comparing distal H3K27ac 
signals and motif enrichment (-log10 p-value, hypergeometric test with 
Bonferroni correction, one-sided from HOMER57, Methods), respectively, at 
putative enhancers in FGO, one-cell, early two-cell, and late two-cell stage 

embryos. b, Scatter plots comparing allelic H3K27ac and Lamin B1 DamID 
signals22 in the one-cell, late two-cell, 8-cell embryos, and mESCs. M, maternal. P, 
paternal. Pearson correlations of each stage are also shown. c, Lamin B1 DamID 
and DamID-only control signal profiles in FGOs22 and GO-P10 for chromosome 1 
(n=4 biological replicates).
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Extended Data Fig. 7 | Analyses of H3K4me3-marked enhancers in oocytes 
and embryos. a, The UCSC browser view showing H3K4me3 signals in control 
and Dnmt3a/b knockout FGOs40, and H3K27ac and DNA methylation signals in 
wild-type FGOs. H3K4me3-gain regions upon Dnmt3a/b knockout are shaded. 
b, Top, line charts showing H3K4me3 signals at putative enhancers (orange) 
and promoters (green) in wild-type (left) and Dnmt3a/b KO (right) mESCs. The 
dashed lines indicate the peaks of H3K4me3 signals at putative enhancer regions. 
Bottom, the UCSC browser views showing H3K4me3 signals at promoters and 
putative enhancers (annotated ENCODE dCRE) at representative genes in wild-
type and Dnmt3a/b KO mESCs. Putative enhancer and promoter regions are 
shaded orange and green, respectively. c, Bar chart showing the percentages of 

H3K27ac/H3K4me3 co-marked and H3K27ac only marked enhancers bound by 
distal Pol II34 at each stage. d, Line charts showing the cumulative distribution of 
the distance between transcription start sites (TSSs) of active gene and nearest 
distal putative enhancers marked by either H3K27ac only (blue) or both H3K27ac 
and H3K4me3 (red) in FGO (left) and the 8-cell embryos (right). e, Bar chart 
showing the percentages of H3K27ac only (blue) and H3K27ac/H3K4me3 (red) 
peaks that also overlap ENCODE dCREs. f, Bar chart showing the percentages of 
CAGE-defined enhancer sites that also overlap H3K27ac sites, H3K4me3 sites, or 
both. Random sites with identical lengths and numbers were similarly analysed 
as controls.
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Extended Data Fig. 8 | Analyses of enhancer activities in oocytes.  
a, Representative images of H3K27ac immunostaining (green) and EU staining 
(red) in DMSO or plumbagin-treated FGO-NSN and FGO-SN. DNA was stained 
with DAPI (blue). Scale bar, 20μm. b, Bar charts showing the relative intensities of 
H3K27ac or EU in DMSO (blue) or plumbagin (red) treated FGO-NSN and FGO-SN. 
The dots indicate the relative intensities of individual oocytes. The numbers of 
oocytes used: 7, 13, 7, and 5 for H3K27ac (top), and 11, 17, 8, and 9 for EU staining 
(bottom). P-values (t-test, two-sided) are also provided. c, Line charts showing 

H3K4me3 signals at CAGE-enhancers and H3K4me3-marked distal H3K27ac 
peaks in Mll2 control and KO oocytes40. Pie charts showing the percentages 
of CAGE-enhancers and H3K4me3 at distal H3K27ac peaks in Mll2 KO oocytes 
compared with wild-type. d. The UCSC browser views showing CAGE in GO-P14 
(ref. 46), H3K27ac, and H3K4me3 in FGOs. Putative enhancer regions defined 
by CAGE (red arrows) or distal H3K27ac (blue shades) are indicated. Source 
numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | STARR-seq and reporter assay in oocytes. a, Schematic 
of STARR-seq in FGOs. 70 candidates and 16 negative controls were manually 
cloned into the STARR-seq constructs and then the pooled products were 
injected into the nuclei of FGOs. The RNA was recovered by a method adapted 
from Smart-seq2 (ref. 54) (Methods) to suit low-input cells, followed by 
sequencing. b, Scatter plots showing STARR-seq signals (RNA output vs. DNA 
input) (Methods) in both replicates and strands. Red, enhancer candidates; blue, 
negative control elements. c, UCSC genome browser showing FGO STARR-seq 
RNA output and DNA input signals on chromosome 16. d, Heatmaps showing 
STARR-seq (STARR/input) signals in FGO with two replicates and Pol II signals in 

GO-P14 and FGO at enhancer candidates and negative control regions. e. Top, 
fluorescence and bright fields of mouse FGOs in an enhancer reporter assay (Pro, 
mini promoter). Scale bar, 100 μm. Bottom, boxplot showing the ratio of GFP to 
mCherry intensity in the enhancer reporter assay. The dashed line indicates the 
ratio in the empty vector group. The numbers of oocytes used in each group: 
17, 14, 17, 18, 10, 18, 15, 17, 13, 10, 12, 19, 11, and 6. The median is indicated by the 
center line. The bottom, top edges, and whiskers represent the 10th and 90th 
percentiles and 1.5 times the interquartile range (IQR), respectively. Source 
numerical data and unprocessed blots are available in source data.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | TCF3/12 regulate oocyte transcription and 
development. a. Heatmaps showing STARR-seq signals (RNA/DNA input) and 
TCF3/12 motif densities (counts per kb) for enhancer candidates (including those 
showing positive and negative STARR-seq signals) and negative controls. b. Bar 
charts showing TCF3/12 motif enrichment (-log10 p-value, hypergeometric test 
with Bonferroni correction, one-sided from HOMER57, Methods) in enhancers 
previously evaluated by STARR-seq and negative controls. Ranks of TCF3/12 
motifs among all motifs are also shown. c, qPCR results showing relative RNA 
levels of Tcf3 and Tcf12 in wild-type and Tcf3 or Tcf12 mKO GO-P5 oocytes (n=3 

biological replicates). P-value (t-test, two-sided) is also shown. d, qPCR results 
showing relative RNA levels of Tcf3 and Tcf12 in WT and Tcf3/12 DKO GO-P5 
oocytes (n=3 biological replicates). P-value (t-test, two-sided) is also shown. 
e, Western blot showing protein levels of TCF3 and TCF12 in WT and Tcf3/12 
DKO GO-P5 ovaries (n=3 biological replicates). f, Immunohistochemistry (IHC) 
showing TCF3 and TCF12 in WT (n=5) and Tcf3/12 DKO (n=5) ovaries. Scale bar, 
50 μm. g, RNA expression and ribosome-protected fragment (RPF, indicating 
translation level) levels of Sp1 from FGOs to late two-cell embryos are shown98. 
Source numerical data and unprocessed blots are available in source data.
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