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SUMMARY

Polycomb group (PcG) proteins are essential for post-implantation development by depositing repressive
histone modifications at promoters, mainly CpG islands (CGls), of developmental regulator genes. However,
promoter PcG marks are erased after fertilization and de novo established in peri-implantation embryos,
coinciding with the transition from naive to primed pluripotency. Nevertheless, the molecular basis for this
establishment remains unknown. In this study, we show that the expression of the long KDM2B isoform
(KDM2BLF), which contains the demethylase domain, is specifically induced at peri-implantation and that
its H3K36me2 demethylase activity is required for PcG enrichment at CGls. Moreover, KDM2BLF interacts
with BRG1/BRM-associated factor (BAF) and stabilizes BAF occupancy at CGls for subsequent gain of
accessibility, which precedes PcG enrichment. Consistently, KDM2BLF inactivation results in significantly
delayed post-implantation development. In summary, our data unveil dynamic chromatin configuration of
CGils during exit from naive pluripotency and provide a conceptual framework for the spatiotemporal estab-
lishment of PcG functions.

INTRODUCTION

How pluripotent stem cells are prepared for lineage commitment
is a fundamental question in developmental biology and stem cell
biology. Polycomb group (PcG) proteins are conserved transcrip-
tional repressors that form multiprotein complexes, which play
pivotal roles in the silencing of non-lineage genes. Biochemical
analyses have categorized the polycomb-repressive complexes
(PRCs) to at least two subgroups, namely polycomb-repressive

complex 2 (PRC2) and PRC1. The two complexes catalyze
H3K27 methylation (H3K27me) and H2AK119 monoubiquitylation
(H2AK119ub1), respectively (Di Croce and Helin, 2013; Schuet-
tengruber et al., 2017). The core members of each complex are
crucial for post-implantation development while generally
dispensable for preimplantation development (O’Carroll et al.,
2001; Pasini et al., 2004; Voncken et al., 2003). Accordingly,
mouse embryonic stem cells (MESCs) derived from the inner
cell mass (ICM) of blastocyst have been frequently used as a
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model to study how PcG proteins regulate transcription. Consis-
tent with the findings in mouse embryos, PcG proteins are
dispensable for mESC self-renewal or naive pluripotency while
indispensable for primed pluripotency and subsequent lineage
differentiation (Laugesen and Helin, 2014; Weinberger
et al., 2016).

In ESCs, the majority of PRCs bind CpG-rich promoters of
development regulator genes and typically mark a bivalent chro-
matin state, i.e., simultaneous histone modifications of H3K4me3
and H3K27me3, which poises these genes for subsequent acti-
vation (Laugesen and Helin, 2014; Schuettengruber et al.,
2017). In the past two decades, the molecular basis for PRC
binding at unmethylated CpG islands (CGls) has been unveiled.
We and others have previously demonstrated that FBXL10/
KDMZ2B, as one of noncanonical PRC1 (ncPRC1)-associated fac-
tors, is critical for PRC1 docking at CGls through its CXXC zinc
finger (Farcas et al., 2012; Gearhart et al., 2006; Sanchez et al.,
2007; Wu et al., 2013). In PRC2, polycomb-like (PCL) proteins
such as PHF1, MTF2, and PHF19 have been found to recognize
CGis through the winged-helix structure (Li et al., 2017; Perino
et al., 2018). The identification of these CpG-binding proteins in
PRCs provides molecular basis for spontaneous recruitment of
PcG proteins to inactive CGl-containing promoters to maintain
target gene silencing (Blackledge et al., 2015; Klose et al.,
2013; Riising et al., 2014).

Nonetheless, it has remained far less known when and how PcG
functions are de novo established after fertilization. Recent epige-
nome profiling in pre- and peri-implantation mouse embryos has
illustrated that H3K27me3 enrichment at CGls is infrequent and
unstable prior to implantation (Liu et al., 2016b; Zheng et al.,
2016). This establishment of H3K27me3 at promoters is also reca-
pitulated to a large extent in the in vitro cultured mESCs when
switching from naive to primed pluripotent states (Fidalgo et al.,
2016; Joshi et al., 2015; Marks et al., 2012; Weinberger et al.,
2016). Moreover, recent studies showed that H2AK119ub1 distri-
bution is largely different from H3K27me3 in preimplantation em-
bryos. However, interestingly, it also switches from a pervasive
genomic distribution to a promoter-specific pattern at peri-im-
plantation (Chen et al., 2021; Mei et al., 2021; Zhu et al., 2021).
Thus, the two modifications are not robustly established at inac-
tive CGls until after implantation. The established transcription
memory contributes to poising development regulator genes
either for subsequent silencing maintenance or resolution for tran-
scription activation. However, it remains unclear how PcG binding
and functions at CGl-containing promoters are de novo estab-
lished and synchronized at this time window.

In this study, on the basis of unbiased expression profiling, we
excitingly observed that the long isoform of KDM2B (KDM2BLF)
emerges at peri-implantation in a spatiotemporally specific
manner to reconfigure CGls. For one thing, it erases H3K36me2
at CGls based on its instinctive histone demethylase activity.
For another, KDM2BLF interacts with BRG1/BRM-associated
factor (BAF). Meanwhile, KDM2BLF-mediated H3K36me2 de-
methylation at CGis is vital for robust BAF occupancy and the
accompanied gain of chromatin accessibility. These coordinated
chromatin reconfigurations by KDM2BLF generate permissive
nucleation sites for PRC2 as well as PRC1 and allow de novo
establishment of stable PcG domains at inactive chromatin envi-
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ronment, which is critical for post-implantation embryonic devel-
opment. Therefore, our study highlights KDM2B as a crucial
multifaceted chromatin regulator in the selective acquisition of
PcG functions at CGls during exit from naive pluripotency.

RESULTS

KDM2BLF is specifically activated and depletes
H3K36me2 at CGls during exit from naive pluripotency
Since core members of the PRC2 and PRC1 are expressed at the
pre-implantation stage, we speculated that certain accessory
factors may emerge at peri-implantation to remove unknown
barriers at CGls for the stable and synchronized PRC1/2 deposi-
tion on entry into the primed pluripotency. Hence, we took
advantage of the published RNA sequencing (RNA-seq) data
of early mouse embryos (Liu et al., 2016a; Zhang et al., 2018)
and analyzed the expression dynamics of all PcG genes and
genes coding for key associated proteins. As shown in Fig-
ure S1A, several genes are significantly upregulated at post-im-
plantation stage compared with pre-implantation stage. We
were intrigued by the activation of the specific long isoform of
Kdm2b (Kdm2b_1, later as Kdm2bLF), which is transcribed
from an alternative promoter to the short isoform (Kdm2b_2, or
Kdm2bSF) (Figure 1A), because of its described ability to directly
bind CGls and its role in PRC1 recruitment (Farcas et al., 2012;
Gearhart et al., 2006; Sanchez et al., 2007; Wu et al., 2013).
KDM2BLF contains a JmjC domain in addition to the CXXC
zinc finger, a plant homeodomain (PHD), the SKP1-binding F-
box, and leucine-rich repeats (LRRs) shared by the long and
short isoforms (Figure 1B). The CXXC domain of KDM2B is
responsible for CGl binding (Farcas et al., 2012; He et al,
2013; Wu et al., 2013), and the LRR region is responsible for
the interaction with PRC1 members RING1B and NSPci1/
PCGF1 (Wu et al., 2013). KDM2BLF was originally identified as
a histone demethylase specific for H3K36me2 (He et al., 2008)
similar to its paralog FBXL11/KDM2A (Tsukada et al., 2006). A
time course expression analysis showed that the Kdm2bLF
mRNA levels are barely detectable before implantation, while
peak at embryonic day 5.5 (E5.5) epiblast (Epi) and later
decrease after E6.5. By contrast, the expression levels of
Kdm2bSF are modestly decreased from ICM to Epi (Figure 1C),
whereas the expression levels of Kdm2a remain almost un-
changed (Figures S1B and S1C). To simplify the mechanistic
studies of the implantation process, we took advantage of
in vitro culture systems of mESCs in 2i (MEK and GSK3 inhibi-
tors plus leukemia inhibitory factor [LIF]), SL (serum plus LIF), and
FA conditions (FGF2 plus Activin) to represent the transition from
naive to intermediate and primed pluripotent states (Marks et al.,
2012; Nichols and Smith, 2009). Similar expression patterns for
Kdm2b isoforms are observed in mESCs upon culture condition
switch from 2ito SL (Figures S2A and S2B). Then, what is the bio-
logical significance of spatiotemporally specific activation of
KDM2BLF?

Considering that KDM2BLF acts as the demethylase against
H3K36me2, we then conducted STAR chromatin immunopre-
cipitation sequencing (ChlP-seq) (Zhang et al., 2016) for
H3K36me2 in early embryos. As shown in Figures 1D and 1E,
although H3K36me2 shows low but still substantial level of
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Figure 1. KDM2BLF activation is significantly associated with the establishment of PcG marks at CGls after implantation

(A and B) Schematic showing UCSC genome reference and domains of KDM2B long and short isoforms.

(C) Bar plot showing the expression levels of Kdm2b isoforms in post-implantation development (E5.5 Epi and E6.5 Epi) and preimplantation development (two-
cell, four-cell, eight-cell, morula, ICM, and TE). Signals represent RNA-seq RPM. RNA-seq data were from GSE70605 and GSE76505 with quality control filtration.
LF represents long isoform, and SF represents short isoform. Error bars represents standard deviation (SD) for replicates.

(D) The stacked bar plot showing the genomic distribution of H3K36me2 STAR ChlIP-seq reads in E3.5 ICM and E6.5 Epi. See more detailed definitions for 5
groups of genomic loci in STAR Methods.

(E) Line charts showing average H3K36me2 signals at CGls in E3.5 ICM and E6.5 Epi. The x axis represents the distance to CGl center.

(F) Heatmaps showing H3K36me2 signals in E3.5 ICM and E6.5 Epi, H3K27me3, and H2AK119ub1 signals in ICM and E6.5 Epi at H3K27me3+ CGls (CGls
overlapping with merged H3K27me3 peaks in ICM and E6.5 Epi). Colors represent ChIP-seq RPM, and rows were ranked by ChIP-seq signals in E6.5 Epi.
H3K27me3 ChIP-seq data in ICM and E6.5 Epi were from GSE73952 and GSE98149, and H2AK119ub1 CUT&RUN data were from GSE153531.

(G) The UCSC genome browser view of H3K27me3, HA2K119ub1, and H3K36me2 enrichment in E3.5 ICM and E6.5 Epi and ESCs (2i and SL) at Hoxa cluster loci.
CpG islands loci are shaded in gray, and signals represent ChlP-seq RPM.
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Figure 2. KDM2BLF demethylase activity is required for exit of naive pluripotency and the establishment of PcG functions at CGls

(A) Immunofluorescence of NANOG in WT and Kdm2b-H283A mutant mESCs cultured either in 2i or SL condition. Scale bars, 100 um.

(B) Quantification of NANOG intensity per neuclei of the immunofluorescence assay by the CellProfiler software. Statistical tests were performed using two-tailed
unpaired t test with Welch’s correction. ***p value < 0.0001, n.s. nonsignificant.

(C) Line charts showing average H3K36me2 signals at CGls in WT and MT ESCs cultured either in 2i or SL condition. The x axis represents the distance to CGlI
center.

(D and E) Box plot showing log,-transformed fold change of H3K36me2 (D), EZH2, H3K27me3, RING1B, and H2AK119ub1 (E) signals in mutation and wild-type
mESCs. The fold change of ChIP-seq signals at 4 groups of H3K27me3+ genome loci (overlapping with H3K27me3 peaks) was showed, including two groups of
CGils and two groups of non-CGils (see more details in STAR Methods). Statistical tests to compare log,-transformed fold change at CGls and non-CGls were
performed using one-sided Wilcoxon test, ***p value < 0.0001.

(F) Heatmaps showing EZH2, H3K27me3, RING1B, and H3K27me3 signals in wild-type and mutant mESCs at H3K27me3+ CGils. Colors represent ChlP-seq
RPM, and rows were ranked by ChIP-seq signals in WT SL. Line charts on the top of each heatmap showing average signals.
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enrichment at CGls in E3.5 ICM, it is nearly eradicated at CGls at
E6.5 Epi stage. Similar dynamics of H3K36me2 was observed
upon switch of pluripotent states of in vitro cultured mESCs,
despite the fact that the bulk levels and H3K36me2 density at in-
tergenic regions were modestly increased (Figures S2B-S2D).
The increase of global H3K36me2 levels in ESC from 2i to SL
was also previously observed in mass spectrometry (MS) anal-
ysis (van Mierlo et al., 2019), suggesting a shift from CGl to wide-
spread non-CGl regions. Together, these findings indicate that
increased KDM2BLF expression is associated with H3K36me2
depletion at CGls and genomic redistribution during exit from
naive pluripotency.

Since H3K27me3 and H2AK119ub1 are specifically enriched
at promoters at this time window (Chen et al., 2021; Fidalgo
et al., 2016; Joshi et al., 2015; Marks et al., 2012; Mei et al.,
2021; Weinberger et al., 2016), we wondered whether their
enrichment is correlated with H3K36me2 depletion. Indeed, at
H3K27me3+ regions in E6.5 Epi, the increase of H3K27me3
and H2AK119ub1 densities from E3.5 ICM to E6.5 Epi stage
was specifically accompanied with H3K36me2 depletion at
CGils, but not at non-CGils (Figures 1F, 1G, and S2E). These dy-
namics of histone modifications at CGls were also recapitulated
in the 2i/SL-ESCs (Figures 1G and S2F). Furthermore, when we
ranked H3K36me2 depletion at H3K27me3+ CGils, we found
that the gain of H3K27me3 and H2AK119ub1 at CGils is signifi-
cantly correlated with the loss of H3K36me2 in ESCs as well
as in early embryos (Figures S2G and S2H). These genome-
wide changes were validated by independent ChIP assays fol-
lowed by locus-specific gPCR (ChIP-gPCR) analysis in ESCs
(Figures S4D, S4F, and S4H), although we could not do similar
analysis in early embryos due to the limited amount of material.
Together, these data illustrate that PRC1/2 activities are estab-
lished and synchronized at CGls in concert with H3K36me2
redistribution from CGls to non-CGl genomic regions during
exit from naive pluripotency.

KMD2BLF demethylase activity is required for PcG
establishment at CGls

The specific upregulation of KDM2BLF expression accompanied
with H3K36me2 depletion at CGls during exit from naive plurip-
otency prompted us to find out whether the demethylase activity
of KDM2BLEF is required for the de novo establishment of PcG
binding at this transition. To do this, we first generated ESC lines
expressing the catalytically inactive mutant of KDM2B with a
point mutation of His283 to Ala (H283A) by targeting the endog-
enous Kdm2b gene (Figure S3A). The expression levels of
H283A-mutant (MT) were comparable with WT, and the mutant
cells adapted to the culture condition switch from 2i to SL to
FA (Figure S3B). Two positive subclones (#3 and #12) were
used for functional characterization. The H283A-MT ESCs
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keep a similar proliferation rate to WT (Figure S3C). However, un-
like WT, the H283A-MT ESCs cannot properly exit from naive
pluripotency as manifested by the round and packed colonies
(Figures S3D and S3E), significantly more homogenous expres-
sion of NANOG than WT in SL condition (Figures 2A and 2B).
RNA-seq analysis demonstrated that in H283A-MT (referred to
as MT) SL-ESCs, the primed pluripotent genes are less suffi-
ciently activated than WT SL-ESCs, whereas the naive pluripo-
tent genes remain as high as in WT 2i-ESCs (Figure S3F). Even
when switching to FA condition, we found that the cell
morphology and NANOG expression in H283A-MT cells still
remain naive-like states (Figures S3G and S3H). These data sug-
gest that the activity of spatiotemporally activated KDM2BLF is
required for the exit from naive pluripotency.

To understand how the catalytic activity of KDM2BLF affects
PcG establishment at CGls, we first confirmed that the mutation
does not affect its interaction with NSPc1 or its specific localiza-
tion at CGls (Figures S4A and S4B). Subsequently, we profiled
H3K36me2, EZH2, RING1B, H3K27me3, and H2AK119ub1 in
WT and MT ESCs by ChlIP-seq, respectively, in 2i and SL condi-
tions. As expected, H3K36me2 levels were modestly but signif-
icantly increased at CGl promoters or non-promoters in MT
compared with WT cells in SL condition, although it remained
constant or slightly decreased at non-CGil regions (Figures 2C,
2D, and S4C). In contrast, EZH2, RING1B, H3K27me3, and
H2AK119ub1 levels were all significantly decreased at CGls in
MT ESCs, especially when grown in SL condition, although
they remained unaffected at non-CGl regions (Figures 2D-2F
and S4C). All these changes at CGls were validated by indepen-
dent ChIP-gPCR analyses (Figures S4D-S4H). Notably, these
changes are not due to the deregulated expression of EZH2 or
RING1B (Figure S4l). Moreover, in contrast to the local changes
at CGls, the global levels of H3K36me2 are even modestly
decreased, whereas H3K27me3 levels increased in MT
compared with WT, irrespective of culture conditions (Fig-
ure S4l), indicating a redistribution of H3K36me2 and PcG marks
upon KDM2BLF inactivation. These global changes are consis-
tent with previous proteomic profiling of histone modifications
at the two pluripotent states (van Mierlo et al., 2019) and consis-
tent with the hypernaive phenotype in KDM2BLF MT mESCs
(Figures 2A, 2B, and S3). Collectively, these data strongly sug-
gest that KDM2BLF-mediated H3K36me2 demethylation at
CGils is required for the corresponding establishment of PcG
domain. As a result, KDM2BLF inactivation leads to insufficient
PcG enrichment at CGls and delayed exit from naive
pluripotency.

It is noteworthy that PcG binding and DNA methylation is
generally mutual exclusive (Blackledge et al., 2015; Li et al,,
2017; Riising et al., 2014). Moreover, a previous study has
shown that KDM2B is selectively bound at nonmethylated

Figure 3. KDM2B-LF demethylates required for establishment of accessibility at CGls

(A) Boxplots showing log,-transformed fold change of chromatin accessibility at 4 groups of H3K27me3+ (left) or H3K27me3— (right) genomic loci from WT 2i to
SL, E3.5ICM to E6.5 Epi, and WT 2i/SL to mutant 2i/SL (bottom). Line charts showing the average ATAC-seq signals at H3K27me3+/— CGils. Public wild-type 2i,
SL ATAC-seq data used in the top panel were from GSE92411. Public E3.5 ICM and E6.5 Epi ATAC-seq data were from GSE66390 and GSE125318. Statistical
tests to compare log,-transformed fold change at CGls and non-CGls were performed using one-sided Wilcoxon test, ***p value < 0.0001.

(B) The UCSC genome browser view of H3K27me3 enrichment in mESCs and ATAC-seq signal from WT mESCs 2i to SL, ICM to E6.5 Epi, and Kdm2b mutant
mESCs in SL at H3K27me3-positive-CGl-containing promoter (left) and H3K27me3-negative-CGl-containing promoter (right). Signals represent ChiP-seq RPM.

6 Molecular Cell 82, 1-17, March 17, 2022



Please cite this article in press as: Huo et al., CpG island reconfiguration for the establishment and synchronization of polycomb functions upon exit
from naive pluripotency, Molecular Cell (2022), https://doi.org/10.1016/j.molcel.2022.01.027

Molecular Cell ¢ CellPress

A E14 Genome B Protein # Peptides| Coverage |MW [kDa]
2Ty1 Venus 3FLAG KDM2B 103 57.60 149.6
aKamzb——§—- Qe i
@ @ h nec. Targeting vector
@ ‘ Cre Lox Lox PcG complex
PYY REST 38 35.12 117.7
C BCOR 80 56.79 192.5
Protein tagging by BAC transgenesis BCOR1 29 19.71 190.4
RING1B 11 37.5 37.6
NSPc1 11 25.87 30.3
SKP1 4 25.15 18.7
RYBP 1 14.47 24.8
== SWI/SNF complex
sample preparation IP FPLC and MS validation SMARCA4/BRG1 5 3.72 180.3
SMARCC1/BAF155 3 5.71 155

C 2000 KDa 500 KDa

|LF

KDM2B
| sF
|+Ns

RING1B

NSPc1

BRGH

E aKDM2B
Input 19G aKDM2B  +DNase | Input GELiG
N N N N ) )
& & & & & & & o
3 3 3 3 S & & &

& & & &

& &K o~ o~ o~
g oSS e Lo S T
; . suz12|_..v.. |
n BRG1|~ - - O‘|

e
NSPc1 B-Tubulin
R— ) -—

JmjC  CXXC PHD Fbox LRR

N ) : 4
81-1336 (NN EEEEN 2 EEE.
£93-150 o —— —— ."‘-o - ‘ 5 § *

FLAG
181-1336 (B 1 B D) L ]

281-1336

641-1336

Figure 4. KDM2BLF specifically interacts with BAF

(A) Scheme describes the main steps of the tag transgenesis through BAC engineering techniques and FPLC-MS.

(B) The list of proteins specifically identified in FLAG affinity purifications followed by MS analysis. The numbers of tryptic peptides, coverage of the whole protein,
and the molecular weight (MW, KDa) are shown.

(C) Cofraction of KDM2B, RING1B, NSPc1, and BRG1 by gel filtration analysis. The FLAG pull-down fraction from BAC-KDM2B mESCs was eluted by a gel
filtration column and then analyzed by WB assay with KDM2B, RING1B, NSPc1, and BRG1 antibodies. Molecular wight are shown at top (KDa).
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CGis, and loss of Kdm2b results in gain of CGI DNA methylation
(Boulard et al., 2015). Then, we wondered whether KDM2BLF
inactivation affects PcG establishment due to gain of DNA
methylation at CGls. To examine this, we performed the
genome-wide bisulfite sequencing analysis. The correlation
analysis showed that the profiles of DNA methylation at both
H3K27me3+ and H3K27me3— CGls were almost identical
in WT and MT cells (R = 0.978) (Figures S5A and S5B). This
apparent discrepancy from previous findings (Boulard et al.,
2015) may be explained by the fact that our cells are not deleted
for Kdm2b but express mutant KDM2B that could be sufficient
to protect CGls from de novo methylation. Even when
comparing the genome-wide changes of H3K36me2 and DNA
methylation in MT versus WT cells, we failed to observe any cor-
relation of their dynamics (Figure S5C). These data suggest that
the negative effects on PcG establishment at CGls in KDM2B-
inactive ESCs are not caused by the gain of DNA methylation.

KDM2BLF inactivation affects gain of CGl accessibility
during exit from pluripotency
Previously, we have shown that PcG proteins are preferentially
bound to nucleosome-depleted CGls of untranscribed genes,
rather than inaccessible regions (Riising et al., 2014). Since
PcG marks are not established at CGls until peri-implantation
(Chen et al., 2021; Mei et al., 2021; Zheng et al., 2016), we
wondered whether there exists a local increase of chromatin
accessibility during the transition. To test this, we analyzed assay
for transposase accessible chromatin followed by sequencing
(ATAC-seq) data of ESCs grown in 2i or SL. Genome-wide anal-
ysis showed an increase of chromatin accessibility at CGls in SL-
ESCs compared with 2i-ESCs. In contrast, no significant
changes were observed at non-CGl regions. When analyzing
published ATAC-seq data in early mouse embryos (Wu et al.,
2016; Xiang et al., 2020), we observed similar CGl accessibility
increases from ICM to E6.5 Epi (Figures 3A and 3B). These
data are also in line with the finding that H3K36me2/3 prevent
spurious promoter activation in mouse and yeast (Li et al,
2009; Neri et al., 2017; Venkatesh et al., 2012; Xu et al., 2019).
Then, we assessed whether and how KDM2BLF inactivation
would affect the increase in chromatin accessibility. Interest-
ingly, we showed that the chromatin accessibility in MT ESCs
is significantly lower when compared with WT cells, especially
when cultured in SL condition (Figures 3A and 3B). These data
suggest that the KDM2BLF demethylase activity accounts for
the increased accessibility at CGls at peri-implantation, which
is associated with timely PcG enrichment and synchronization.

KDM2BLF interacts with BAF

Next, we addressed the mechanism by which the catalytic activ-
ity of KMD2BLF could regulate CGl accessibility during exit from
naive pluripotency. To do this, we managed to identify potential
KDM2B-interacting proteins (Figure 4A). First, we generated an
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ESC line expressing KDM2B fused to two tags (2 x Tyl + 3 x
FLAG) at the C terminus (Figure S6A; detailed in STAR Methods).
Using a FLAG antibody for immunoprecipitation (IP), we showed
that RING1B and NSPc1, but not SUZ12, interacted with KDM2B,
confirming the specificity of the affinity purification (Figure S6B).
Subsequently, MS analysis showed that SMARCA4/BRG1 and
SMARCC1/BAF155, the core components of mammalian SWI/
SNF (also referred to as Brg/Brahma-associated factors [BAF])
ATP-dependent chromatin remodeling complexes (Ho et al.,
2009), were enriched, in addition to the known ncPRC1 compo-
nents (Figure 4B). Through gel filtration analysis, we found that
KDM2BLF specifically co-eluted in a bigger molecular weight
(MW) fraction with BRG1 than the other two isoforms and PRC1
components (Figure 4C). Moreover, we validated the interaction
between KDM2B and BAF as well as NSPc1 at the endogenous
levels (Figure 4D). When we performed IP assay with overex-
pressed KDM2BLF with or without DNase | in ESCs, we observed
amuch stronger interaction with BRG1 than the endogenous one.
In contrast, neither endogenous nor ectopic KDM2BLF could pull
down SUZ12, although they are colocalized at inactive CGils (Fig-
ure 4E). The seemingly weak interaction between KDM2B and
BAF is probably due to the transient and low expression levels
of KDM2BLF at pluripotent states. Moreover, by expression of
different truncated versions of KDM2BLF, we found that the
interaction between KDMB2B and BRG1 requires an intact N ter-
minus of KDM2B (Figure 4F). In contrast, we did not detect any
interaction between KDM2A and BRG1 (Figure 4G). Taken
together, these data confirm that KDM2BLF interacts with BAF,
which may play important roles at pluripotent states when
KDM2BLF expression is specifically activated.

Kdm2bLF inactivation leads to a decrease of BAF
occupancy at CGls and changes in chromatin
accessibility

Given that BAF alters nucleosome positions and generates acces-
sible DNA (Clapier et al., 2017), we examined whether BAF may
contribute to the gain of CGI accessibility during exit from naive
pluripotency. Globally, BRG1 binds 54.3% of H3K27me3+ CGils
and also 31.2% of H3K27me3— CGils. Although the role of BAF
at active promoters is well studied, we mainly focused on its bind-
ing at polycomb targets. Interestingly, BRG1 occupancy at CGls
was significantly increased in SL conditions as compared with 2i
conditions, but not at non-CGl regions (Figures 5A, 5B, and
S6C). The gain of BRG1 occupancy was significantly correlated
with the increased accessibility at CGls (Figures 5B and 5C).
Then, we compared BRG1 occupancy in KDM2BLF-MT and WT
ESCs in SL condition. As shown in Figures 5D, 5E, and S6C,
BRG1 enrichment is significantly compromised at CGls in MT
ESCs but is unaffected at the non-CGl regions. This is true for
both polycomb targets (H3K27me3+) and others (H3K27me3-).
More attractively, the decreased H3K27me3 enrichment at CGls
is significantly correlated with reduced BRG1 binding upon

(D) Coimmunoprecipitation of KDM2B with PRC1 and BAF in mESCs. IgG served as a negative control.
(E) KDM2B immunoprecipitation of endogenous (WT) or overexpressed KDM2BLF (pCAG- KDM2B) showing that overexpressed KDM2B pulls down more BRG1

than the endogenous one, but not SUZ12. IgG was served as negative control.

(F) Coimmunoprecipitation showing the interaction between KDM2B truncates and BRG1 in 293T cells.

(G) Immunoprecipitation assay of ectopic KDM2A and BRG1 in 293T cells.
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KDM2B inactivation (Figures 5E and 5F). Taken together,
KDM2BLF demethylates H3K36me2 at CGls meanwhile facili-
tating BRG1 positioning to gain chromatin accessibility, whichis vi-
tal for stable PcG enrichment at untranscribed genes. In another
word, KDM2BLF couples with BAF to prevent nucleosome reten-
tion at CGis for robust PcG deposition. Further investigations are
warranted to clarify how KDM2B coordinates the two multiprotein
complexes and how dynamic control of H3K36me2 affects BAF
deposition and chromatin remodeling activity in vivo.

BRG1 is indispensable for KDM2BLF-induced chromatin
remodeling and PcG deposition

We then followed to test if BRG1 is indeed required for gain of
accessibility and subsequent PcG enrichment at CGls. Consid-
ering that majority of CGls are already accessible in ESCs, we
sought to determine the locus-specific requirement of BRG1.
To do this, we generated a doxycline (Dox) inducible FLAG-
dCas9-KDM2BLF fusion system (details in STAR Methods) and
tethered the fusion proteins to an H3K36me2+ region by specific
sgRNA (Figures 6A and 6B). KDM2B ChIP-gPCR analysis
showed that sgRNA successfully directed KDM2BLF-WT and
KDM2BLF-MT to the specific target site (Figure 6C). As expected,
KDM2BLF-WT but not MT removed H3K36me2 mark (Figure 6D),
recruited BRG1 (Figure 6E), increased the local accessibility (Fig-
ure 6F), and facilitated NSPc1 binding and PcG enrichment (Fig-
ures 6G-6K). Subsequently, we depleted BRG1 in the inducible
FLAG-dCas9-KDM2BLF-WT cells (Figure 6B) and performed a
similar ChIP-gPCR analysis. Interestingly, even though the
H3K36me2 levels were still decreased with less BRG1 (Figures
6D and 6E), the tethering of KDM2BLF (Figure 6C) failed to induce
accessibility as in cells expressing BRG1 (Figure 6F). Strikingly,
similar to KDM2BLF-MT cells, the deposition of PcG was signif-
icantly affected by BRG1 depletion (Figures 6G-6K). These
data indicate that BRG1-induced gain of local chromatin acces-
sibility is an essential prerequisite for KDM2BLF-mediated PcG
establishment.

KDM2BLF activity is required for PcG establishment and
post-implantation embryonic development

To further get insight into the biological significance of Kdm2bLF
inactivation in vivo, we generated mice bearing a homozygous
point mutation (H283A) at mouse Kdm2b locus by CRISPR-
Cas9-mediated genome engineering. We found that homozy-
gous MT mice were not born at the expected Mendelian ratio,
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although surviving mice are fertile (Figure S7A; only 9.9% of
the homozygotes survive post-natally). Through intercross mat-
ing of homozygotes, we found that significantly fewer implanted
embryos could be observed in MT than WT (Figures 7A and 7B).
Around a quarter of MT embryos was significantly smaller than
WT at E6.5 (Figures 7C and S7B). Hematoxylin-eosin staining
showed that the E6.5 MT embryos were deformed and relatively
deficient in adopting the typical post-implantation Epi egg cylin-
der shape (Figure S7C), indicating early post-implantation devel-
opment defects. Another quarter of embryos died with improper
organogenesis after gastrulation (Figure S7D). The pleotropic
developmental defects of KDM2BLF inactive mutants are likely
due to the different extent of compensation by KDM2A. Mean-
while, we performed in vitro culturing of E2.5 embryos for 28 h.
We did not observe significant difference between WT and MT
embryos, suggesting that the H283A mutant does not affect
pre-implantation development (Figure S7E). Therefore,
Kdm2bLF inactivation significantly affects post-implantation
embryonic development.

Then, we tested if the observed defects in the KDM2BLF
mutant mice were related to the compromised CGl accessibility
and PcG establishment. E6.5 epiblasts from both WT and MT
embryos that showed developmental defects were harvested
for profiling of H3K36me2 (STAR ChIP-seq), H3K27me3 (CUT&
Tag), and chromatin accessibility (ATAC-seq). Focusing on the
top CGils with H3K27me3 enrichment in WT E6.5 Epi embryos,
we found that accompanied with significantly higher residual
levels of H3K36me2, the accessibility and H3K27me3 levels
were significantly lower in MT embryos (Figures 7D-7F). Further-
more, these chromatin deregulations occur specifically at CGls,
rather than at non-CGl regions (Figure 7G). Taken together, the
demethylase activity of KDM2B is indispensable for the peri-im-
plantational establishment of PcG functions at CGls, which is
essential for post-implantation development.

DISCUSSION

PRCs are well recognized as critical forces at CGls that poise
development regulator genes at primed pluripotent state for sub-
sequent transcriptional regulation until lineage specification and
are therefore indispensable for post-implantation development
(Bernstein et al., 2006; Laugesen and Helin, 2014; Marks et al.,
2012; O’Carroll et al., 2001; Pasini et al., 2004; Voncken et al.,
2003). In this study, we have taken both cell and animal models

Figure 5. KDM2B-LF inactivation affects BRG1 occupancy at CGls

(A and D) Boxplot comparing log,-transformed fold change of Brg1 signals at different genomic regions in WT-SL and 2i ESCs (A), or in WT and MT-SL ESCs (D).
H3K27me3+ (with H3K27me3 peaks, left) and H3K27me3— (without H3K27me3 peaks, right) genomic loci were showed. Statistical tests to compare log,-
transformed fold change at CGls, and non-CGls were performed using one-sided Wilcoxon test, ****p value < 0.0001.

(B) Heatmaps showing BRG1 (left) and ATAC-seq (right) signals at H3K27me3+ and H3K27me3— CGils in WT-2i and SL. Colors represent ChIP-seq, or ATAC-seq
RPM and rows were ranked by BRG1 signal in SL. Line charts showing average signals.

(C) The association between gained BRG1 and chromatin accessibility from 2i to SL at H3K27me3+ CGis. Left panel, boxplot showing H3K27me3+ CGls were
classified into 5 groups with increased log.-transformed fold change of BRG1 signals from 2i to SL. Right panel, boxplots showing log,-transformed fold change
of ATAC-seq signals at 5 groups of loci. Statistical tests were performed using one-sided Wilcoxon test, **p value < 0.01, ****p value < 0.0001, and n.s.,
nonsignificant.

(E) The UCSC genome browser view of H3K27me3 and BRG1 enrichment from WT and MT mESCs in SL at H3K27me3-positive-CGl containing promoter (left)
and H3K27me3-negative-CGl containing promoter (right). Signals represent ChiP-seq RPM.

(F) The association between decreased H3K27me3 and decreased BRG1 from WT to MT at H3K27me3+ CGls. Grouping and statistical tests were performed as
(C), **p value < 0.01, ***p value < 0.0001, and n.s., nonsignificant.
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Figure 6. KDM2BLF requires BRG1 to initiate chromatin accessibility for PcG establishment in an inducible H3K36me2 depletion system
(A) Schematic describes the inducible H3K36me2 depletion system, and the doxycycline induced dCas9-KDM2B WT or dCas9-KDM2B mutant fusion protein

could be recruited to the H3K36me2+ region by a specific sgRNA. Chromatin accessibility and enrichment of polycomb marks at this locus by dCas9-KDM2B
mutant and dCas9-KDM2B with Brg1 depletion were compared to dCas9-KDM2B WT (details in STAR Methods).

(legend continued on next page)
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to track gene expression changes and chromatin kinetics during
exit from naive pluripotency to understand how PcG functions
are de novo established at CGls.

CGils, as core components of most vertebrate gene pro-
moters, play a central role in modulating gene expression by
providing a gene regulatory platform that is capable of contrib-
uting to a bistable chromatin environment. Being characterized
in ESCs or somatic tissues, CGls have been regarded as chro-
matin regions with nucleosome depletion and free of DNA
methylation and H3K36me2 in physiological conditions (Deaton
and Bird, 2011; Fenouil et al., 2012; Rose and Klose, 2014; Sta-
dler et al., 2011). In this study, we unexpectedly provide direct
evidence that these chromatin features are not established until
peri-implantation. Our data and recent studies showed that the
loss of DNA methylation does not necessarily lead to accumula-
tion of PcG marks (Shirane et al., 2020), although DNA methyl-
ation is well known to counteract PcG deposition (Bartke et al.,
2010). Instead, we raise that inaccessible chromatin with
H3K36me2 mark at CGls is a pre-implantation barrier for PcG
nucleation. Although H3K36me2/3 has been known to coun-
teract PRC2 activity (Dorighi and Tamkun, 2013; Schmitges
et al., 2011; Streubel et al., 2018), in this study, we confirm that
H3K36me2 depletion at CGls are required for the establishment
of PcG repression at inactive loci. Besides, a future genome-
wide profiling of H3K36me2 at preimplantation stages will be
helpful to dissect how these chromatin reconfigurations are
gradually achieved. As a multidomain chromatin regulator,
KDM2BLF erases H3K36me2 and couples with BAF to gain local
chromatin accessibility and thereby breaks down barriers for
PcG establishment. This orchestrated chromatin configuration
at CGils for PcG establishment may be of great significance for
robust poising of lineage regulator genes before exposure to
complexed development cues (Figure S7F). As a consequence,
KDM2BLF activity is indispensable for post-implantation embry-
onic development.

Clearly, our data demonstrate that KDM2B acts far more than
to recruit PRC1. KDM2BSF is already strongly expressed before
implantation, and it should be sufficient to recruit PRC1 to CGls
by biochemical instinct. However, upon implantation, the spatio-
temporally emerging KDM2BLF provides permissive chromatin
environment for PRC2 as well as PRC1, despite the lack of
physical interaction with PRC2. Notably, H2AK119ub1 and
H3K27me3, the two PcG marks in preimplantation embryos,
are not as tightly coupled as in post-implantation ones.
H2AK119ub1 rather than H3K27me3 is partially retained at a
subset of promoters of developmental genes after fertilization
(Chen et al., 2021; Mei et al., 2021; Zhu et al., 2021), which
may be due to insufficient H2A deubiquitylation or unstable
H2AK119ub1 deposition, which is not strongly affected by
H3K36me2 (Lagarou et al., 2008). Given that early embryos are
free of lineage differentiation cues, the remnant H2AK119ub1
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at development regulator genes may be sufficient for gene
silencing at preimplantation stages.

Interestingly, we found that KDM2BLF specifically interacts with
BAF. Notably, only BRG1 and BAF155 were identified by MS. It
may be accounted by low expression levels of KDM2BLF and
insufficient sensitivity of MS detection. Alternatively, KDM2BLF
may form a context-specific SWI/SNF complex, which is typically
high dynamic (Ho et al., 2009). Another recent study to identify
KDM2B partners in LPS-induced macrophages also detected
only two components, BRG1 and SMARCC2/BAF170, although
they detected far more peptides of BRG1 than our assay (Zhou
etal., 2019). As seen from the size exclusion chromatography (Fig-
ure 4C), BRG1 exists in a wide range of fractions, whereas
KDM2BLF coexists specifically in a unique big-molecular-weight
fractions.

In addition to the physical interaction, H3K36me2 depletion by
KDM2BLF at CGls may favor BAF occupancy or activity so as to
create chromatin accessibility. Consistent with this hypothesis,
pervasive H3K36me2 throughout genome seems to be an indi-
cator of nucleosome retention and chromatin stability (Lee
et al., 2013). Moreover, H3K36me2 recruits HDAC complex in
yeast (Li et al., 2009) and recruits DNMT3A to catalyze DNA
methylation in mammals (Weinberg et al., 2019; Xu et al,,
2020). Therefore, H3K36me2 acts as a vital mark to restrict chro-
matin accessibility and prevent spurious transcription initiation.
Accordingly, peri-implantation erasure of H3K36me2 at CGls is
a crucial step to set up regulatory platforms for lineage regulator
genes, either transcription poising or activation. Importantly, our
data indicate that this chromatin setting requires BAF. In sup-
port, the development of Brg7-null mouse embryos is arrested
at the peri-implantation stage (Bultman et al., 2000). Given that
KDM2BLF enhances somatic cell reprogramming (Wang et al.,
2011; Zhou et al., 2017), it is worthwhile testing whether it in-
volves BAF-facilitated chromatin remodeling.

Our finding that gain of chromatin accessibility precedes PcG
establishment seems counterintuitive. As repressors of transcrip-
tion, PcG proteins compact chromatin to limit the access of the
transcriptional machinery to DNA (Yuan et al., 2012). In agreement
with this, CGls associated with PcG proteins are generally less
accessible than CGils of actively transcribed genes. Nevertheless,
PcG proteins do not define chromatin accessibility. First, PRCs
sense low accessibility and inactive transcription state for stable
binding (Blackledge et al., 2015; Riising et al., 2014). Second,
PcG loss in ESCs does not lead to increased accessibility at
CGis (King et al., 2018). Actually, increased nucleosome occu-
pancy caused by either inhibition of ERK1/2 activity (Tee et al.,
2014) or by loss of Brg1 or Baf250a in ESCs (Ho et al., 2009; Lei
etal.,2015; Weber et al., 2021) has been shown to negatively affect
stable PcG deposition at transcriptionally poised CGils. Thus, it is
likely that PRCs prefer locally accessible regions as nucleation
sites before spreading for chromatin compaction (Oksuz et al.,

(B) Immunoblot analysis showing expression of induced dCas9 fusion protein and the Brg1 knockdown efficiency. B-tubulin served as loading control.
(C, D, and F) ChIP-gPCR analysis showing the enrichment of dCas9 fusion protein (C), H3K36me2 (D), BRG1 (F), and PcG proteins and marks (G-K) at the

designed H3K36me2+ region among the three groups.

(E) ATAC-gPCR analysis comparing chromatin accessibility at the designed H3K36me2+ region among the three groups. For all these gPCR analyses (n > 3), a
non-target site was served as negative control. Statistical tests were performed using two-tailed unpaired t test with Welch’s correction. *p value < 0.05, **p

value < 0.01, **p value < 0.001, ***p value < 0.0001, n.s., nonsignificant.
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2018). Consistently, protein-free linker DNA has been shown to
dominate the PRC2-nucleosome interaction in vitro (Wang et al.,
2017). In this perspective, chromatin remodelers may play crucial
roles to control the activity of downstream chromatin regulators as
they fine-tune the structure of nucleosomal arrays.

Limitations of the study

Our data have unveiled the molecular basis for the establishment
and synchronization of H3K27me3 and H2AK119ub1 at non-tran-
scribed CGl-containing promoters at the peri-implantation stage.
In this study, we initiated the transcriptomic analysis of PcG-asso-
ciated genes and focused our functional and mechanistic studies
on KDM2BLF. However, we do not exclude the other possibilities
underlying these chromatin dynamics. Notably, in addition to the
peri-implantation time window, PcG marks are also de novo ac-
quired in somatic tissues (Jadhav et al., 2016; Weiner et al.,
2016) and KDM2BLF expression may be transiently induced at
specific contexts (Li et al., 2020). Thus, it will be interesting to
further investigate whether our findings would have broader impli-
cations in general cell fate transitions, including even cell reprog-
ramming or malignant transformation.
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Figure 7. Kdm2b mutant mice show defects of post-implantation development and H3K27me3 establishment

(A) Morphology of E6.5 uterus from WT and MT.

(B) Quantification of implanted E6.5 embryos per mouse from WT and MT mice. Statistical tests were performed using two-tailed unpaired t test with Welch’s

correction. ****p value < 0.0001.

(C) Morphology of E6.5 embryos from WT and Kdm2b mutant (MT) mice. Scale bars, 200 pm.

(D) Heatmaps showing H3K36me2 STAR ChlP-seq, H3K27me3 CUT&Tag, and ATAC-seq signals in WT and MT E6.5 Epi at top 5,000 H3K27me3+ CGls
(H3K27me3+ CGils were defined in the same way in Figure 1F). Top 5,000 H3K27me3+ CGls were selected based on average H3K27me3 signals in CGls. Colors
represent RPM, and rows were ranked by H3K27me3 signals in WT E6.5 Epi.

(E) The UCSC genome browser view of H3K27me3, H3K36me2, and ATAC signals in WT and MT E6.5 Epi at Hoxb locus. CpG islands loci are shaded in gray, and
signals represent ChlP-seq RPM.

(F) Boxplots showing H3K36me2, H3K27me3, and ATAC signals from wild type to mutant at E6.5 Epi stage at top 5,000 H3K27me3+ CGls. ****p value < 0.0001.
(G) Upper panel, line charts showing average H3K27me3 signals at H3K27me3 peaks in CGls or non-CGl regions in WT and MT EB6.5 Epi. The x axis represents the
distance to H3K27me3 peak center. Lower panel, line charts showing average ATAC signals around transcription start site (TSS) in CGls or non-CGl regions in WT
and MT E6.5 Epi. The x axis represents the distance to TSS.
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index.shtml
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xudong Wu
(wuxudong@tmu.edu.cn).

Materials Availability
Constructs, ESC and mouse lines generated in this study are available from the lead contact upon request.

Data and code availability

@® ChIP-seq, RNA-seq, ATAC-seq, CUT&Tag, and WGBS data that support the findings of this study have been deposited in the
EBI under accession code ERP128231 and will be publicly available as of the date of publication. Proteomics raw files were
deposited to PRIDE with the accession code PXD031298. Original images have been deposited to Mendeley data and are
available at Mendeley Data: https://doi:10.17632/tkngw2xwjz.1.

@® This paper does not report original code.

@ Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture

293FT cells were grown in DMEM medium with 10% FBS (Lonsera). Mouse ES cells were cultured on 0.1% gelatin coated plates. SL
culture medium was DMEM medium (GIBCO) containing 15% FBS (Hyclone), 1% NEAA (GIBCO), 1% sodium pyruvate (GIBCO), 1%
glutamax (GIBCO), 1% penicillin/streptomycin (GIBCO) and 0.1mM B-mercaptoethanol (sigma), 5 ng/mL LIF (Sino Biological). 2i cul-
ture medium was DMEM/F12 (GIBCO): Neurobasal medium (GIBCO)=1:1, containing N2 (Invitrogen), B27 (Invitrogen), 1% NEAA
(GIBCO), 1% sodium pyruvate (GIBCO), 1% glutamax (GIBCO), 1% penicillin/streptomycin (GIBCO), 0.1 mM B-mercaptoethanol
(sigma), 5 ng/mL LIF (Sino Biological), 3 nM GSK inhibitor CHIR99021 (Selleck) and 1 nM MEK inhibitor PD0325901 (Selleck). FA cul-
ture medium was DMEM/F12 (GIBCO): Neurobasal medium (GIBCO)=1:1 containing N2 (Invitrogen), B27 (Invitrogen), 1% NEAA
(GIBCO), 1% sodium pyruvate (GIBCO), 1% glutamax (GIBCO), 1% penicillin/streptomycin (GIBCO), 0.1mM B-mercaptoethanol
(sigma), 20 ng/mL Fgf (Sino Biological) and 8 ng/mL activin A (Sino Biological).

Generation of Brg1 Knockdown Cell Lines

Two pairs of oligos were designed according to specific gene sequence: 5’-CGCCCGACACATTATTGAGAA-3’ and 5’-CGGCTCAAG
AAGGAAGTTGAA-3’ for Brg1, the synthesized oligos were cloned into the pLKO.1 TRC cloning vector using BamHI/Kpnl sites. The
lentiviruses were generated by co-transfection with pAX8 and pCMV-VSVG into 293FT cells. Virus supernatants were collected
2 days later. Then ES cells were transduced, followed by selection with puromycin (2 pg/ml) for 48 hrs. The Brg1 expression levels
were tested by western-blot analysis.

Generation of knock-in Cell Lines with CRISPR-Cas9
Specific single guide RNAs (sgRNAs) were designed by synthego (https://www.synthego.com/products/bioinformatics/crispr-
design-tool). The sgRNA fragments were cloned into the pX459 vector according to Zhang lab general targeting sequence cloning
protocol.

To generate Kdm2b-H283A mutant ES cells, we used a single sgRNA (5’-CACTCAGGTTGGATCCATG-3’) and a donor plasmid
which contains H283A mutation and a synonymous mutation disrupting the PAM sequence. To integrate the artificial CGl, we chose
a gene desert area with H3K36me2 positive, while H3K27me3, H3K4me3, H3K27ac, H3K4me1 and H3K9me3 negative. The guide
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RNA sequences were as followed: 5’-CTTATAGGCATGTCCGTAAG-3’ and the donor plasmid contained 500 bp of CG-rich DNA
sequences. Totally 10 ug plasmid was transfected into ES cells in 6 cm dish using Lipofectamine 3000 transfection reagent. The in-
dividual positive clones were identified by PCR analysis using specific primers.

Protein tagging by BAC transgenesis

We generated the targeting vectors and Kdm2b C-terminal tagging stable ES cell line as described (Hofemeister et al., 2011). Briefly,
we ordered BAC clone RP23-94P12 from Children’s Hospital Oakland Research Institute (CHORI), http://bacpac.chori.org. Proper
oligo sequences were designed including the homology arms to the BAC DNA sequence and attached by PCR to the adaptor
cassette using the plasmid pR6K-2Ty1-rpsl-BSD-3FLAG as template DNA (Kdm2b_CTag_left: TGAGTGTCCAATTTGGGCAAGTGG
AAGAGAAACTCCTGCAAAAACTAAGT GAAGTGCATACCAATCAGGACCCGC; Kdm2b_CTag_right: TCCTGGTTGTATTCCCCCCA
ACCCTCCATATTTACATACTTGTCCTGGAA GTTCCTTCTTCACTGTCCCTTATTC). After introduction of the recombineering expres-
sion plasmid pSC101-BAD-Redafy, the adaptor PCR product was electroporated and inserted into the BAC by recombineering,
replacing the stop codon of the targeting gene. Then the tagging cassette generated by linearization of plasmid R6K-2Ty1-2PreS-
mVenus-Biotin-T2A-gb3-neo was electroporated into the recombined bacterial stock. By the second recombineering, the tagging
cassette replaces the adaptor cassette. The purified plasmid DNA was then used to transfected into mouse embryonic stem cell
line E14 by lipofectamine 2000 (Life technologies). The neomycin-resistant clones were selected for the detection of Ty1 or GFP
expression. The first round of positive clones was then transfected with Cre and Dre-expressing constructs to remove mVenus
and neo cassette, thus the second round of subclones are neomycin sensitive and express the 3xFLAG tag.

Mice
To generate a C57BL/6 mouse model with point mutation (H283A) at mouse Kdm2b locus by CRISPR/Cas9-mediated genome en-
gineering (NBRI, Nanjing, China), Kdm2b-H283A (CAT to GCT) specific sgRNA oligos were designed by the CRISPR website (http://
crispr.mit.edu/) targeting sequence at H283 locus (5’- TGGACTCTCTGGTGTTCGGC-3’). Cas9 mRNA, sgRNA generated by in vitro
transcription and donor oligo were co-injected into fertilized eggs. The sgRNA directed Cas9 endonuclease cleavage in intron 8~9
and on exon 9 and created a DSB (double-strand break). Such breaks were repaired and resulted in H283A mutation on exon9
respectively by homologous recombination. The target region of mouse Kdm2b locus was sequenced to confirm targeting.

8~10 weeks old WT and H283A mutant mice were used for intercourse matings and the mice were maintained under specific path-
ogen-free (SPF) conditions. In order to obtain E6.5 epiblast, naturally mated female mice were dissected to expose the uterus. After
taking out of the embryos, we placed them in DMEM containing 10% FBS, peeled off the decidua and reichert’s membrane, then
digested with pancreatic and trypsin enzyme for 5 minutes (min) before stopping with DMEM containing 10% FBS. Then a thin glass
needle was used to peel off the visceral endoderm, and isolate the epiblast from the extraembryonic tissue.

METHOD DETAILS

CRISPR/dCas9 Assay
The inducible epigenome editing system was established similarly to our previous inducible CRISPRI system (Li et al., 2020). Briefly,
the fragment of dCas9 was amplified from the plasmid (Addgene #50917). And the cDNA sequences of KDM2B-WT or H283A mutant
(MT) were ligated with dCas9 fragment by overlap PCR. After purification, the dCas9-KDM2B WT or MT fragment were introduced
into Gateway Entry vector pCR8/GW/TOPO (Invitrogen) following the manufacturer’s protocol. Then the fragments of interest were
subcloned into the destination vector p2Lox-FLAG(Mazzoni et al., 2011) through Gateway technology (Invitrogen). After induction by
Doxycycline for 24 hrs, A2Loxcre mESCs (lacovino et al., 2011) were transfected with p2Lox-FLAG-dCas9-KDM2B WT or MT plas-
mids using Lipofectamine 3000 (Thermo). After 3 days selection by G418 (100 pg/ml), the positive clones were identified by PCR
analysis using specific primers (F: 5’-TTACCACTCCCTATCAGTGATAG-3’, R: 5'-~AGGAAGCTCTCTTCCAGCCTATG-3’). And the
inducible expression of FLAG-dCas9-KDM2B protein was confirmed by Western Blot (WB) assay.

In order to direct the fusion protein to the target genomic region, we transduced the cells with sgRNAs expressed by a pLX-sgRNA
vector from Addgene (#50662). The lentiviruses were generated by co-transfection with pAX8 and pCMV-VSVG into 293FT cells as
described above.

Real-Time Quantitative PCR

For gene expression analysis, total RNA was extracted with TRIzol (15596026, invitrogen) and reverse transcribed with a revertAid
first strand cDNA synthesis kit (#K1622, Thermo). Quantitative PCR analyses of cDNA or ChIP-DNA were performed with ChamQ
Universal SYBR gPCR Master Mix (Q711, Vazyme) on Roche LightCycler® 480 system. The primer sequences were listed in key re-
sources table

CUT&Tag

The CUT&Tag assay was performed as described previously (Kaya-Okur et al., 2019). In brief, 10,000-50,000 cells were harvested
and washed twice in 1 ml wash buffer (20 mM HEPES PH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 1 xProtease Inhibitor Cocktail (PIC,
Bimake), and then resuspended in 300 pl wash buffer. Concanavalin A coated beads were activated by washing twice in binding
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buffer 20 mM HEPES pH 7.5, 10 mM KCI, 1mM MnCl,, 1mM CaCl,). Then 10 pl activated beads were added to the resuspended cells
and incubated for 30 min at room temperature (RT). The supernatant was removed and beads were resuspended in 50 pL antibody
buffer (20 mM HEPES pH 7.5,150 mM NaCl, 0.5 mM Spermidine, 0.0125% Digitonin, 2 mM EDTA, 0.1% BSA, 1xPIC). Then 0.5 pL
primary antibody was added and incubated for 2 hours (hrs) at RT. After the supernatant was gently removed by placing the tubes on
magnet, the beads were resuspended in 100 pl Dig wash buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 0.0125%
Digitonin, 1xPIC) which contains 1 ul Guinea Pig anti-Rabbit IgG antibody and incubated for 1 hr at RT. After being washed three
times in 800 pl Dig wash buffer, the beads were resuspended in 100 pl Dig 300 wash buffer (20 mM HEPES pH 7.5, 300 mM
NaCl, 0.5mM Spermidine, 0.0125% Digitonin, 1xPIC), and 0.04 uM pA-Tn5 adapter complex (Vazyme S603) was added and incu-
bated for 1 hr at RT. Beads were washed three times in 800 ul Dig 300 wash buffer and resuspended in 300 pL tagmentation buffer
(20 MM HEPES pH 7.5, 300 mM NaCl, 0.5 mM Spermidine, 0.0125% Digitonin, 10 mM MgCl,, 1 xPIC) and incubated for 1 hr at 37°C.
Then 10 pl of 0.5 M EDTA, 3 pl of 10% SDS and 1 pl of 20 mg/ml Proteinase K were added and incubated at 55°C for 1 hr to stop
tagmentation before DNA extraction by PCI. The purified DNA was amplified with i5 and i7 primer, KAPA 2x PCR mix (KM2602), under
the cycling program with heated lid, 72°C, 5 min; 98°C, 30 s; 17 cycles for 98°C, 10s; 60°C, 30 s; 72°C, 30 s; and 72°C for 5 min, hold
at 4°C. After the program was completed, 0.5 volume (25 ul) Ampure XP beads were added to remove fragments above 1 kb and
another 0.5 volume (25 pul) Ampure XP beads were added to enrich the 200-1,000bp fragments for sequencing. The constructed li-
braries were sequenced with PE150 on NovaSeq platform.

STAR ChiP-seq

STAR ChIP-seq was performed as described previously (Zhang et al., 2016). Briefly, embryo samples were lysed in a modified lysis
buffer (0.5% NP-40, 0.5% Tween-20, 0.1% SDS and proteinase inhibitor). 0.02 unit of MNase was used for chromatin fragmentation.
The reaction was terminated by adding 5 ul Stop buffer (110mM Tris-HCI pH8.0, 55mM EDTA), followed by adding another 45 pl cold
“2xRIPA buffer” (1% Triton X-100, 280 mM NaCl, 0.1% SDS, 0.2% DOC, 5 mM EGTA supplemented with proteinase inhibitor). After
being spinned at max speed in 4°C for 15 min, the supernatant was transferred to a new tube. Then the sample was supplemented
with another 40 pl RIPA buffer (10 mM Tris-HCI pH 8.0, 140 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.1% DOC, 1 mM EDTA). IP sam-
ple was then incubated with 1~1.5 pg antibody overnight with rotation at 4°C. On the next day, the sample was incubated with Protein
A dynabeads (Life technologies) for 2 hrs with rotation at 4°C. To elute DNA, the beads were resuspended with 27 pul ddH20 and 1 pl
10x Ex-Taq buffer (TaKaRa), 1 ul proteinase K (Roche, 10910000) and incubated at 55°C for 90 min. The supernatant was transferred
to a new tube and the proteinase K was inactivated at 72°C for 40 min. The DNA sample was then treated with 1 ul rSAP (NEB, M0371)
at 37°C for 1 hr, followed by inactivation at 65°C for 10 min. The resulting sample was subjected to TELP library preparation starting
from poly-C tailing as described previously in full detail (Peng et al., 2015) with a slight modification. A modified anchor primer was
used for better performance ([BIOJGTTCAGACGTGTGCTCTTCCGATCTGGGGGGGGG, where [BIO] refers to 5’-end biotin). The
constructed libraries were sequenced with PE150 on NovaSeq platform.

Bulk ChiP-seq
ES cells cultured in 2i or SL medium were crosslinked for 10 min with 1% formaldehyde at RT, followed by adding glycine to 0.125M at
final concentration and incubation for another 5 min to stop fixation. Then cells were rinsed twice with PBS and cell pellets were re-
suspended in SDS buffer (1% SDS, 5 mM EDTA, 100 mM NaCl, 0.02% NaN3, 50 mM Tris-HCI, pH 8.1, 1 X PIC and 1 x PMSF). After the
lysis, nuclei were obtained by spinning at 1200 rpm for 6 min and resuspended in appropriate volume of ice-cold IP Buffer (SDS Buffer:
Triton Dilution Buffer (100 mM Tris-HCI, pH 8.6, 100 mM NaCl, 5 mM EDTA, 5% Triton X-100, 0.02% NaN3, 1 XPIC and 1 X PMSF) =1:1)
for sonication. The sonication was optimized to enrich chromatin fragments with an average length of 200-500 bp. If an optimal son-
ication was achieved, the chromatin samples were diluted with IP buffer to a desired concentration. Then primary antibodies were
added and incubated overnight at 4°C rotating. On the next day, 30-40 pl of protein A/G magnetic beads were add and incubate
2-4 hrs at 4°C. Then the beads were washed one with 150 mM wash buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM
EDTA, pH 8.0, 20 mM Tris-HCI, pH 8.0) and three times with 500 mM wash buffer (1% Triton X-100, 0.1% SDS, 500 mM NaCl,
2 mM EDTA, pH 8.0, 20 mM Tris-HCI, pH 8.0). After the washes, the beads were added 120 pl of de-crosslink buffer and incubated
3 hrs up to overnight at 65°C (shaking at 1,100 rpm) to elute DNA from beads. Then the input and ChIP DNA was purified with
QIAGEN PCR purification kit. The enrichment was analyzed by gPCR or high-throughput sequencing.

For H2AK119ub1 ChIP, a 5-min pre-extraction step with detergents was performed before fixation. And after sonication, IP buffer
was replaced with PBS through dialysis for antibody incubation.

Library preparation and sequencing strategy

The DNA Library of ChIP were prepared with a TruePrep DNA Library Prep Kit according to the manufacturer’s instructions (TD503,
Vazyme). The prepared libraries were sequenced with PE150 on NovaSeq platform. The RNA library preparation and sequencing
were cooperated with Novogene Company.

ATAC-seq and ATAC-qPCR

50,000 ESCs or ~20 E6.5 Epi were used for ATAC-seq or gPCR. After being washed by PBS, the cells or epiblasts were resuspended
in lysis buffer (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 3 mM MgCl,, 0.1% (v/v) igepal CA-630 and 1xPIC). After 10 min incubation on
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ice, cells were spinned down by centrifugation at 500g, 4°C. Then the pellets were resuspended in transposome mix (37 ul ddH20,
10 W 5XTTBL, 3 pl TTE mixV50 (TD501, Vazyme)) and gently flicked. The reaction was incubated at 37°C for 0.5 h in a PCR cycler,
before 1 pl 0.5M EDTA, 1 pl proteinase K (20 mg/ml) and 5 pul 10% SDS were added to stop the reaction. After another incubation at
50°C for 1 h, DNA was purified with Phenol-Chloroform-lsoamylol (ThermoFisher) and resuspended with 30 pl ddH20O. 15 pl DNA
were amplified with i5 and i7 primers (Vazyme, TD202) and KAPA 2xPCR mix (KM2602) following the cycling program with heated
lid, 72°C, 5min; 98°C, 30s; 10 cycles for 98°C, 10 s; 60°C, 30 s; 72°C, 30 s; and 72°C for 5 min, and hold at 4°C. Upon the program
completed, 0.5 volume (25 pl) Ampure XP beads were added to remove fragments above 1 kb and another 0.5 volume (25 pl) Ampure
XP beads were added to collect the 200-1,000bp fragments for sequencing. And the rest 15 ul DNA was used as input. For ATAC-
seq, the libraries were sequenced with PE150 on NovaSeq platform. For ATAC-gPCR analysis, the library and input DNA samples
were diluted 30 times for Quantitative PCR analysis.

Immunofluorescence

ES cells cultured in 2i or SL medium were fixed in cold methanol for 3 min. After being washed twice with PBS, the cells were blocked
with 0.8% BSA (A80209, solarbio) for 10 min. NANOG (A300-397A, Bethyl) or OCT4 (ab184665, abcam) antibodies were diluted 1:100
with PBS and then incubated with cells at 37°C for 1 hr. After being washed twice with PBS for 5 min, secondary antibodies were
incubated for another hour. Images were acquired using a laser scanning confocal microscope. Images were analyzed with
CellProfiler image analysis software.

Immunoprecipitation

1x107 cells were harvested, washed three times with PBS, resuspended with cell lysis buffer (50 mM Tris-HCI pH=7.4, 0.2 mM EDTA,
150 mM NaCl, 0.3% NP40, 1 xPIC) followed by rotation at 4°C for 30 min. After centrifugation at 12,000 rpm and 4°C, the supernatant
was incubated with 5 ug antibody overnight at 4°C rotating. 5% of lysates were used as input. On the next day, 40 pl protein A/G
magnetic beads were added and incubated for 2~4 hrs. The beads were then washed 3 times with cell lysis buffer and boiled in
40 pl 1xSDS loading buffer, analyzed by western blot assays.

Complex purification coupled with LC-MS/MS analysis

In order to isolate Kdm2b-containing protein complexes, affinity purification was performed followed by MS analysis. Nuclear ex-
tracts (60 mg) from BAC engineered stable Kdm2b-2Ty1-3FLAG cell line was prepared as described (Wu et al., 2015) and precleared
with protein G Sepharose (GE Healthcare) for 2 hrs and incubated with a 80 ul packed volume of anti-FLAG-beads (Anti-FLAG® M2-
agarose, Sigma) overnight at 4 °C with rotation. The beads were collected by centrifugation at 700g for 5 min and washed 6 times with
40xresin bed volume of washing buffer (20 mM Tris-HCI, pH 8.0, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 10% glycerol, 0.2 mM
PMSF, 1 mM DTT, 1 pg/ml aprotinin and 1 pg/ml leupeptin). The beads were then boiled in SDS loading buffer and run shortly into a
SDS gel. A gel slice containing the purified proteins was isolated for MS analysis. The extracted MS/MS data were processed using
Mascot search engine. Tandem mass spectra were searched against SwissProt-Mouse database concatenated with reverse decoy
database. Proteins containing unique mapped peptide with ion score meeting significant P value were considered.

AP staining

To test the pluripotent state of ESCs, appropriate number of cells were plated in the 6-well plate in 2i or SL medium and then cultured
for 5 days. After fixation with 4% Paraformaldehyde for 20 min, ESCs were stained with an AP staining kit according to the manu-
facturer’s instructions (C3206, Beyotime).

WGBS library preparation

WGBS libraries were generated using the Pico Methyl-seq Library Prep Kit (Zymo Research, D5456). Briefly, input DNA was mixed
with 0.1% unmethylated lambda DNA (w/w) (Promega, D1521), followed by bisulfite conversion. The bisulfite-converted DNA was
then annealed with random primers for initial amplification, followed by adaptor ligation and final amplification. Libraries were purified
by the Genomic DNA Clean & ConcentratorTM (Zymo Research, D4010), and the concentration was measured by Qubit® 2.0 Fluo-
rometer with the qubit dsDNA High-sensitivity assay kit (Invitrogen, Q32854). Then the libraries were sequenced by lllumina HiSeq X
Ten sequencing.

ChlIP-seq and CUT&Tag data processing
ChIP-seqand CUT&Tag reads (as listed in Table S1) were first processed using TrimGalore (v0.4.4_dev) to trim adaptor and low-qual-
ity reads. Trimmed reads were then aligned to the mouse genome build mm10 using bowtie2 (v2.4.2) (Langmead and Salzberg, 2012)
with parameters —no-mixed —no-discordant. Low mapping quality reads (mapping quality < 30) and duplicates were discarded. Then
biological replicates passed quality control were pooled together. Signal tracks for each sample were generated using the MACS2
(v2.1.1.20160309) (Zhang et al., 2008) pile-up function and were normalized to 1 million reads (RPM). ChIP-seq peaks were identified
by MACS14 (v1.4.2.20120305) (Zhang et al., 2008) with parameters -nomodel —nolambda —shiftsize=73.

As H3K36me2 is depleted at CGls, ChlP-seq signals at those loci are rather low. Here we utilized local normalization signals rather
than ChIP-seq RPMs to represent relative binding levels of H3K36me2 when we compared the difference between MT and WT. Local
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normalization signal at each locus was defined as Z-score transformation of its RPM where RPMs of its neighbouring genomic loci
were used as the population. For each of interested regions, we first calculated its ChlP-seq RPM x and the mean (i) and standard
deviation (o) of the population (all ChIP-seq RPMs at +100 kb surrounding center of the given region), then local normalization signal
(2) can be calculated with the following formula.

RNA-seq data processing

RNA-seq reads (as listed in Table S1) were aligned to mouse genome build mm10 using TopHat (v2.1.1) (Trapnell et al., 2009).
Expression levels for all RefSeq transcripts were quantified to fragment per kilobase million (FPKM) using Cufflinks (v2.2.1). Signal
tracks for each stage were generated using reads density and normalized to 1 million reads (RPM).

ATAC-seq data processing

ATAC-seq reads (as listed in Table S1) were processed as previously described (Liu et al., 2018). In general, reads were trimmed
using TrimGalore (v0.4.4_dev) to remove adaptor and aligned to mouse genome build mm10. After remove low quality reads (map-
ping quality < 30) and duplicates, only reads pairs with fragment length < 100 bp were used as effective fragments for the following
analysis. Signal tracks for each sample were generated using reads density and normalized to 1 million reads (RPM).

Whole genome bisulfite sequencing (WGBS) data analysis

WGBS reads (as listed in Table S1) were first processed using TrimGalore (v0.4.4_dev) to trim adaptor and low-quality reads and
then aligned to mm10 genome using bsmap (Xi and Li, 2009). The DNA methylation level of each CpG site was calculated as methylated
C/total C ratio and estimated using mcall (Sun et al., 2014). Signal tracks for each sample were generated using DNA methylation level at
each CpG site.

Genomic loci annotation

Mouse genome were classified into 5 groups of loci in this manuscript, CGls in promoter and non-promoter, promoters and gene body
regions outside CGils, and others. 23,784 CGls were downloaded from UCSC genome browser database. Promoters were defined
as + 2 kb around transcription start sites (TSS) of RefSeq genes. CGls in promoters were defined as CGils that overlap with promoters
and are extended to + 2 kb around CGl centers. CGls in non-promoter were defined as CGls that do not overlap with promoters and are
also extended to + 2 kb around CGl centers. Promoters and gene body regions outside CGls were defined as such regions that do not
overlap with CGls. Overlap events between CGls and other regions were identified by using intersectBed (v2.27.1) (Quinlan and Hall,
2010) with parameters -e -f 0.5 -F 0.5. Gene body regions broader than 20 Kb were discarded in analysis for calculating fold change of
signals. H3K27me3+/- genomic loci were defined as such genome loci with or without H3K27me3 peaks.

Datasets used in this study
ChIP-Seq, RNA-Seq, ATAC-Seq, CUT&Tag and WGBS data that support the findings of this study have been deposited in the EBI
under accession codes ERP128231.

RNA-seq data in pre-implantation and post-implantation development were from previous publication (GSE70605; Liu et al., 2016a
and GSE76505; Zhang et al., 2018) with quality control filtration. Public wild type 2i, SL, E3.5 ICM, E6.5 epiblast ATAC-seq data were
from previous publication GSE92411 (Atlasi et al., 2019), GSE66390 (Wu et al., 2016) and GSE125318 (Xiang et al., 2020). E6.5
Epiblast and E3.5 ICM H3K27me3 ChlP-seq data were from previous publication (GSE98149; Wang et al., 2018) and (GSE73952;
Liu et al., 2016b). E6.5 Epiblast and E3.5 ICM H2AK119ub1 CUT&RUN data were from previous publication (GSE153531; Chen
et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis are described in each figure legends and method details section.
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