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H2AK119ub1-MLL2 counteraction underlies
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SUMMARY

Polycomb group (PcG) and Trithorax group (TrxG) proteins establish bivalent chromatin marked by
H3K27me3, H2AK119ub1, and H3K4me3. However, how bivalent chromatin is formed in vivo in mammals
is poorly understood. In mouse oocytes, it arises at thousands of promoters, including noncanonical im-
printed loci whose H3K27me3 is intergenerationally inherited by early embryos. Here, we show that
H3K27me3 is deposited at H3K4me3-premarked promoters in an H2AK119ub1-dependent manner during
oogenesis. We find that H2AK119ub1 deficiency causes transcriptional derepression and loss of
H3K27me3 proportional to preexisting H3K4me3 levels in oocytes. Importantly, concomitant deficiency of
H2AK119ub1 and MLL2-mediated H3K4me3 substantially restores transcriptional silencing and
H3K27me3 deposition, leading to partial restoration of noncanonical imprinting in offspring. Taken together,
we propose that H2AK119ub1 antagonizes MLL2 function to repress bivalent genes during oogenesis,
thereby conferring heritable H3K27me3. This study reveals how PcG and TrxG counteraction shapes the

maternal epigenome for the next generation’s development.

INTRODUCTION

Polycomb group (PcG) and Trithorax group (TrxG) proteins are
evolutionarily highly conserved across the metazoan kingdom
and play fundamental roles in gene regulation in development
and disease.’™ PcG and TrxG proteins repress and promote
transcription, respectively, and often form long-lasting epige-
netic memory. In mammals, PcG includes Polycomb repressive
complex 1 (PRC1), PRC2, and their accessory subunits, whereas
TrxG includes the MLL and SET1 family proteins. An early ge-
netics study in mice reported that combinatorial mutations of
Bmi1 (a PcG gene) and M1 (a TrxG gene) partially rescue the
skeletal transformation phenotype seen in the individual mu-
tants, suggesting epistasis between PcG and TrxG proteins.*
Later epigenomic studies have shown that H3K27me3 and
H3K4me3, which are respectively deposited by PRC2 and
TrxG proteins, are formed at thousands of CG-rich develop-
mental gene promoters in mouse embryonic stem cells
(MESCs),° and it has been proposed that bivalent chromatin
poises genes for immediate activation in response to develop-
mental signaling and stimuli. Gene perturbation experiments in
mESCs demonstrated that MLL2 depletion causes an increase
in PRC2 occupancy and H3K27me3 enrichment, indicating

that MLL2 antagonizes PRC2 at bivalent promoters in mESCs.®"”
Accumulating evidence has shown that bivalent chromatin is
also present in vivo, including early embryos, gametes, and
germ cells.>*'" However, it is unknown how PcG and TrxG pro-
teins counteract to form bivalent chromatin in vivo during
mammalian development.

Mouse oocytes provide an excellent model to study epigenetic
regulation in vivo. They arrest their cell cycle at meiotic prophase
I and grow in size without cell division or DNA replication for 1-
2 months. This period of oogenesis provides a unique opportu-
nity to minimize the confounding effects of gene perturbations
that often negatively affect cell cycle and proliferation. Impor-
tantly, histone modifications are progressively deposited across
chromatin during oocyte growth, including MLL2-deposited
H3K4me3, PRC2-deposited H3K27me3, and PRC1-deposited
H2AK119ub1.%'%"® H3K4me3 and H3K27me3 are colocalized
at thousands of CG-rich promoters, forming bivalent chromatin
in fully grown oocytes (FGOs).® In addition to (or in some regions
overlapping with) bivalent promoters, broad H3K27me3 do-
mains are also established during oocyte growth.'® They are
passed on to the early embryo and mediate maternal-allele-
specific gene repression in a germline DNA methylation-inde-
pendent fashion, a mechanism known as noncanonical
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Figure 1. Bivalent genes require H2AK119ub1 for H3K27me3 deposition in mouse oocytes
(A) Heatmaps showing the dynamics of H3K4me3, H3K27me3, and H2AK119ub1 enrichment at promoters of H3K27me3-harboring genes during oocyte growth.
H3K4me3-positive genes were defined by average H3K4me3 level (RPKM > 3) at promoters in FGOs. The primary (5-7 days), secondary (10 days), and preantral
(14-15 days) stages, as well as the fully grown oocyte (FGO), represent different stages of oocyte growth. H3K4me3, H3K27me3, and H2AK119ub1 datasets are
from Hanna et al.,® Du et al.,** and Mei et al.,'® respectively.
(B) Boxplots showing the average signal of H3K27me3 and H2KA119ub1 at promoter regions of the top 30% H3K4me3-positive and all H3K4me3-negative genes
during oogenesis. The center lines in the boxes represent median values. The box edges and upper and lower whiskers indicate the interquartile range (IQR, from
the 25™ to 75™ percentile), the maximal value smaller than 1.5 x the IQR above the 75 percentile, and the minimal value larger than 1.5 x the IQR below the 25t
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imprinting.'®?° Defective deposition of H3K27me3 in oocytes
leads to loss of noncanonical imprinting (LOI), embryonic suble-
thality, and placental overgrowth in offspring.'®?'** Thus,
maternal H3K27me3 functions in intergenerational epigenetic
memory important for the next generation’s development.
Nevertheless, it is poorly understood how bivalent chromatin
and H3K27me3 imprinting domains are formed in oocytes.

To examine the role of H2AK119ub1 in H3K27me3 deposition
in oocytes, we previously generated an oocyte-specific Pcgf1/6
double-knockout (DKO) mouse model.’® PRC1 consists of the
E3 ubiquitin ligase components, RING1A and RING1B, and ex-
ists in six different forms—PRC1.1 to PRC1.6—each containing
one of the six Polycomb group ring finger (PCGF) proteins,
PCGF1 to PCGFB8, respectively.>*2° PRC1.1, PRC1.3, PRC1.5,
and PRC1.6, collectively known as variant PRC1 (vPRC1), have
high activity for H2AK119ub1 deposition, whereas PRC1.2 and
PRC1.4, collectively known as canonical PRC1 (cPRC1), have
low activity for H2AK119ub1 deposition and instead mediate
Polycomb domain clustering.”’° Depletion of PCGF1 and 6,
two vPRC1-specific subunits highly expressed in oocytes, led
to a substantial reduction in H2AK119ub1 throughout the
genome.'® Consequently, H3K27me3 was lost at a subset of
genes in Pcgf1/6 DKO FGOs, leading to partial LOI and placental
overgrowth in offspring.'® Why vPRC1-deposited H2AK119ub'1
is selectively required only at specific genes for H3K27me3
deposition remains unknown.

The necessity of H2AK119ub1 for H3K27me3 deposition
is known to be context-dependent.’® For example, upon
H2AK119ub1 depletion, H3K27me3 is nearly fully lost at Poly-
comb-target loci in mESCs?®*°*" but is only modestly reduced
in human cancer cell lines.* Subcomplexes of PRCs do not fully
explain this context dependency: PRC2.2 is recruited to CpG
islands (CGls) via its H2AK119ub1-binding ability”> and could
underlie the H2AK119ub1 requirement for H3K27me3 deposition
in some contexts.’®**% However, unlike H2AK119ub1-
depleted mESCs, PRC2.2-specific KO mESCs show only a
modest reduction of H3K27me3 at CGls,*”-*® raising the possi-
bility that the H2AK119ub1-PRC2.2 pathway is not the sole
mechanism of H2AK119ub1-dependent H3K27me3 deposition.
Thus, the mechanisms underlying the context-dependent
requirement of H2AK119ub1 are not fully understood.

Furthermore, it has been controversial whether H2AK119ub1
per se is critical for PRC1 functions in vivo: early studies with
the PRC1 catalytic mutant or H2A point mutant flies suggested
that PRC1’s catalytic activity is dispensable for Polycomb-target
gene repression.”® Concordantly, massive reduction of
H2AK119ub1 in a Ring1b catalytically hypomorphic mutant in
the mouse caused a much milder developmental phenotype

¢? CellPress

when compared with a Ring7b-null mutant,”® arguing against

the critical role of H2AK119ub1 in animal development. By
contrast, studies in MESCs have shown that the defective Poly-
comb repression and cell viability seen in a Ring1a/b-null mutant
are recapitulated by a PRC1 catalytic dead (PRC1-CD)
mutant,®>*" prompting further investigation into whether PRC1
catalytic activity is crucial for mammalian development.

In this study, we find that genes carrying higher basal levels of
promoter H3K4me3 are more derepressed and lose more
H3K27me3 in Pcgf1/6 DKO and PRC1-CD mutant oocytes.
Importantly, combinatorial depletion of MLL2 abrogates
H3K4me3 at many bivalent promoters, restoring transcriptional
silencing and H3K27me3 deposition even in an H2AK119ub1-
deficient state in Pcgf1/6/Mil2 triple KO (TKO) oocytes. This
restoration also occurs at Sfmbt2, a noncanonical imprinted
gene hosting the chromosome-2 microRNA cluster (C2MC)
crucial for placental development, leading to suppression of
maternal-allele expression and placental overgrowth in
offspring. Our study thus uncovers that H2AK119ub1 counter-
acts MLL2-mediated gene activation to confer intergeneration-
ally heritable H3K27me3 during oogenesis. These results sug-
gest that H2AK119ub1 guides H3K27me3 deposition by
counteracting MLL2 function and keeping bivalent promoters
in a repressed state.

RESULTS

Bivalent genes require vPRC1 for H3K27me3 deposition
To determine putative bivalent chromatin in FGOs, we first con-
ducted unsupervised analyses. ChromHMM*' analysis revealed
that 7.2% of chromatin exhibits bivalent features characterized
by the presence of H3K4me3, H3K27me3, and H2AK119ub1
(Figure S1A). K-means clustering identified 5,558 bivalent genes
in FGOs, which were characterized by high CpG density and low
gene expression levels (Figure S1B; Table S1). Next, we exam-
ined the temporal dynamics of these marks during oocyte
growth toward H3K27me3 formation. To this end, we defined
high-confidence H3K27me3-harboring genes at promoters in
FGOs (n = 8,271, see STAR Methods) and aligned them accord-
ing to the basal levels of promoter H3K4me3 (Figure 1A). We
observed that H2AK119ub1 signals at H3K4me3-harboring
genes are consistently higher than those at H3K4me3-negative
genes across oocyte growth, whereas H3K27me3 shows the
opposite trend (Figures 1A, 1B, and S1C). This suggests that
H2AK119ub1 and H3K27me3 are deposited at bivalent genes
relatively early and late, respectively, during oocyte growth.

To investigate the role of vPRC1-mediated H2AK119ub1 in
H3K27me3 deposition, we reanalyzed previous datasets for

percentile, respectively. The same definitions were used in the following boxplots. The p values were calculated by a two-sided Mann-Whitney U test. All p values

were less than 2.2e—16 (***).

(C) Boxplots showing the FCs of promoter H3K27me3 and gene expression levels between Pcgf1/6 WT and DKO FGOs. The red lines in the boxes represent

median values.

(D) Heatmaps showing the signal intensities of the indicated histone modifications at promoters of H3K27me3-harboring genes in Pcgf1/6 WT and DKO FGOs.
Each row represents the average levels of the indicated histone modifications within each gene promoter. The rows were sorted by basal H3K4me3 levels of WT
FGOs in descending order. The FC in RNA-seq columns indicates the relative gene expression in FGOs (logoFC [KO/WT]). The rightmost column indicates
bivalent genes defined in Figure S1B. The H2AK119ub1 and H3K27me3 CUT&RUN and RNA-seq datasets are from Mei et al.'® The H3K4me3 ChlP-seq dataset
is from Hanna et al.® The RNA-seq dataset of Eed KO FGOs is from Du et al.*” (GEO: GSE118263).

(E) Genome browser views of the indicated histone modifications at bivalent and univalent genes. Promoter regions are highlighted in yellow. CGl, CpG island.
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Figure 2. Combinatorial depletion of MLL2 partially restores H3K27me3 in an H2AK119ub1-decifient state
(A) Schematic of the ovary.
(B) Heatmaps showing H2AK119ub1, H3K4me3, and H3K27me3 enrichment at promoters of H3K27me3-lost genes in Pcgf1/6 DKO. Three groups are defined by
H3K4me3 levels. RNA-seq columns indicate the FCs in gene expression levels.
(C-E) Boxplots showing the average signals of H2AK119ub1 (C), H3K4me3 (D), and H3K27me3 (E) at promoters in WT, DKO, and TKO oocytes. The center lines in
the boxes represent median values. The box edges and upper and lower whiskers indicate the interquartile range (IQR, from the 25" to 75" percentile), the
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H2AK119ub1, H3K27me3, and RNA sequencing (RNA-seq) in
Pcgf1/6 DKO FGOs.'® Interestingly, we found that genes with
higher H3K4me3 levels were more transcriptionally derepressed
and lost more H3K27me3 in Pcgf1/6 DKO FGOs (Figures 1C-1E),
suggesting that PCGF1/6-vPRC1 is required for H3K27me3
deposition at bivalent genes. To further characterize the epige-
netic and genetic features of H3K27me3-lost genes, we next
grouped all high-confidence H3K27me3-harboring genes
(n = 8,271) according to the extent of H3K27me3 loss at pro-
moters in Pcgf1/6 DKO FGOs. As a result, 2,978 (36%) genes
displayed a robust loss of H3K27me3 (fold change [FC] wild-
type [WT)/DKO) > 1.5) (cluster1) and showed higher levels of pro-
moter H3K4me3 and CG density (Figures S1D-S1G). Consis-
tently, 89% (2,664) of the 2,978 were categorized as “bivalent”
genes. Gene Ontology (GO) analysis showed that cluster1 and
2 were enriched in developmental- and immune-related genes,
respectively (Figure S1H). Transcription factor (TF) motif enrich-
ment analysis at promoters showed unique enrichment of KLF17
in cluster1 (Figure S1l). Reanalysis of RNA-seq confirmed that
cluster1 is significantly derepressed in Pcgf1/6 DKO FGOs
(Figures 1D and S1J). Notably, these genes were much less acti-
vated in Eed KO FGOs than in Pcgf1/6 DKO FGOs (Figures 1D
and S1J), indicating that they are predominantly repressed by
vPRC1 but not by PRC2. Indeed, H2AK119ub1 was largely re-
tained at bivalent genes in Eed KO FGOs (Figure S1K). Similar
analyses of H3K27me3-harboring gene bodies (n = 7,622)
showed that 2,553 (33%, cluster1) genes lost H3K27me3, and
most of these genes were derepressed in Pcgf1/6 DKO FGOs
(Figures S1L and S1M). These 2,553 genes almost entirely over-
lapped with the 2,978 genes that lost promoter H3K27me3
(Figure S1N), indicating that H3K27me3 is concurrently lost in
promoter and gene body regions, accompanied by gene dere-
pression in the DKO FGOs. These results demonstrate that
PCGF1/6-vPRC1 is required for H3K27me3 deposition at both
the promoters and gene bodies of bivalent genes.

MLL2 depletion restores H3K27me3 in an H2AK119ub1-
deficient state

H3K4me3 at bivalent gene promoters is mainly deposited by
MLL2.%® To examine whether MLL2 is causal of transcriptional
derepression and H3K27me3 loss in Pcgf1/6 DKO oocytes, we
generated an oocyte-specific Pcgf1/6/Mll2 TKO mouse model
by using an oocyte-specific ZP3™® driver line.*® Hereafter,
Pcgf1™1pcgfe™" IMII2"/zp3%® and  Pcgf1™/Pcgfe™/mi2™!
are referred to as TKO and WT, respectively (Figure 2A). Immu-
nostaining analysis confirmed that the H2AK119ub1 level in
TKO FGOs is as low as that in Pcgf1/6 DKO FGOs and that
H3K4me3 is greatly reduced in the TKO compared with the WT
and DKO (Figure S2A), consistent with the results of previous im-
munostaining in M2 KO FGOs.** Spike-in CUT&RUN analysis
also confirmed that H2AK119ub1 is deficient in both DKO and
TKO FGOs (Figures 2B, 2C, and S2B).
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To determine whether H3K4me3 is successfully depleted from
bivalent gene promoters, we performed H3K4me3 carrier DNA-
assisted chromatin immunoprecipitation sequencing (CATCH-
seq,>**° see STAR Methods) with spike-in normalization for
WT, DKO, and TKO FGOs using biological duplicates, which
showed high reproducibility (Figure S2C). We confirmed that
H3K4me3 is greatly reduced at bivalent gene promoters in the
TKO (Figure S2D). According to the extent of H3K4me3 changes,
the 2,978 genes that had lost promoter H3K27me3 in DKO FGOs
(cluster1 in Figure S1D) were clustered into 3 groups (Figure 2B):
group1 showed a high level of H3K4me3 in the WT and DKO
(RPKM > 4), which was lost in the TKO (FC [TKO/DKO] < 0.5)
(Figure 2D). Group2 retained H3K4me3 even in the TKO
(RPKM > 4, FC [TKO/DKO] > 0.5), possibly due to compensation
by other H3K4 methyltransferases, such as SETD1B.*%%"
Group1 and group2 were similarly enriched in developmental
genes (Figure S2E), but several TF motifs, including ZFP652
and NRF1, were uniquely enriched in group1 and group2,
respectively (Figure S2F). Group3 (the remaining genes) had
relatively lower levels of H3K4me3 in all samples (Figure 2B).
Then, we performed H3K27me3 CUT&RUN analysis with
spike-in normalization and RNA-seq (Figures S2G and S2H;
Table S2). Importantly, both H3K27me3 deposition and gene
repression were significantly restored in group1, but not group2,
in the TKO (Figures 2B and 2E-2G). Thus, changes in promoter
H3K4me3 levels at group1 were highly correlated with transcrip-
tion and promoter H3K27me3 levels in TKO FGOs. These results
suggest that vPRC1 ensures H3K27me3 deposition via antago-
nizing MLL2-mediated gene activation in oocytes.

We next investigated how H3K27me3 is changed at noncanon-
ical imprinted genes in DKO and TKO FGOs. Of the 35 noncanon-
ical imprinted genes analyzed, 29 showed H3K4me3 enrichment
at their annotated transcription start sites (TSSs) in WT FGOs.
Among these, 16 displayed a reduction in H3K27me3 levels
across their gene bodies in DKO FGOs (Figure S2I). The remaining
13 genes retained H3K27me3, suggesting that residual
H2AK119ub1 (as discussed below) and/or other unknown mech-
anisms might contribute to H3K27me3 deposition. Of the 16
genes that lost H3K27me3 in DKO FGOs, eight, including Sfmbt2,
showed partial or complete restoration of H3K27me3 in TKO
FGOs, which coincided with loss of promoter H3K4me3 and tran-
scriptional repression (Figure S2J). The other eight did not regain
H3K27me3, remained derepressed, and continued to display rela-
tively high H3K4me3 levels at their promoters in TKO FGOs
(Figure S2J). Thus, a subset of noncanonical imprinted genes ex-
hibited coordinated changes in H3K27me3 and transcription.

The loss of H3K27me3 occurred not only at promoter regions
but also across gene bodies in Pcgfi/6 DKO oocytes
(Figure S3A). This observation prompted us to ask why
H3K27me3 is lost across gene bodies despite the minimal pres-
ence of H3K4me3 in these regions. To this end, we examined
the distributions of H3K36me3 and H3K36me2, which are

maximal value smaller than 1.5 x the IQR above the 75™ percentile, and the minimal value larger than 1.5 x the IQR below the 25" percentile, respectively.

p values (two-tailed Mann-Whitney U test) are also shown.

(F) Boxplots showing the gene expression levels in the WT, DKO, and TKO. p values (two-tailed t test) are also shown.
(G) Genome browser views of the indicated histone modifications and RNA-seq tracks at representative loci of group1 and group2. Promoter regions are

highlighted in yellow. CGl, CpG island.

Molecular Cell 86, 1-17, May 7, 2026 5




(2026), https://doi.org/10.1016/j.molcel.2026.03.014

Please cite this article in press as: Mei et al., H2AK119ub1-MLL2 counteraction underlies heritable H3K27me3 formation in oocytes, Molecular Cell

¢? CellPress

known to be deposited across transcribed gene bodies and coun-
teract PRCs.*®>® H3K36me2 is also known to be distributed
over intergenic regions.”** Using specific antibodies against
H3K36me2'"°%54°° and against H3K36me3,'">"*** we per-
formed CATCH-seq analyses for WT, DKO, and TKO FGOs with
biological replicates, which showed high reproducibility
(Figures S3B and S3C). Consistent with a previous study,”® we
confirmed that H3K36me2 and H3K36me3 are differentially
distributed across the X chromosome in WT FGOs, validating the
success of distinct mapping of these two modifications
(Figure S3D). For gene body analyses, we focused on the 2,553
genes that lost H3K27me3 across gene bodies in the DKO (clus-
ter1 in Figure S1L), which were almost entirely a subset of the
genes that lost promoter H3K27me3 (Figure S1N). By comparing
WT and DKO FGOs, we found that both H3K36me2 and
H3K36me3 levels were remarkably increased at the bodies of
H3K27me3-lost genes in DKO FGOs (cluster1), although they re-
mained low at genes not losing H3K27me3 in the DKO (cluster2)
(Figures S3E and S3F). This indicates that H3K27me3 reduction
across gene bodies is accompanied by a gain of H3K36me2/3 in
Pcgf1/6 DKO FGOs. According to H3K27me3 restoration levels
in TKO FGOs, we then classified cluster1 into 3 groups
(Figures 3A and 3B): group1 showed H3K27me3 restoration (FC
[DKO/WT] < 0.5, FC [TKO/DKQ] > 2), whereas group2 did not
(FC[DKO/WT] < 0.5, FC [TKO/WT] < 0.5). Group3 contained the re-
maining genes, including those mildly losing H3K27me3 in the
DKO and those mildly restoring H3K27me3 in the TKO. Impor-
tantly, H3K36me2 and H3K36me3 were significantly decreased
in group1, but not group2, in Pcgfl/6/Mll2 TKO FGOs
(Figures 3A and 3C-3E). This decrease was not caused by a poten-
tial redistribution of H3K4me3, as H3K4me3 remained low across
gene bodies of group1 in the TKO (Figure S3G). Furthermore, the
gain of H3K36me2 in the DKO was largely restricted to gene bodies
(Figures S3H and S3l), suggesting that it may be deposited by tran-
scription-coupled SETD2.5>°* Taken together, these results sug-
gest that transcription-coupled H3K36me2/3 deposition is likely
a cause of H3K27me3 changes across gene bodies in DKO and
TKO FGOs. Thus, when MLL2 was depleted and transcription
was silenced, H3K27me3 could be deposited at both promoters
and gene bodies, even under an H2AK119ub1-deficient condition.
This also suggests that vVPRC1 mediates H3K27me3 deposition by
keeping bivalent promoters in a repressed state.

H3K27me3 restoration in oocytes ameliorates placental
overgrowth in offspring

Oocyte-derived H3K27me3 domains mediate noncanonical
imprinting, which restricts placental overgrowth.”” In the offspring
derived from Pcgf1/6 DKO oocytes, an H3K27me3-deficient state
is maintained during early development, leading to partial LOI and
placental overgrowth at term.'® To examine whether the placenta
is normalized in offspring derived from Pcgf1/6/MlI2 TKO oocytes,
in which H3K27me3 is partially restored, we transferred the chro-
matin of TKO oocytes into enucleated WT oocytes to bypass the
very early developmental lethality reported in MIIl2 maternal KO
embryos* (Figure 4A). Simultaneously, we carried out chromatin
transfer for WT and DKO oocytes as control groups. This proced-
ure allowed us to investigate the chromatin-based intergenera-
tional effects on the offspring. By fertilizing the reconstructed
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oocytes with WT sperm, we transplanted maternal TKO
(matTKO), maternal DKO (matDKO), and WT embryos into surro-
gate mothers, and performed C-section at term (E18.5). Consis-
tent with our previous study,'® some of the matDKO offspring
had enlarged placentae (Figure 4B). Remarkably, none of the
matTKO offspring showed placental overgrowth (Figure 4B). Pe-
riodic Acid Schiff (PAS) staining of placental sections demon-
strated that enlargement of the spongiotrophoblast (ST) layer, a
histological hallmark of overproliferation of fetal-derived placental
cells, is normalized in the matTKO placentae (Figures 4C
and S4A).

By heterozygous KO screening of individual noncanonical im-
printed genes in a LOI model, namely Eed matKO embryos, we
previously identified Sfmbt2 and Sic38a4 as the key genes
responsible for placental overgrowth.?” To examine whether
either or both of these genes show LOI in Pcgf1/6 matDKO em-
bryos, which is restored in Pcgf1/6/Mll2 matTKO embryos, we
performed allelic RNA-seq analysis for ten each of WT, matDKO,
and matTKO morula embryos of a hybrid strain. We found that
the maternal allele of Sfmbt2 is derepressed in some matDKO
embryos, but this was less apparent in matTKO embryos
(Figure 4D; Table S8). By contrast, Slc38a4 was kept silenced
in matDKO embryos (Figure S4B). Visual inspection of
H3K27me3 distribution at Sfmbt2 revealed a modest decrease
in DKO FGOs and restoration in TKO FGOs (Figure 4E). Consis-
tently, Sfmbt2 lost promoter H3K4me3 in the TKO, was dere-
pressed in the DKO but silenced in the TKO, and gained
H3K36me2/3 in the DKO but not in the TKO (Figure 4E). Although
H3K36me3 levels increased in the DKO, they remained relatively
low, likely because the low transcriptional activity was insuffi-
cient to fully methylate H3K36.>* In contrast, Slc38a4 did not
exhibit a reduction of H3K27me3, gain of H3K36me2/3, or tran-
scriptional derepression in the DKO, consistent with the fact that
it lacks promoter H3K4me3 in WT FGOs (Figure S4C).

Sfmbt2 harbors the C2MC in intron 10, which has few mapped
sequencing reads due to its repeat nature (Figure 4E). Because
C2MC is processed from Sfmbt2 mRNA, LOI of Sfmbt2 also
causes LOI of C2MC.*® We and others have previously demon-
strated that LOI-mediated biallelic expression of C2MC causes
placental overgrowth in Eed matKO offspring and cloned
mice.?>*° To determine whether LOI of C2MC is a cause of
placental overgrowth in Pcgf1/6 matDKO offspring, we gener-
ated Pcgf1/6/C2MC TKO oocytes by deleting the C2MC in the
Pcgf1™/Pcgfé ™/Zp3° mouse line (Figure S4D). Fertilization
with  WT sperm and embryo transplantation, followed by
C-section at term, revealed that placental overgrowth was
ameliorated in the Pcgf1/6/C2MC matTKO offspring when
compared with the Pcgf1/6 matDKO offspring (Figures 4F and
S4E-S4G). These results not only demonstrate that C2MC is
the key imprinting locus responsible for placental overgrowth
in Pcgf1/6 matDKO offspring but also suggest that even slight
loss of H3K27me3 at Sfmbt2 in oocytes can have long-term con-
sequences for the next generation’s development.

PRC1 catalytic activity is crucial for H3K27me3
deposition at bivalent genes in oocytes

Because it is not known whether H2AK119ub1 per se is the
pivotal determinant of PRC1 functions and required for
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Figure 3. Loss of H3K27me3 across gene bodies is associated with gain of H3K36me2/3

(A) Heatmaps showing the average levels of H3K27me3, H3K36me3, and H3K36me2 enrichment across gene bodies of H3K27me3-lost genes in Pcgf1/6 DKO.
Three groups are defined by H3K27me3 restoration levels. RNA-seq columns indicate the FCs in gene expression levels.

(B-D) Boxplots showing the average H3K27me3 (B), H3K36me3 (C), and H3K36me2 (D) signals in gene bodies. The p values were calculated by a two-sided

Mann-Whitney U test.

(E) Genome browser views of representative loci of group1 and group2. CGl, CpG island.

H3K27me3 deposition in vivo during mammalian development,
we sought an answer to this question in oocytes. To this end,
we generated PRC1-CD mutant oocytes by using a Ring1b
I53A/D56K conditional point mutant allele (Figure S5A)*° crossed
with a Ring7a~'~ line and an oocyte-specific ZP3°™ driver line.*®

Immunostaining analysis confirmed that H2AK119ub1 is
completely abolished and H3K27me3 is significantly reduced
in PRC1-CD FGOs (Figure 5A). We then performed H3K27me3
CATCH-seq with biological duplicates that showed high repro-
ducibility (Figure S5B). The result showed that genes with higher
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Figure 4. H3K27me3 restoration in oocytes leads to amelioration of placental overgrowth in offspring
(A) Experimental scheme to assess the intergenerational effects of epigenetic changes in oocytes.

(B) Placental weights of WT, Pcgf1/6 matDKO, and Pcgf1/6/MlI2 matTKO offspring at E18.5. The numbers of placentae examined were 20 (WT), 18 (Pcgf1/6
matDKO), and 17 (Pcgf1/6/Mil2 matTKO). These were derived from 7 litters with 5-11 fetuses per litter.
(C) Representative images of placental sections with PAS staining. LB, labyrinthine layer; ST, spongiotrophoblast layer. The number of placentae dissected were
3 (WT), 3 (Pcgf1/6 matDKO), and 4 (Pcgf1/6/MII2 matTKO). Scale bars, 1 mm.
(D) Scatterplot showing the maternal-allele proportion of Sfmbt2 gene expression in morula embryos. Each dot represents a single embryo (n = 10 each). Values of
0.0 and 0.5 indicate that 0% and 50% of RNA-seq reads, respectively, of Sfmbt2 are derived from the maternal allele.
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levels of promoter H3K4me3 in WT FGOs lose more H3K27me3
in PRC1-CD FGOs (Figures 5B-5D). RNA-seq analysis
confirmed that these genes are derepressed in PRC1-CD
FGOs (Figures 5B-5D). Both derepressed genes and
H3K27me3-lost genes in PRC1-CD FGOs highly overlapped
with those in Pcgf1/6 DKO FGOs (Figures 5C, S5C, and S5D).
These data strongly suggest that H3K27me3 deposition at biva-
lent gene promoters is H2AK119ub1-dependent and show that
promoter H3K4me3 levels can predict the necessity of
H2AK119ub1 for H3K27me3 deposition in oocytes. Curiously,
we observed that the extent of gene derepression and
H3K27me3 loss in the PRC1-CD mutant is greater than that in
the Pcgf1/6 DKO (Figures 5C, S5C, and S5D). This was also
evident for noncanonical imprinted genes, some of which lost
H3K27me3 only in PRC1-CD, but not Pcgf1/6 DKO, FGOs
(Figure S5E). These observations suggest that residual
H2AK119ub1 may still exert some repressive effects, reminis-
cent of Pcgf1/3/5 TKO mESCs in which H2AK119ub1 is mark-
edly reduced, yet repressive activity is partially retained.®
Indeed, in Pcgf1/6 DKO FGOs, it was detectable across regions
originally enriched for H2AK119ub1 in WT FGOs (Figure S5F).

Next, to determine whether the PRC1-CD phenotypically reca-
pitulates PRC1-null oocytes, we conducted comparative ana-
lyses between PRC1-CD and Ring7a/b DKO FGOs.*” RNA-seq
analyses revealed that sets of differentially expressed genes
(DEGs), particularly those upregulated, show a high degree of
overlap in both mutant FGOs (Figures S5G and S5H; Table S4).
Consequently, the great majority of zygotes derived from
PRC1-CD oocytes arrested at the 1- or 2-cell stages, and only
a very few embryos reached the blastocyst stage (Figure S5I),
echoing the phenotypes of Ring7a/b matDKO embryos.®° These
data provide the first in vivo evidence that the catalytic activity of
PRC1 is critical for PRC1 functions in mammals.

Lastly, to examine whether bivalent genes require
H2AK119ub1 to form H3K27me3 in other types of cells, we rean-
alyzed public datasets of mouse spermatogonial stem cells and
two human cancer cell lines, HAP1 and DLD-1, all of which con-
tained H2AK119ub1 and H3K4me3 profiles in WT conditions and
H3K27me3 profiles in Ring1a/b WT and DKO conditions.”** We
found two clusters of H3K27me3/H2AK119ub1-harboring pro-
moters in spermatogonial stem cells (Figures S6A-S6D),
DLD-1 (Figures S6E-S6H), and HAP1 (Figures S61-S6L): cluster1
had H3K4me3 peaks at promoters in WT conditions, whereas
cluster2 did not. Notably, the great majority of cluster1 pro-
moters lost H3K27me3 in Ring1a/b DKO conditions in all these
cell types (Figures SBA-S6L). By contrast, only a small portion
of cluster2 lost H3K27me3. A detailed correlation analysis
confirmed that genes with higher basal levels of promoter
H3K4me3 tend to lose more H3K27me3 in DKO conditions
in all three cell types (Figures S6C, S6G, and S6K). These
data support the notion that H2AK119ub1 is required for
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H3K27me3 deposition at bivalent genes, echoing the observa-
tion in oocytes.

DISCUSSION

PcG and TrxG counteraction in oocytes

Bivalent chromatin is present in various cell types in developing
organisms, yet it has remained unknown how PcG and TrxG pro-
teins counteract in vivo in mammals and how H2AK119ub1 is
required for H3K27me3 deposition in oocytes. In this study, we
found that the extent of both H3K27me3 loss and gene derepres-
sion upon loss of H2AK119ub1 is proportional to the basal levels
of promoter H3K4me3 (Figure 6A, left and middle). H3K27me3
was lost at both promoters and gene bodies, with the latter
associated with the deposition of H3K36me2/3, which are
known to counteract PRCs.*®°%%" Meanwhile, non-bivalent
genes remained transcriptionally silent and could form
H3K27me3 regardless of whether H2AK119ub1 was present or
not (Figure 6A, right). This may be attributed to the lack of
cognate activating factors (e.g., TFs) at these genes, permitting
promiscuous deposition of H3K27me3 over transcriptionally
inactive regions in non-dividing oocytes.'® Additional depletion
of MLL2 caused loss of promoter H3K4me3 at many bivalent
genes, resulting in substantial recovery of a transcriptional
repressive state, loss of H3K36me2/3 deposition, and restora-
tion of H3K27me3 at both promoters and gene bodies in an
H2AK119ub1-deficient condition in Pcgf1/6/Mll2 TKO oocytes
(Figure 6A, bottom). This suggests that H2AK119ub1 mediates
H3K27me3 deposition primarily by keeping bivalent promoters
in a repressed state rather than through direct recruitment of
PRC2.2 in oocytes.

Based on these observations, we propose a balanced model
in which vPRC1 counteracts MLL2 functions to maintain
a repressive state, allowing PRC2 to deposit H3K27me3
(Figure 6B). This model posits a “transcriptional state” as a medi-
ator of vPRC1 and PRC2. The importance of transcriptional states
for PRC2 regulation is supported by mESC studies demonstrating
that an artificially integrated inactive CGI can recruit PRC2,%5°
that forced transcription of a transgene cassette causes PRC2
dissociation,®* and that chemical inhibition of transcription or
TSS deletion results in H3K27me3 deposition at some CGls and
a gene body.*>*5° Although it is difficult to directly test this
idea because prolonged transcriptional inhibition is not feasible
in oocytes as it causes cell death, our study not only extends these
previous reports to anin vivo context but also effectively integrates
vPRC1, MLL2, and PRC2 into a simple framework (Figure 6B). This
model is applicable to any PRC2 forms. Yet, it does not exclude
the possibility that the H2AK119ub1-PRC2.2 pathway plays a
role in H3K27me3 deposition in oocytes, as H3K27me3 was not
fully restored in the TKO FGOs. Future studies could clarify this
point by generating PRC2.2-specific KO oocytes. It is also

(E) Genome browser views of the indicated histone modifications and RNA-seq tracks of the Sfmbt2/C2MC locus. The log, FCs of H3K27me3 levels (DKO/WT
and TKO/WT) are also shown in the 4™ and 5" lines. Note that the chromosome-2 microRNA cluster (C2MC) has few sequence reads due to its repeat nature. Line
plots on the right indicate the signal values of the indicated histone modifications and RNA-seq in each replicate.

(F) Placental weights of WT, Pcgf1/6 matDKO, and Pcgf1/6/C2MC matTKO offspring at E18.5. The numbers of placentae examined were 21 (WT), 32 (Pcgf1/6
matDKO), and 37 (Pcgf1/6/C2MC matTKO). These were derived from 13 litters with 4—12 fetuses per litter.
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Figure 5. PRC1 catalytic activity is crucial for H3K27me3 deposition at bivalent genes in oocytes

(A) Representative images and quantification of FGOs immunostained with anti-H2AK119ub1 and H3K27me3 antibodies. The average signals of WT were set as
1.0. The total number of FGOs examined in three independent experiments was 32 (WT) and 27 (PRC1-CD). CD, catalytic dead; p, two-tailed Student’s t test.
(B) Boxplots showing the FC of promoter H3K27me3 and gene expression levels between PRC1-CD and WT FGOs. The red lines in the boxes represent median

values.

(C) Heatmaps showing the level of H3K4me3 and H3K27me3 at promoters of all high-confidence H3K27me3-harboring genes. The RNA-seq column indicates
the FC of gene expression. The rows are sorted by basal H3K4me3 levels in descending order.

(D) Genome browser views of the indicated histone modifications at bivalent and H3K27me3-univalent genes. Promoter regions are highlighted in yellow. The
H2AK119ub1 in WT FGOs is from Mei et al.'® (Pcgf1/6 WT). The H3K4me3 in WT FGOs is from this study (Pcgf1/6/Mii2 WT).

noteworthy that MLL2-driven transcriptional activation is only
appreciated upon loss of H2AK119ub1, which can explain why
loss of H3K4me3 did not cause concomitant transcriptional dysre-
gulation in Mil2 KO oocytes.® Furthermore, because the preva-
lence of promoter H3K4me3 is varies across cell types,®®°° this
model can at least partly explain the context-dependent, gene-
selective, and cell-type-specific necessity of H2AK119ub1 for
H3K27me3 deposition.

Regarding how H2AK119ub1 mechanistically represses tran-
scription, a recent study using acute PRC1 depletion followed
by high-resolution live imaging demonstrated that PRC1-
H2AK119ub1 blocks the binding of factors involved in early
pre-initiation complex (PIC) formation,”® but not the pause-
release of RNA polymerases.”' H3K4me3 is known to promote
PIC formation.” Therefore, we speculate that H2AK119ub1 an-
tagonizes H3K4me3-promoted PIC formation, which might allow
PRC2 to stably bind at promoters and fully catalyze H3K27.
Regarding the role of H3K4me3, it is known that H3K4me3 can
directly inhibit PRC2 binding via inhibition of SUZ12 binding to
the H3 tail*® and its engagement with the EED pocket.”* Never-
theless, our study could not clarify whether H3K4me3 per se is
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crucial for antagonizing PRC2 in oocytes. Because it has been
suggested that several factors associated with transcription,
such as H3K36me3, KDM®6, and CBP, are redundantly involved
in counteracting PRC2,”*"® H3K4me3 itself may not be the
sole determinant of PRC2 antagonism in oocytes. As it has
been debated whether and how H3K4me3 causally directs tran-
scription,”®~® it will be important in the future to distinguish be-
tween the enzymatic and non-enzymatic functions of MLL2 in
PRC2 antagonism and determine whether H3K4me3 per se is
an integral part of our balanced model.

The observed link between gain of H3K36me2/3 and loss of
H3K27me3 across gene bodies remains correlative in our
study. However, the causal relationship is supported by several
lines of evidence. For example, PRC2 activity is greatly
impaired on nucleosome substrates with premethylated
H3K36 in vitro*®“°; H3 tails containing H3K36me3 poorly
engage with PRC2, impairing PRC2-chromatin interaction
in vitro”®; and H3K27me3 invades H3K36me3-premarked re-
gions in Setd2 KO FGOs.®" Although experimental validation
is required, it is thus likely that ectopic H3K36me2/3 precludes
H3K27me3 deposition across the bodies of derepressed genes
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(A) Summary of epigenetic changes in mutant oocytes. In wild-type oocytes, bivalent genes possessing promoter H3K4me3 are repressed by vPRC1-deposited
H2AK119ub1 (left and middle). Under H2AK119ub1 deficiency in Pcgf1/6 DKO oocytes, they are derepressed, gain gene body H3K36me2/3, and lose
H3K27me3, the extent of which is proportional to the basal levels of H3K4me3. Upon additional depletion of MLL2, loss of promoter H3K4me3 is coupled with
transcriptional silencing, loss of H3K36me2/3, and restoration of H3K27me3 in Pcgf1/6/Mli2 TKO oocytes. By contrast, genes without promoter H3K4me3 remain
silent, even in the absence of H2AK119ub1, enabling PRC2 to promiscuously deposit H3K27me3 (right). The changes of H3K27me3 in oocytes cause an
intergenerational effect on placental development in offspring.

(B) Balance model between PcG and TrxG in mouse oocytes. Bivalent genes carrying H3K27me3 and H3K4me3 are regulated by the balance between vPRC1
and MLL2. In wild-type oocytes (left), vPRC1 is dominant and represses genes, which allows PRC2 to deposit H3K27me3. In Pcgf1/6 DKO oocytes (middle),
MLL2 is dominant and promotes gene expression, which prevents PRC2-mediated H3K27me3 deposition, possibly via antagonistic functions of transcription,
H3K4me3, and H3K36me2/3, against PRC2 activity. In Pcgf1/6/MIi2 TKO oocytes (right), genes are no longer expressed or gain H3K36me2/3, allowing PRC2-
mediated H3K27me3 deposition.

in Pcgf1/6 DKO FGOs. Additionally, other factors associated
with RNA polymerase Il (RNA Pol Il) progression, including
KDM6B,”>"® which is expressed in oocytes,’® may also
contribute to H3K27me3 loss.

Context-dependent mechanisms of bivalent gene
repression in development

Which PRC1 or PRC2 complex represses bivalent genes seems
to be cell-type specific. For example, bivalent genes are
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derepressed upon PRC2 depletion in adult tissues,®” which is the
case for vPRC1 in mESCs.®' We show that bivalent genes in oo-
cytes are repressed by vPRC1, but much less so by PRC2,
implying that bivalent gene repression relies on vPRC1 in oo-
cytes and early embryos and then shifts to PRC2 by adulthood.
This idea is supported by genetic evidence showing that
maternal KO of Ring1a/b, but not PRC2 core proteins, causes
very early lethality®°° and that PCGF2/4-cPRC1, an effector
of H3K27me3, is dispensable for development until embryonic
day (E)8.5 yet is required for neurogenesis thereafter.?®%-84
Given that the chromatin binding of vPRC1 is highly dynamic
and the turnover rate of H2AK119ub1 is much faster than that
of H3K27me3,”"®° a vPRC1-mediated repression system might
be beneficial for retaining high chromatin plasticity in totipotent
and pluripotent cells.

Insight into intergenerational epigenetic inheritance

Our analysis of Pcgf1/6/C2MC matTKO offspring indicated that
LOI at C2MC is mainly responsible for placental overgrowth in
Pcgf1/6 matDKO offspring. The magnitude of maternal-allele
expression of Sfmbt2, the host gene of C2MC, was modest
and variable among individual Pcgf1/6 matDKO embryos at the
morula stage. This was in line with the observation that the extent
of H3K27me3 loss is also modest in Pcgf1/6 DKO oocytes and
that only some of the matDKO offspring show placental over-
growth. We speculate that H3K27me3 levels might be variable
among individual DKO oocytes, leading to variable magnitudes
of LOI among individual offspring. The reason that even partial
LOI can eventually cause a drastic phenotype in the placentae
may be related to a unique maintenance mechanism of nonca-
nonical imprinting, which involves a complex epigenetic
cascade: the H3K27me3 primary imprinting mark is taken over
by secondary DNA methylation after implantation.>” During the
H3K27me3-to-DNA methylation transition, H3K4me3 deposited
at the expressed paternal allele is proposed to block DNMT3A/
3B recruitment to escape from de novo DNA methylation.®®
Therefore, even modest gene expression may be coupled with
H3K4me3 deposition at the maternal allele in preimplantation
embryos, which is sufficient to prevent de novo DNA methylation
and cause LOI and placental overgrowth. In support of this
notion, we observed H3K4me3 enrichment at the maternal allele
of Pcgf1/6 matDKO, but not at that of WT, blastocyst embryos
(Figure S6M). Thus, our study implies that even apparently
modest changes in H3K27me3 memory in oocytes could have
long-term consequences for the next generation’s development.
This concept will contribute to future investigations into how
environmental cues might modulate the oocyte epigenome and
intergenerationally impact the offspring.

Understanding the biological meaning of bivalent chromatin in
oocytes awaits future studies. Although broad H3K27me3 do-
mains are mostly maintained, H3K27me3 at many bivalent pro-
moters is lost after fertilization.®>" "' Curiously, this loss is con-
current with transient RNA Pol Il installation in zygotes,®” which
is seemingly associated with nascent transcription during minor
zygotic genome activation (ZGA).*® Although it is unknown
whether maternally transmitted H3K4me3 plays a role in minor
ZGA, it is tempting to speculate that H3K4me3 at bivalent pro-
moters in oocytes primes for minor ZGA. Further understanding
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of bivalent gene regulation during the maternal-to-zygotic transi-
tion will shed light on the hidden functions of bivalent chromatin.

Limitations of the study

Although our results show that MLL2 depletion can bypass the
requirement for H2AK119ub1 in H3K27me3 deposition, several
mechanistic questions remain unresolved. First, it is unclear
whether the antagonism of PRC2 activity in oocytes results
directly from H3K4me3 itself or from the non-enzymatic func-
tions of MLL2. Second, it remains to be determined whether
transcriptional repression alone is sufficient to restore
H3K27me3. Third, the link between gain of H3K36me2/3 and
loss of H3K27me3 across gene bodies remains correlative in
this study.
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KSOM Inoue et al.”® N/A

M2 medium containing hyaluronidase Merck Millipore MR-015-D
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PEG6000 Hampton Research HR2-533
DTT Nacalai N/A

EDTA Thermo Fisher Scientific 15575020
Dynabeads Protein A Thermo Fisher Scientific 10006D

el Molecular Cell 86, 1-17.e1-e7, May 7, 2026

(Continued on next page)



(2026), https://doi.org/10.1016/j.molcel.2026.03.014

Please cite this article in press as: Mei et al., H2AK119ub1-MLL2 counteraction underlies heritable H3K27me3 formation in oocytes, Molecular Cell

Molecular Cell ¢ CelPress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dynabeads Protein G Thermo Fisher Scientific 10007D

phenol-chloroform-isopropanol Fuijifilm 311-90151

I-Scel NEB R0694

Cas9 mRNA Matsuwaka et al.* N/A

Protein A-MNase Skene and Henikoff N/A

Critical commercial assays

GeneArt Precision gRNA Synthesis Kit Thermo Fisher A29377

NEBNext Ultra Il DNA Library Prep Kit for lllumina NEB E7645

SPRIselect beads Beckman Coulter B23318

KAPA Hifi 2X mater PCR mix KAPA Biosystems KK2605

NEBNext Multiplex Oligos for lllumina NEB E6440

SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing TAKARA 634890

Nextera XT DNA Library Preparation Kit lllumina FC-131-1024

Deposited data

CATCH-seq and CUT&RUN data This paper GEO: GSE292333

RNA-seq data This paper GEO: GSE292237

H3K27me3 data in GOs and FGOs Zheng et al.”® GEO: GSE76687

H3K27me3 data in Pcgf1/6 DKO FGOs Mei et al."® GEO: GSE153496

RNA-seq data in Pcgf1/6 DKO FGOs Mei et al.'® GEO: GSE153496

H2AK119ub1 data in 7d-GOs and FGOs Mei et al.’® GEO: GSE153496

H3K4me3 data in GOs and FGOs Hanna et al.® GEO: GSE93941

RNA-seq data in Eed KO FGOs Du et al.*? GEO: GSE118263

RNA-seq data in Ring1a/b DKO FGOs Du et al.*? GEO: GSE132156

H2AK119ub1, H3K27me3, and H3K4me3 CUT&Tag Hu et al.” GEO: GSE221942

data in mouse undifferentiated spermatogonia

H2AK119ub1 and H3K27me3 ChlIP-seq data in DLD1 Sijm et al.*? GEO: GSE193014

H3K4me3 ChlIP-seq data in DLD1 Wan et al.”’ GEO: GSE156081

H2AK119ub1 and H3K27me3 ChIP-seq data in HAP1 Sijm et al.*>” GEO: GSE193014

H3K4me3 ChlP-seq data in HAP1 Peeters et al.” GEO: GSE107599

Experimental models: Cell lines

Drosophila melanogaster S2 cells Thermo Fisher Scientific R69007

Experimental models: Organisms/strains

Mouse: Zp3°"®/Pcgf1™/pcgfe™" Mei et al.® N/A

Mouse: Zp3°®/Pcgf1™/pcgfe™ /mi2™" This study N/A

Mouse: Ring7a-null del Mar Lorente et al.” N/A

Mouse: Zp3°"®/Ring1a™"/Ring16C~M/CPM This study N/A

Mouse: Zp3°®/Pcgf1"/Pcgfe™"/C2MC* This study N/A

Mouse: Zp3°"™® [C57BL/6-Tg(Zp3-cre)93Knw/J] Jackson Laboratory 003651

Mouse: JF1/Msf RIKEN Bioresource Research RBRC00639
Center

Mouse: B6D2F1/Crl Jackson Laboratory N/A

Jcl:ICR CLEA Japan N/A

Oligonucleotides

See Table S4 for oligonucleotides This paper N/A

I-Scel carrier DNA Matsuwaka et al.*® N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

LASX software Leica https://www.leica-microsystems.com/
products/microscope-software/p/
leica-las-x-Is/?country=JP

TrimGalore(version 0.6.4) N/A https://github.com/FelixKrueger/TrimGalore

bowtie2 (version 2.3.5)

Sambamba (version 1.0.1)

Samtools (version 1.7)

Integrative Genomics Viewer (version 2.8.0)
deepTools2

chromHMM (version 1.27)
STAR (version 2.7.6)

featureCounts (version 1.6.0)

RSEM (version 1.3.1)
edgeR (version 3.28.0)

SNPsplit (version 0.3.4)
MACS2 (version 2.1.2)
BEDtools (version 2.26.0)
HOMER (version 5.0.1)

Metascape

Sratoolkit (version 2.11.0)
GraphPad Prism (version 8)

Langmead and Salzberg™

Tarasov et al.*®

Li et al.®

Robinson et al.”

Ramirez et al.”®

Ernst et al.*'

Dobin et al.”®

Liao et al.’®®

Liet al.'”!

Robinson et al.’%?

Krueger et al.'®

Zhang et al.'*

Quinlan et al.®*%

Heinz et al."®®

Zhou et al.’?”

N/A
GraphPad Software

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://github.com/biod/sambamba
https://www.htslib.org/download/
https://igv.org

https://deeptools.readthedocs.io/
en/latest/index.html

https://ernstlab.github.io/ChromHMM/
https://github.com/alexdobin/STAR

https://subread.sourceforge.net/
featureCounts.html

https://github.com/deweylab/RSEM

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://github.com/FelixKrueger/SNPsplit
https://github.com/macs3-project/ MACS
https://bedtools.readthedocs.io/en/latest/

http://homer.ucsd.edu/homer/
download.html

https://metascape.org/gp/index.
html#/ma in/step1

https://github.com/ncbi/sra-tools

https://www.graphpad.com/features

EXPERIMANTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Animal care

All animal experiments were performed in accordance with guidelines of the Institutional Animal Care and Use Committee at the
RIKEN Center for Integrative Medical Sciences and RIKEN Bioresource Center. Same-sex littermates were housed in groups of
up to five mice per ventilated cage with nesting materials. The mouse facility was kept at 21-25 °C and 40-60% humidity with a
12-h light and dark cycle. The age, strain, and sex of mice used in this study were 2-month-old B6D2F1 (BDF1) females (Jackson
Laboratory), 3-6-month-old BDF1 males, and 3-6-month-old JF1/Msf males (RIKEN Bioresource Research Center, RBRC00639)'°®

METHOD DETAILS

Generation of oocyte-specific Pcgf1/6/MII2 conditional triple KO mice

Double LoxP sites were inserted into flanking regions of exon2 of MIi2 in the Zp3°®/Pcgf1™/Pcgf6e™" line'® by using CRISPR/Cas9.
Exon2 was targeted because its removal was known to result in early termination of translation and complete loss of function of
MLL2." Briefly, sgRNAs were designed at flanking regions of MiI2 exon2 of by using the CRISPOR program''® and generated with
a GeneArt Precision gRNA Synthesis Kit (Thermo Fisher) according to the manufacturer’s instructions. Cas9 mRNA (15 ng/pL), two
sgRNAs (7.5 ng/pL each), and a template plasmid harboring the flox cassette and 1-2 kb homologous arms (25 ng/pL) were co-injected
into both blastomeres of 2-cell embryos by using a Piezo impact-driven micromanipulator (Eppendorf).''" The recipient 2-cell embryos
had been generated by in vitro fertilization of sperm from Zp3°/Pcgf1™"/Pcgf6™ and oocytes from Pegf1™/Pcgfe™ females.
The mouse background was a B6.129 mixture. After obtaining a founder male that possessed the Kl allele, it was mated with
Pcgf1™/Pegfe™ females to obtain Zp3°e/Pcgf1™/Pcgfe™/MiI2™¥/ X males and Pcgf1™/Pegf6™ M2/ % females. They were
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intercrossed to obtain Zp3°"/Pcgf1™/Pcgfe™ iMI2"o* X (TKO) and Pcgf1™"/Pcgf6™"/Mil2"o/fox (\WT) females for experiments. The
primer and sgRNA sequences are listed in Table S5.

Generation of oocyte-specific Pcgf1/6/C2MC conditional triple KO mice

The C2MC, encoded in an intron of Sfmbt2, was deleted in the Zp3°¢/Pcgf1™"/Pcgf6™" line by using CRISPR/Cas9. Briefly, syRNAs
targeting the flanking regions of C2MC were designed in a previous study.*® Recipient 2-cell embryos had been generated by in vitro
fertilization of sperm from Zp3°"®/Pcgf1™/Pcgf6™" and oocytes from Pcgf1™/pcgfe™ females. Cas9 mRNA (30 ng/uL) and two
sgRNAs (15 ng/pL each) were co-injected into a blastomere of the 2-cell embryos by using a Piezo impact- driven micromanipulator
(Eppendorf). After obtaining founder females that possessed the KO allele, they were mated with Zp3°"®/Pcgf1™"/Pcgf6™" males to
obtain Zp3°"/Pcgf1™/pcgf6™/C2MC*- females for experiments. The primer and sgRNA sequences are listed in Table S5.

Generation of oocyte-specific PRC1 catalytic dead (PRC1-CD) mice

The Ring1a-null mouse line has been previously reported.®® The Ring1b I53A/D56K conditional point mutant (CPM) (Ring7b°™M)
mouse line was generated from M1 ESCs by using a previously developed Kl cassette.®° The M1 ESCs originated from an embryo
derived from a C57BL/6JJcl and 129*7®"/SvJcl cross. The Ring1b allele contains an 153A/D56K version of the exon encoding the E2
interaction domain in the antisense orientation downstream of the corresponding wild-type exon. This wild-type/mutant exon pair
was flanked by inverted double LoxP sites. In the presence and absence of Cre expression, RING1B®"M and wild-type RING1B
are expressed, respectively.®° The Ring7a-null and Ring7b°™ females were crossed with a Zpo3°"® mouse line [Jackson Laboratory,
C57BL/6-Tg(Zp3-cre)93Knw/J, 003651]*° to obtain Zp3°"/Ring1a”/Ring1b°~"°PM males and Ring1a”"/Ring1b°"™C"M females.
They were intercrossed to obtain Ring7a™/Ring1b™™/CPM (PRC1-WT) and Zp3°"®/Ring1a”"/Ring1b°" M (PRC1-CD) females
for experiments. The tail tips were used for genotyping. The PCR primer sequences are listed in Table S5.

Collection and culture of mouse oocytes and preimplantation embryos

FGOs were obtained from ovaries of 4-week-old females that had been injected with 0.12 mL of CARD HyperOva (Kyudo Co., Ltd) 46-
48 hrs before collection. The ovaries were transferred to HEPES-buffered KSOM and the ovarian follicles were punctured with a
27-gauge needle. Cumulus cells were gently removed from cumulus-oocyte complexes (COCs) using a narrow-bore glass capillary.
FGOs were transferred to Human Tubal Fluid (HTF) medium containing 0.2 mM 3-Isobutyl-1-methylxanthine (IBMX, Merck, 17018).
Surrounded nucleolus (SN)-type FGOs were selected based on the presence of perivitelline spaces that appear only in SN-type oo-
cytes after 1 hr of incubation in an IBMX-containing medium.’'? Only SN-type FGOs were used for experiments.

For in vitro fertilization of PRC1-WT and -CD oocytes, Mll-stage oocytes were obtained from oviducts of 4- or 8-12-week-old
superovulated females that had been injected with 5-7.5 IU PMSG followed by 5-7.5 IU human chorionic gonadotropin (hCG) at
48 hr intervals. MIl oocytes were harvested 15-17 hrs after hCG injection and transferred to HTF supplemented with 10 mg/mi
BSA (Merck Millipore; 12657). Spermatozoa were obtained from the caudal epididymis of adult BED2F1 (BDF1) males (Jackson Lab-
oratory) and capacitated by a 1 hr incubation in HTF. At 6-8 h post-insemination, fertilized oocytes with two pronuclei were trans-
ferred to KSOM and cultured under a humidified atmosphere with 5% C02/95% air at 37.8 °C.

Chromatin transfer

Donor MIl oocytes were collected from 4-week-old Pcgf1™/Pcgfe™ /M2 ox/ox (\WT), Zp3¢e/Pcgf1™"/Pegfe™" DKO), and Zp3°©e/
Pcgf1™1Pcgfe™ /M2 1ox (TKO) females that had been superovulated with 0.12 mL of CARD HyperOva (Kyudo Co., Ltd) followed
by 51U hCG at 48 hr intervals. Recipient MIl oocytes were collected from 8-week-old BDF1 females that had been superovulated with
7.5 1U PMSG followed by 7.5 IU hCG at 48 hr intervals. Cumulus cells were removed by a short incubation in M2 medium containing
hyaluronidase (Millipore), and denuded oocytes were transferred to a-MEM (Thermo Fisher, 12571-063) supplemented with 5% FBS
and 10 ng/ml EGF. Oocytes were transferred into M2 media containing 5 pg/ml cytochalasin B (Sigma-Aldrich). Zona pellucidae were
cut by a Piezo impact- driven micromanipulator (Eppendorf) and the spindles were isolated from the oocytes. The Sendai virus (HVJ,
Cosmo-bio) was used for fusing the spindles with recipient enucleated oocytes. Reconstructed oocytes were incubated in a-MEM/
FBS/EGF for >1 hr until the fusion was complete. They were inseminated with sperm of BDF1 for embryo transplantation experiments
or JF1/Msf (RIKEN Bioresource Research Center, RBRC00639)'°® for allelic RNA-seq experiments. Sperm capacitation was con-
ducted by 1 hr incubation in HTF for BDF1 or 30 min incubation in CARD FERTIUP (Kyudo Co., Ltd) for JF1. At 6 hrs post-insemina-
tion, fertilized oocytes with two pronuclei were transferred to KSOM and cultured under a humidified atmosphere with 5% C02/95%
air at 37.8 °C.

Embryo transplantation, Caesarian section, and placental histology

After the reconstructed embryos reached the 2-cell stage, WT, Pcgf1/6 matDKO, and Pcgf1/6/Mil2 matTKO embryos were mixed
and transferred into seven surrogate ICR strain mothers in two independent experiments. The numbers of embryos transplanted
were 3-4 WT, 5 matDKO, and 5-6 matTKO per surrogate mother. The day of transplantation was counted as E0.5, and C-section
was performed at E18.5. After counting the numbers of implantation sites and fetuses (5-11 fetuses per litter were recovered),
measuring the weights of fetuses and placentae, and harvesting a small piece of the tails for genotyping Pcgf1-, Pcgfé6-, and
MiI2-KO alleles, the placentae were fixed in 4% paraformaldehyde (PFA) at 4°C overnight. The placental samples were then routinely

Molecular Cell 86, 1-17.e1-e7, May 7, 2026  e4




Please cite this article in press as: Mei et al., H2AK119ub1-MLL2 counteraction underlies heritable H3K27me3 formation in oocytes, Molecular Cell
(2026), https://doi.org/10.1016/j.molcel.2026.03.014

¢? CellPress Molecular Cell

embedded in paraffin. Serial sections (5 pm thickness) were subjected to H&E and periodic acid Schiff (PAS) staining. The genotyping
primer sequences are listed in Table S5.

For the Pcgf1/6/C2MC matTKO experiment, Mil-stage oocytes were obtained from Pcgf1™"/Pcgf6™"/C2MC* (producing the WT
control) and Zp3°"®/Pcgf1™/pcgfe™/C2MC*~ females (producing the Pcgf1/6 matDKO and Pcgf1/6/ C2MC matTKO groups). The
oocytes were fertilized with BDF1 sperm and transplanted into 13 surrogate ICR strain mothers in two independent experiments. The
numbers of embryos transplanted were 4 WT and 20 matDKO/matTKO mixture per surrogate mother. Consequently, 4-12 fetuses
per litter were recovered. Genotyping was performed for Pcgf1-, Pcgf6-, and C2MC-KO alleles. The primer sequences are listed in
Table S5.

Whole mount immunostaining

FGOs were fixed with 3.7% PFA containing 0.2% Triton X-100 at room temperature (RT) for 20 min. After washing 3 times with PBS
containing 1% BSA (PBS/BSA), the oocytes were treated with mouse anti- H3K27me3 (1/500, Active Motif, #61017, MABI0323), anti-
H3K4me3 (1/500, Millipore 05-1339), and rabbit anti-H2AK119ub1 (1/2,000, Cell Signaling Technology, #8240) antibodies at 4°C
overnight. The specificities of these antibodies were proven in previous studies'® and this study. After washing with PBS/BSA,
they were incubated with a 1:250 dilution of Alexa Flour 488 donkey anti-mouse IgG and Alexa Flour 568 donkey anti-rabbit IgG
(Life Technologies) in PBS/BSA at RT for 1 h. The samples were washed 3 times and then mounted on a glass slide in Vectashield
anti-fade solution with 4’,6-diamidino-2- phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Fluorescence was detected un-
der a confocal microscope, Leica TCS Sp8. Allimages were acquired and quantified using LASX software (Leica). Briefly, the nuclear
signal intensity of oocytes was determined and the cytoplasmic signal was subtracted as background. After the signal values were
divided by the DAPI signal intensity in each oocyte, the average signal intensity of control oocytes was set as 1.0.

Carrier Assisted ChiP-seq (CATCH-seq)

CATCH-seq is an improved method of the ultra-low-input native ChIP-seq (ULI-NChIP).""® The original protocol of CATCH-seq was
described in Zhu et al.*® and we have made some modifications to improve its usability.>> After ZP were removed by acid Tyrodes’
solution, ZP-free SN oocytes were washed in 0.2%BSA/PBS and collected in 9 pL of Nuclei EZ lysis buffer (Sigma, NUC-101) supple-
mented with a complete EDTA- free protease inhibitor cocktail and 1 mM phenylmethanesulfonyl fluoride. The samples were snap-
frozen in liquid nitrogen and stored at -80°C until use. On the day of library construction, the samples were thawed on ice and 1 pL
of the lysis buffer containing a constant number of Drosophila melanogaster S2 cells was added (Thermo Fisher Scientific, R69007)
for spike-in normalization purposes. Then, 1 pL of a 1% Triton X-100 (Merck 93443) and 1% deoxycholate (Nacalai, 10712-54) mixture
solution was added to the samples, which then sat on ice for 5 min. The chromatin was fragmented using 2 U/ul MNase (M0247S, NEB)
in 1xMNase buffer supplemented with 1% PEG6000 (Hampton Research, HR2-533) and 2 mM DTT (Nacalai) at 21°C for 7.5 min. The
MNase reaction was stopped by adding 1/10 volume of 100 mM EDTA and 1/12 volume of the 1% Triton X-100 and 1% deoxycholate
mixture, then the samples were rested on ice for 15 min. The chromatin lysates were then added with freshly prepared immunoprecip-
itation buffer,”'® and 5% volume was kept for input library construction. To the rest of the lysate, 30 ng of annealed I-Scel carrier DNA
was added.*® The forward and reverse strands of the carrier DNA were as follows: /5AmMC6/Gtagggataacagggtaattagggataacaggg
taattagggataacagggtaattagggataacagggtaattagggataacagggtaattagggataacagggtaat*c/3SAmMO/ and /5AmMC6/Gattaccctgttatccc
taattaccctgttatccctaattaccctgttatccctaattaccctgttatccctaattacectgttatccctaattaccctgttatcecta*c/SAmMOY/, respectively, where aster-
isks represent phosphorothioate bonds. The oligos were synthesized by Integrated DNA Technologies. For each immunoprecipitation
reaction, 0.25 pL of rabbit anti-H3K4me3 (Active Motif 39159, 70 oocytes/library), 500 ng of rabbit anti-H3K27me3 (Diagenode
C15410069, 50-80 oocytes/library), 1.0 pg of mouse anti-H3K36me2 (MBL, MABI0332, 100 oocytes/library) or 1.0 uL of rabbit anti-
H3K36me3 antibody (Active Motif 61022, MABI0333, 100 oocytes/library) conjugated to a precleared Dynabeads Protein A (Thermo
Fisher Scientific, 10006D) and G (Thermo Fisher Scientific, 10007D) mixture was used. The specificity of these antibodies was validated
in previous studies [H3K4me3,"'* H3K27me3,?" H3K36me2°>°*°> and H3K36me3°*°*°]. Afterimmunoprecipitation at 4°C overnight,
the chromatin-Dynabeads were washed twice each with the low and high salt wash buffers, and the chromatin was eluted in the freshly
prepared ChIP elution buffer at 65°C for 1 hr." ' DNA was recovered by phenol-chloroform extraction followed by ethanol precipitation.
Adaptor ligation was performed by NEBNext Ultra Il DNA Library Prep Kit for lllumina (E7645, NEB) in a half scale of the manufacturer’s
instruction, and the libraries were purified by 1.8x SPRIselect beads (B23318, Beckman Coulter). The DNA was amplified by KAPA Hifi
2X mater PCR mix (KK2605) for 13-15 PCR cycles with dual indexing primers (NEBNext Multiplex Oligos for lllumina, E6440). After pu-
rification with 0.9x SPRIselect beads, the samples were digested by I-Scel (5 U/ul, NEB, R0694) at 37°C for 2 hrs followed by heat inac-
tivation at 65°C for 20 min and purified by 0.9x SPRiselect beads. The second amplification was not performed. The libraries were
sequenced on Nextseg500 or Nextseq2000 with paired- end or single-end reads (lllumina).

CUT&RUN

CUT&RUN libraries were prepared as previously described."'® The antibodies used were rabbit anti-H3K27me3 (1/100, Diagenode
C15410069, 150-170 oocytes/library) and anti-H2AK119ub1 (1/50,CST8240, 300 oocytes/library). Protein A-MNase was provided by
Dr. Steven Henikoff's laboratory.''® CUT&RUN libraries were sequenced on a NextSeq500 or Nextseq2000 with paired-end or
single-end reads (lllumina)
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RNA-seq

FGOs and F1 hybrid embryos were prepared as described above. For bulk RNA-seq of PRC1-WT and - CD FGOs, ten oocytes were
pooled to generate each RNA-seq library. Zona pellucida were removed by brief incubation in Acidic Tyrode’s solution. The samples
were washed three times in 0.2% BSA/PBS before being transferred into a 0.2 ml tube with ~0.5 pl carryover. RNA-seq libraries were
prepared as previously described.*® Briefly, cDNA was prepared by SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(TAKARA, 634890) according to the manufacturer’s instructions. Two hundred picograms of cDNA were used for the library construc-
tion by using Nextera XT DNA Library Preparation Kit (Illumina, FC-131-1024) according to the manufacturer’s instructions. All RNA-
seq libraries were sequenced on a NextSeq500 with single-end 75 bp reads (lllumina).

QUANTIFICATION AND STATISTICAL ANALYSIS

Low-input chromatin profiling data analyses

The sequencing read information in this study is found in Table S6. Low-quality bases and adapters in the sequencing reads of
CATCH-seq, CUT&RUN, ChIP-seq and ATAC-seq were trimmed by TrimGalore (https://github.com/FelixKrueger/TrimGalore)
(version 0.6.4). Then, all clean reads were mapped to the mouse reference genome (mm10) using Bowtie2®* (version 2.3.5) with
the parameters “-q -N 1 -L 25”. After removing PCR duplicates by Sambamba®® with the parameters ‘markdup -r -t 2’ and filtering
out multiple mapping reads, uniquely mapped reads were used for the downstream analysis. Samtools®® (version 1.7) was used to
manipulate the SAM and BAM files. For the visualization using the Integrative Genomics Viewer®” (version 2.8.0), genome-wide
coverage tracks were generated using the ‘bamCoverage’ function from the deepTools®® suite with the parameters ‘~binSize 50
—-normalizeUsing RPKM’. To compare replicates, read counts over 5-kb bins across the whole genome were calculated and the
RPM (reads per million) values were used to calculate the correlation coefficient. Biological replicates were merged for the visuali-
zation and other analyses after validating the reproducibility.

RNA-seq data analyses

All RNA-seq read after trimming by TrimGalore (version 0.6.4) (https://github.com/FelixKrueger/TrimGalore) were aligned to the
mouse reference genome (mm10) by STAR®® with default parameters ‘—runMode alignReads —outSAMattributes NH HI NM MD — out-
SAMtype BAM Unsorted’. Raw read counts for each gene were calculated by featureCounts'“° (version 1.6.0) with the parameters ‘-s
0-texon -g gene_id’ based on the mm10 ncbiRefSeq annotation file from. Then, differentially expressed genes were identified by the
edgeR'%? R package (version 3.28.0) under the ‘gim’ framework. The gene expression levels were calculated by RSEM ™" (version
1.3.1) to make the correlation analyses between biological replicates and downstream analysis.

For allele-specific analysis of BDF1 x JF1 hybrid embryos, the SNPs in BDF1 and JF1 were masked as ‘N’ in the reference genome
(GRCmM38) by the ‘Dual strain mode’ in SNPsplit_genome_preparation of SNPsplit'*® (version 0.3.4). Then reads were aligned to the
N-masked genome by STAR® (version 2.7.6) with specific setting of parameters ‘—alignEndsType EndToEnd —outSAMattributes NH
HI NM MD’. By filtering the alignment records with the ‘NH:i:1’ tag, uniquely aligned reads were assigned to its parental origins.
SNPsplit'®® was used to assign the SNP-containing reads to maternal and paternal genomes. The number of allelic reads of each
gene was calculated by featureCounts'° (version 1.6.0) to calculate the RPKM values.

Identification of high-confidence H3K27me3-harboring genes

To define high-confidence H3K27me3-harboring genes, MACS2'% (version 2.1.2) was used for peak calling with the parameters ‘-g
mm —-nomodel —nolambda -broad’ for all H3K27me3 CATCH-seq and CUT&RUN in WT FGOs, including the public datasets of Pcgf1/
6 CTR FGOs (Mei et al.'®). Then, their intersection was selected by BEDtools'®® (version 2.26.0) for further analysis. As for genes with
multiple transcription start sites (TSSs), promoter regions (TSS + 2 kp) overlapped with H3K27me3 peaks were selected to check
whether H2AK119ub1 peaks were occupied. If the genes had at least a promoter with both H3K27me3 and H2AK119ub1 enrichment,
they were considered to be high-confidence H3K27me3-harboring genes. For gene body analysis of genes encoding multiple tran-
scripts, high- confidence H3K27me3-harbored genes were defined by those containing at least one transcript with both H3K27me3
and H2KA119ub1 peaks.

Comparison of histone modification at promoters and gene bodies in WT and mutants

All clean reads of spike-in CATCH-seq and CUT&RUN were aligned to the mouse and D.melanogaster genome sequences
(mm10 + dmeé) using Bowtie2°* with default parameters. Only uniquely mapped reads were considered to be spike-in reads.
Spike-in normalization was performed using the exogenous scaling factor, which was calculated by the formula (scaling factor =
1/(spike-in reads/1,000,000)). Then, the spike- in scaled signal tracks were generated by bamCoverage from deeptools®® with
the parameters ‘—scaleFactor scaling factor —binSize 50 —normalizeUsing RPKM’. A tool named ‘computeMatrix’ from the
deepTools suite was used to calculate the average enrichment level of histone modifications. The fold changes of enrichment
level between in WT and mutants were calculated to compare the differences and identify differentially modified promoters or
gene bodies.
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Transcription factor motif enrichment and Gene ontology analysis

To identify transcription factor binding motifs at promoter, findMotifsGenome.pl from HOMER % program was used by selecting all
promoter sequences as background. GO enrichment analysis was performed by Metascape.'®’ Significantly representative Biolog-
ical Process (BP) terms were selected to visualize (g-value < 0.01).

Chromatin states analysis and genomic annotation analysis

ChromHMM*" (version 1.27) was used to classify chromatin states based on five histone modifications. All alignment files for each
histone modification were binarized using the ‘BinarizeBam’ command with a bin size of 2 kb (option ‘-b 2000°). Then, genomic re-
gions were classified into 10 ChromHMM types using the ‘LearnModel’ command with 2-kb bins. H3K36me2-gain bins were anno-
tated by ChIPseeker''” (version 1.22.1) with the priority order (promoter > exon > intron > downstream > intergenic) if one peak
spanned multiple genomic features.

Analysis of publicly available data

All files in SRA format were downloaded and converted into fastq files by sratoolkit (https://github.com/ncbi/sra-tools) (version
2.11.0). Reads were pre-processed and subjected to the corresponding analyses as described above.
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Figure S1 Characterization of bivalent genes, related to Figure 1.

A, Heatmap illustrating different chromatin states defined by five indicated histone modifications using ChromHMM.

B, Heatmaps showing three histone modifications levels, CpG density, and gene expression levels at promoters of three clusters (K-means = 3) in WT FGO.

C, Genome browser views of the indicated histone modifications during oocyte growth at H3K4me3-positive and H3K4me3-negative genes. Promoter regions are
highlighted in yellow.

D, Heatmaps showing the levels of H2AK119ub1 and H3K27me3 at promoters of all high-confidence H3K27me3 harboring genes in WT and Pcgf1/6 DKO FGOs.
Two clusters were defined by the fold change of H3K27me3 (WT/DKO) over or less than 1.5, respectively. H3K4me3 and CpG-density heatmaps indicate the signal
enrichment around TSSs in WT FGOs. The RNA-seq column indicates the fold change of gene expression.

E, F, G, Box plots showing the H3K27me3 levels (E), H3K4me3 levels (F), and CpG density (G) at TSS +/-2.5 kb region of genes in Cluster1 and Cluster2. The p-value
was calculated by a two-sided Mann-Whitney U-test.

H, Gene ontology terms enriched in Cluster1 and 2, respectively. |, Bubble plots showing the expression levels of TFs (RPKM > 1) and the statistical significance of
motif enrichment (P-value of hypergeometric test with one-sided) in Cluster1 and 2, respectively.

J, Box plots showing the fold change of gene expression levels between Pcgf1/6 WT and DKO and between Eed WT and KO FGOs.

K, Heatmaps showing signal enrichment of H2AK119ub1 in WT and Eed KO FGOs. The box plot indicates the levels of H2AK119ub1 at bivalent promoters.

L, Heatmaps showing the average levels of H2AK119ub1 and H3K27me3 across gene bodies of high-confidence H3K27me3-harboring genes. Each row represents
average levels of the indicated histone modifications within each gene body. Two clusters were defined by the fold change of H3K27me3 (WT/DKO) over or less than
1.5, respectively. The H3K4me3 and CpG-density heatmaps indicate the signal enrichment around TSSs in WT FGOs. RNA-seq columns indicate the relative gene
expression in FGOs [log2 FC (KO/WT)].

M, Box plots showing the average signals of H3K27me3 across gene bodies in Pcgf1/6 DKO and WT FGOs.

N, Venn diagrams showing the overlap between genes losing promoter H3K27me3 and those losing gene body H3K27me3. The p-value was calculated by a two-sided
Fisher’s exact test.
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Figure S2 Characterization of Pcgf1/6/MII2 TKO fully grown oocytes (FGOs), related to Figure 2.
A, Representative images (left) and quantification (right) of FGOs immunostained with anti-H2AK119ub1 and H3K4me3 antibodies. The average signal intensity of WT oocytes was
set as 1.0. The total number of oocytes examined in three independent experiments are 29 (WT), 22 (DKO), and 29 (TKO). p, two-tailed Student’s t-test.

B, Average signal profiles of H2AK119ub1 spike-in CUT&RUN at peak regions in WT, Pcgf1/6 DKO, and Pcgf1/6/MlI2 TKO FGOs.
C, Scatter plots showing the correlations between biological replicates of H3K4me3 CATCH-seq in FGOs.

D, Heatmaps showing the signal intensities of the indicated histone modifications at promoters of H3K27me3-enriched genes in WT, Pcgf1/6 DKO, and Pcgf1/6/Mil2 TKO FGOs. The
row was sorted by basal H3K4me3 level of WT FGOs in descending order. RNA-seq columns indicate the relative gene expression in FGOs (log2FC).

E, Gene ontology terms enriched in Cluster1 and 2, respectively.
F, Bubble plots showing the expression level of TFs unique in Group1 (left) and 2 (right), respectively, and the statistical significance of the motif enrichment (P-value of hypergeometric
test with one-sided).
G, Scatter plots showing the correlations between biological replicates of H3K27me3 CUT&RUN in FGOs.
H, Correlations between biological replicates of RNA-seq in FGOs.
I, Scatter plot showing the levels of promoter H3K4me3 in WT FGOs and the extent of H3K27me3 loss in Pcgf1/6 DKO at noncanonical imprinted genes. Genes harboring promoter
H3K4me3 (RPKM>3 in WT) and losing H3K27me3 [FC(DKO/WT)<0.8] are highlighted by a pink box.
J, Line plots showing the levels of gene expression, H3K27me3, and H3K4me3 in genes restoring or not restoring H3K27me3 in TKO FGOs, respectively.
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Figure S3 Characterization of H3K36me2 and H3K36me3 in Pcgf1/6 DKO and Pcgf1/6/MII2 TKO FGOs, related to Figure 3.

A, A pie chart showing the proportion of H3K27me3-lost regions in Pcgf1/6 DKO FGOs.

B, C, Scatter plots showing the correlations between biological replicates of H3K36me2 (B) and H3K36me3 (C) CATCH-seq in FGOs.

D, A genome browser view of differential distribution of H3K36me2 and 3 across the X chromosome in WT FGOs.

E, F, Heatmaps and boxplots showing the average levels of H3K36me2 (E) and H3K36me3 (F) in gene bodies of all high-confidence H3K27me3-harboring genes. The p-values were
calculated by a Mann-Whitney U-test.

G, Heatmaps showing the signal enrichment of three modifications from TSS to TES.

H, Heatmaps showing H3K36me2 level of all H3K36me2-gain bins.

I, Genomic annotation of the H3K36me2-gain bins.
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129 104 A, Quantification of labyrinthine and spongiotrophoblast layers.
B, Scatter plot showing the maternal allele proportion of gene expression of Slc38a4 in morula embryos. Each dot
— 101 .. E represents an individual embryo (n=10 each). The values of 0.0 and 0.5 indicate that 0% and 50% of RNA-seq reads,
E 8 £ respectively, of Slc38a4 are derived from the maternal allele.
£ o C, Genome browser views of the indicated histone modifications and RNA-seq tracks of the S/ic38a4 locus. The log2
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T 4 right indicate the signal values of the indicated histone modifications and RNA-seq in each replicate.
24 D, Scheme of C2MC knock-out by CRISPR/Cas9.
E, Experimental scheme to assess the effect of maternal allele deletion of C2MC on placental development.

0- F, Representative images of placental sections with PAS staining. LB, labyrinthine layer; ST, spongiotrophoblast layer.
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Figure S5 Characterization of PRC1-catalytic dead (CD) FGOs, related to Figure 5.

A, Scheme of generation of conditional Ring1b catalytic dead model.

B, Scatter plots showing the correlation between biological replicates of H3K27me3 CATCH-seq in PRC1-WT and PRC1-CD FGOs.

C, D, Venn diagrams showing the overlap of derepressed genes (C) and H3K27me3-lost genes (D) between PRC1-CD and Pcgf1/6 DKO FGOs. The p-value (p < 2.2e-16) was calculated
by a two-sided Fisher’s exact test.

E, Scatter plot showing the levels of promoter H3K4me3 in WT FGOs and the extent of H3K27me3 loss in PRC1-CD FGOs at noncanonical imprinted genes. Genes losing H3K27me3 only
in PRC1-CD FGOs, but not Pcgf1/6 DKO FGOs, are highlighted by red circles.

F, Genome browser views of H2AK119ub1. Note that residual H2AK119ub1 in DKO and TKO FGOs is detected at regions originally enriched in WT FGOs, which becomes apparent when
IGV tracks are visualized using autoscale.

G, MA plots showing the fold change of gene expression levels in PRC1-CD and Ring1a/b DKO FGOs. Significantly up- and down-regulated genes (FC > 2, p-value < 0.001) are highlighted.
The RNA-seq datasets of Ring7a/b DKO FGOs are from Du et al. (GSE132156).

H, Venn diagrams showing the overlap of up-regulated differentially expressed genes (Up-DEGs) and down-regulated DEGs in PRC1-CD and Ring1a/b DKO FGOs. DEGs are defined

by p-value < 0.001 (not adjusted) and |FC| > 2.

1, Percentage of embryos that reached the indicated stage of preimplantation development (left) and representative images of embryos at 96 hours post-insemination (right). The number

of embryos examined in 3 independent experiments was 105 (PRC1-WT) and 79 (PRC1-CD).
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Mat 0-180 A, Heatmaps showing the signal intensities of the indicated histone modifications at promoters of H3K27me3-
WT S - . harboring genes in mouse undifferentiated spermatogonia. Two clusters of H3K27me3-enriched genes at
Pat M l 0-180  promoter are defined by the presence or absence of H3K4me3 peaks. The H2AK119ub1, H3K27me3,
Rep1 . B H3K4me3 CUT&Tag and RNA-seq datasets are from Hu et al. (GSE221942).
Mat ™ 0-180 B, Pie chart showing the proportion of H3K27me3-lost genes in the two clusters.
matDKO ] BN T C, Box plots showing the fold changes of promoter H3K27me3 and gene expression levels between CTR and
H3K4me3 Pat _m ‘ bow o s Gk Ring1a/b DKO spermatogonia. The red lines in the boxes represent median values.
Mat i T ) _0--1‘85 D, Genome browser views in control (CTR) and Ring7a/b DKO spermatogonia. Promoter regions are
WT Y o highlighted in yellow.
Pat lll 0-180 E, Heatmaps showing the signal intensities of the indicated histone modifications at promoters of H3K27me3-
Rep2 = . e harboring genes in the human DLD1 cell line. Two clusters are defined as described in panel a. The
Mat ‘“ 0-180  H2AK119ub1 and H3K27me3 ChlP-seq datasets are from Sijm et al. (GSE193014). The H3K4me3 ChlIP-seq
matDKO Bosmn e datasets are from Wan et al. (GSE156081).
M k.l.. N 0-180 F, Pie chart showing the proportion of H3K27me3-lost genes in the two clusters.
woamanfymedann 95 G, Box plots showing the fold changes of promoter H3K27me3 between CTR and RING1A/B DKO DLD1 cell
Mat 0-40
WT at 3 clbboba,  aiu.dcsbaa. el line. The red lines in the boxes represent median values.
Inout Pat i L 0;4‘i|_ H, Genome browser views in CTR and RING1A/B DKO DLD1 cells.
p Mat o - I, Heatmaps showing the signal intensities of the indicated histone modifications at promoters of H3K27me3-
matDKO ' < covsmmdio ool 3. s harboring genes in the human HAP1 cell line. Two clusters are defined as described in panel a.
Pat ik awa kbl %% The H2AK119ub1 and H3K27me3 ChiP-seq datasets are from Sijm et al. (GSE193013). The H3K4me3 ChiP-
CGl | T m )

L

Sfmbt2

seq datasets are from Peeters et al. (GSE107599).

J, Pie chart showing the proportion of H3K27me3-lost genes at promoters in the two clusters.

K, Box plots showing the fold changes of promoter H3K27me3 between CTR and RING1A/B DKO HAP1 cell
line. The red lines in the boxes represent median values.

L, Genome browser views in CTR and RING1A/B DKO HAP1 cells.

M, Genome browser view of H3K4me3 distribution at the Sfmbt2 locus in Pcgf1/6 maternal DKO blastocyst
embryos.
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