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Histone lysine crotonylation, an evolutionarily conserved modification dif-
fering from acetylation, exerts pivotal control over diverse biological pro-
cesses. Among these are gene transcriptional regulation, spermatogenesis,
and cell cycle processes. However, the dynamic changes and functions of
histone crotonylation in preimplantation embryonic development in mam-
mals remain unclear. Here, we show that the transcription coactivator P300
functions as a writer of histone crotonylation during embryonic development.
Depletion of P300 results in significant developmental defects and dysregu-
lation of the transcriptome of embryos. Importantly, we demonstrate that
P300 catalyzes the crotonylation of histone, directly stimulating transcription
and regulating gene expression, thereby ensuring successful progression of
embryo development up to the blastocyst stage. Moreover, the modification
of histone H3 lysine 18 crotonylation (H3K18cr) is primarily localized to active
promoter regions. This modification serves as a distinctive epigenetic indi-
cator of crucial transcriptional regulators, facilitating the activation of gene
transcription. Together, our results propose a model wherein P300-mediated
histone crotonylation plays a crucial role in regulating the fate of embryonic
development.

Dramatic epigenetic remodeling occurs during early embryonic
development, leading to the formation of a totipotent embryo from
terminally differentiated gametes*’. Epigenetic information plays a
crucial role in the control of gene expression and the first cell-fate
decision during preimplantation embryo development. Aberrant epi-
genome resetting severely impairs embryo development and even
leads to embryonic lethality**. Histone modifications, one of the most
extensively studied post-translational modifications (PTMs) of his-
tones, are key components of the epigenetic code’. They facilitate

nucleosome eviction by disrupting interactions between DNA and
histones and promoting RNA polymerase Il (RNA Pol II) binding to
proximal promoters through recognition of reader proteins®®. His-
tone modifications are involved in diverse biological processes,
including cell differentiation, zygotic genome activation (ZGA), tran-
scription, and embryonic development®’°. Recent progress in high-
resolution liquid chromatography with tandem mass spectrometry
(LC-MS/MS) techniques has facilitated the exploration of diverse his-
tone lysine acylation modifications. These encompass histone

Shenzhen Key Laboratory of Fertility Regulation, Center of Assisted Reproduction and Embryology, The University of Hong Kong Shenzhen Hospital, 518053
Shenzhen, China. 2Center for Energy Metabolism and Reproduction, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, 518055
Shenzhen, China. *Guangzhou Key Laboratory of Metabolic Diseases and Reproductive Health, Guangdong-Hong Kong Metabolism & Reproduction Joint
Laboratory, Reproductive Medicine Center, Guangdong Second Provincial General Hospital, 510317 Guangzhou, China. “MOE Key Laboratory of Gene
Function and Regulation, State Key Laboratory of Biocontrol, School of Life Sciences, Sun Yat-sen University, 510275 Guangzhou, China. These authors
contributed equally: Di Gao, Chao Li, Shao-Yuan Liu, Teng-Teng Xu. - 'e-mail: ouxh@gd2h.org.cn; suruibao2022@163.com; sunqy@gd2h.org.cn

Nature Communications | (2024)15:6418


http://orcid.org/0000-0001-8069-0256
http://orcid.org/0000-0001-8069-0256
http://orcid.org/0000-0001-8069-0256
http://orcid.org/0000-0001-8069-0256
http://orcid.org/0000-0001-8069-0256
http://orcid.org/0000-0003-0670-0879
http://orcid.org/0000-0003-0670-0879
http://orcid.org/0000-0003-0670-0879
http://orcid.org/0000-0003-0670-0879
http://orcid.org/0000-0003-0670-0879
http://orcid.org/0000-0002-7519-3332
http://orcid.org/0000-0002-7519-3332
http://orcid.org/0000-0002-7519-3332
http://orcid.org/0000-0002-7519-3332
http://orcid.org/0000-0002-7519-3332
http://orcid.org/0000-0001-9047-1612
http://orcid.org/0000-0001-9047-1612
http://orcid.org/0000-0001-9047-1612
http://orcid.org/0000-0001-9047-1612
http://orcid.org/0000-0001-9047-1612
http://orcid.org/0000-0002-7548-894X
http://orcid.org/0000-0002-7548-894X
http://orcid.org/0000-0002-7548-894X
http://orcid.org/0000-0002-7548-894X
http://orcid.org/0000-0002-7548-894X
http://orcid.org/0000-0002-0148-2414
http://orcid.org/0000-0002-0148-2414
http://orcid.org/0000-0002-0148-2414
http://orcid.org/0000-0002-0148-2414
http://orcid.org/0000-0002-0148-2414
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50731-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50731-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50731-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-50731-0&domain=pdf
mailto:ouxh@gd2h.org.cn
mailto:suruibao2022@163.com
mailto:sunqy@gd2h.org.cn

Article

https://doi.org/10.1038/s41467-024-50731-0

butyrylation (Kub), glutarylation (Kglu), B-hydroxybutyrylation
(Kbhb), succinylation (Ksucc), lactylation (Kla), and crotonylation
(Kcr)™'2, Noteworthy among these modifications is histone crotony-
lation, which has garnered considerable attention due to its pivotal
involvement in transcriptional regulation™™,

Histone crotonylation modification is predominantly enriched in
transcriptional start sites (TSS) and enhancer regions in the mamma-
lian genome. In contrast to histone lysine acetylation (Kac), which
exerts a more potent impact on transcriptional activity"", most stu-
dies have shown that histone crotonylation occurs at gene promoters,
suggesting its potential role in facilitating gene transcription'®, Since
the discovery of histone crotonylation, several regulatory enzymes
involved in histone crotonylation modifications have been described.
In mammalian cells, the transcriptional coactivator P300 possesses
histone crotonyltransferase (HCT) activity, catalyzing the crotonyla-
tion of histones and directly stimulating the transcription of genes™.
Previous studies have demonstrated that P300 mutants with deficient
histone acetyltransferase (HAT) activity but competent HCT activity
can substitute for endogenous P300 to enhance transcriptional
activation'”?°. Furthermore, the intracellular concentration of croto-
nyl-CoA, regulated by crotonate, directly and positively influences
histone crotonylation levels'*'*?, Recent studies have found that his-
tone crotonylation modifications are predominantly involved in sper-
matogenesis, self-renewal of mouse embryonic stem cells, and
mesendodermal commitment of human embryonic stem cells in the
field of reproduction'®?***, However, the distribution and function of
histone crotonylation in preimplantation embryos remain largely
unknown.

In this study, we investigated the distribution of histone croto-
nylation modifications in embryos at different developmental stages
and identified P300 as a key writer of histone crotonylation crucial for
embryonic development. We demonstrated that histone crotonylation
modifications were involved in the regulation of preimplantation
embryo development. Importantly, we found that histone 3 lysine 18
crotonylation (H3K18cr) was specifically enriched at promoter regions
in the mammalian genome and positively correlated with gene tran-
scription. During embryonic development, the levels of H3K18cr
modification were significantly decreased in the P300 knockdown
embryos. Collectively, our results indicate that P300 mediates
H3K18cr modification to control the preimplantation embryo devel-
opment by modulating the transcription of genomes in mouse
embryos.

Results
P300 is required for early embryonic development
To investigate the regulatory role of P300 during early embryonic
development, we performed a comparative analysis of P300 and
enzymes with similar functions, including Cbp, Hbol, and Mof, which
are candidate enzymes with HAT and HCT activities, using publicly
available single-cell RNA-sequencing (scRNA-seq) datasets®. Through
comparative analysis of FPKM values in embryos at different devel-
opmental stages, we found that P300 exhibits the most dramatic
expression changes compared to several other candidate genes, par-
ticularly during the period from fertilization to the four-cell stage.
P300 expression displayed a pronounced decline in subsequent
developmental stages, from the 8-cell phase onward, consistently
decreasing until the blastocyst stage (Fig. 1a). Consistent with the RNA
sequencing results, qPCR analysis showed a similar expression pattern
of P300 in preimplantation embryos (Fig. 1b). Immunofluorescence
staining confirmed a nuclear localization of P300 protein in embryos
of different developmental stages, with an increase in P300 intensity
after fertilization (Fig. 1c, d). These findings imply that P300 may play a
critical role during early embryonic development.

To further investigate the function of P300 in embryonic devel-
opment, we performed P300 knockdown experiments using P300-

targeted siRNA. Microinjection of P300 siRNA into the cytoplasm of
early zygotes resulted in a significant decrease in P300 mRNA levels
across multiple developmental stages, including 4-cell, 8-cell, morula,
and blastocyst (Supplementary Fig. 1a). Immunofluorescence staining
and western blotting confirmed the reduction of P300 protein in 8-cell
embryos (Supplementary Fig. 1b, c). We then assessed the develop-
mental competence of the embryos after P300 knockdown. The
results displayed that early cleavage of embryos remained unaffected
upon P300 knockdown. However, a notable decline in developmental
efficiency from the 8-cell stage onward (P < 0.05, Fig. 1e, f), particularly
affecting the 8-cell to morula transition was observed. Notably, a large
proportion of the P300 knockdown embryos exhibited developmental
arrest at the 8-cell stage (62%), whereas the control embryos demon-
strated a robust progression, with 80% successfully advancing to the
blastocyst stage (Fig. 1f).

The quality of the blastocyst is a crucial factor in assessing suc-
cessful embryo implantation. Therefore, we examined the cell counts
of whole embryo, trophoblast cells (TE), and epiblast cells (Epi) in
blastocysts to determine their quality. Immunostaining of blastocysts
with DAPI, CDX2, and NANOG antibodies allowed quantification of
total cells, TE cells, and Epi cells, respectively (Fig. 1g). The findings
revealed a noteworthy decrease in these cell counts in the P300
knockdown embryos (Fig. 1h). Furthermore, to investigate the role of
P300 after ZGA, we depleted P300 by injecting P300 siRNA into the
two-cell blastomeres during the late 2-cell stage (Supplementary
Fig. 2a). Consistently, the phenotype observed in the siRNA-mediated
P300 knockdown embryos was similar to that observed in embryos
injected at the zygote stage (Supplementary Fig. 2b, ¢), suggesting that
P300 is also involved in early embryonic development after ZGA.
Together, these findings demonstrate the essential requirement of
P300 for preimplantation embryonic development in mice.

P300 knockdown results in an aberrant gene expression pattern
of embryos

To understand the molecular basis of the developmental failure
observed in the P300 knockdown embryos, we performed total RNA-
seq experiments comparing the control and the P300 knockdown
embryos (Fig. 2a). A strong correlation was observed among two bio-
logical replicates of RNA-seq samples from each group (Supplemen-
tary Fig. 3a, b), thus confirming the precision of the acquired gene
expression profiles (Fig. 2b). We first analyzed the transcriptome data
from late 2-cell stage embryos to investigate whether knockdown of
P300 would affect the ZGA. Sequencing results showed that knock-
down of P300 resulted in changes in the expression of 296 genes, with
206 upregulated and 90 downregulated (Supplementary Fig. 3c). Next,
we performed enrichment analysis of these differentially expressed
genes with identified minor ZGA and major ZGA genes®. The results
showed that only 15 minor ZGA genes and 92 major ZGA genes
exhibited altered expression (Supplementary Fig. 3c and Supplemen-
tary Data 1), indicating that the dysregulation of genes related to ZGA
may not be the primary cause of the 8-cell arrest.

From the 4-cell to late 8-cell stages, we selected mRNAs posses-
sing dependable sequence annotations and fragments per kilobase of
transcript per million mapped reads (FPKM > 1) for subsequent analy-
sis (Fig. 2a). Among the 11,019 transcripts analyzed, we categorized
them into eight clusters: from Cluster I to Cluster VIII (Fig. 2¢). Cluster |
represented mRNAs that were continuously transcribed, while Cluster
Il showed the exact opposite pattern. Clusters Il to Clusters VIII con-
tain mRNA transcripts that exhibit different expression patterns,
showing varying degrees of upregulation or downregulation. Upon
analyzing the RNA-seq outcomes encompassing the 4-cell to late 8-cell
embryonic stages, a large number of genes were dysregulated in the
P300 knockdown group when compared with the control group.
Among these, the expression levels of transcripts in Clusters I, Clusters
V, and Clusters VI gradually increased in the control group. However,
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the trend of transcripts upregulation becomes less pronounced after
P300 knockdown. In contrast, some transcripts in Cluster I, Clusters
11, Clusters VII, and Cluster VIII did not show the normal degradation
pattern (Fig. 2c). These findings suggest that the abnormal expression
of genes during the 4-cell to late 8-cell developmental stage induced by
P300 knockdown may be the main cause of inhibition of embryonic
development.

We further examined the differentially expressed genes (DEGs)
between the control and the P300 knockdown embryos. Compared to
the control group, in the 4-cell stage embryos, the P300 knockdown
group exhibited 418 upregulated genes and 419 downregulated genes
(Pagj < 0.05; fold change >1.5). In contrast, at the late 8-cell stage, a
total of 4697 genes were differentially expressed, with 2483 upregu-
lated and 2214 downregulated genes (Fig. 2d and Supplementary
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Fig. 1| P300 is essential for preimplantation development. a Line plots showing
the mRNA profiles of P300, Cbp, Hbol, and Mof in various developmental stages of
mouse preimplantation embryos were examined by RNA-seq. b Quantitative PCR
analysis of relative P300 expression levels in embryos at different developmental
stages. The experiment was conducted with five independent biological replicates,
and H2afz was used as the reference gene. The center line and edges of the boxes
represent the median and quartiles of the data points, respectively. The minimum
and maximum values in the boxplots correspond to quartile 1-1.5 x interquartile
range and quartile 3 + 1.5 x interquartile range, respectively. ¢ Immunostaining of
P300 (red) at the individual developmental stage. 1-cell (n =13); 2-cell (n =11); 4-cell
(n=12); 8-cell (n=15); morula (n=15); blastocyst (n =14). Scale bar: 50 pm.

d Relative P300 intensity compared to the 1-cell stage. Data are presented as mean
values + SEM. e Representative images of embryonic development from the 8-cell
stage to the blastocyst stage. P300 siRNA was injected into the zygotes as the
experimental group (n =148), while a negative control siRNA was used as the

control group (n=157). Scale bar: 100 um. f Statistical analysis of the impact of
P300 siRNA injection on embryonic development rate. n =7 biological replicates.
Data are presented as mean values + SEM. Statistical analysis was performed using
two-tailed unpaired t-tests. Developmental stages: 2-cell (P=0.75), 4-cell (P=0.27),
8-cell (P=2.35e-3), Morula (P =2.75e-7), Blastocyst E4.0 (P = 4.07e-6) Blastocyst E4.5
(P=9.25e-10) for P300-KD (P300 knockdown, red line) vs. control (blue line).
**P<0.01; **P< 0.001. g Representative immunofluorescence staining images for
Cdx2 and Nanog in control and P300 knockdown blastocysts at 4.5dpc, based on
three independent experiments. Scale bar: 20 pm. h Dot plots displaying the
average counts of total cells, TE cells, and Epi cells per blastocyst embryo in control
and P300 siRNA-treated embryos at 4.5dpc. n =3 biological replicates. TE, tro-
phectoderm. Epi, epiblast. The number of blastocysts in the control group and the
P300-KD group were 15 and 12, respectively. Data are presented as mean values +
SEM and were analyzed using two-tailed unpaired ¢-tests.

Data 1). To further understand the function of DEGs, we conducted
gene ontology (GO) analysis. The analysis yielded notable enrichment
of terms associated with the embryonic development and cellular
metabolic processes among the downregulated DEGs (Fig. 2e). Nota-
bly, the downregulated genes were associated with cellular amino acid
metabolic process, regulation of oxidative phosphorylation, blastocyst
formation and development, and tight junction assembly, which are
known markers associated with embryo development and cell meta-
bolism. In the set of DEGs, a substantial decrease in gene expression
levels of vital transcription factors associated with embryonic devel-
opment, including Nanog, Pou5f1, Cdx2, Myc, Tbx3, Gata3, Gataé, KIf5,
and KIf8 (Fig. 2f-i). Furthermore, transcriptomic data revealed a sig-
nificant downregulation of genes associated with tight junction
assembly among these downregulated DEGs. Subsequently, we
examined the relevant genes mentioned above and confirmed that the
knockdown of P300 markedly reduced the expression levels of genes
associated with tight junction assembly, including Cdhl, Ocin, Cldn4,
and Cldn7 (Fig. 2f, j). Moreover, knockdown of P300 also notably
decreased the expression levels of genes related to cytoskeleton and
fluid accumulation, such as FIIr, Prkcz, Aqp3, and Agp9 (Supplemen-
tary Fig. 3d). Considering the developmental phenotype observed in
previous studies, we propose that in P300 knockdown embryos at the
late 8-cell stage, the dysregulation of genes associated with embryonic
development and the failure of tight junction assembly events may be
significant reasons for embryo failure to transit from the 8-cell to the
morula stage. Overall, our results suggest that P300 plays a critical role
in modulating gene expression involved in embryonic development.

P300 is involved in regulating the transcription elongation of
RNA polymerase Il

Our findings have demonstrated that P300 knockdown results in
widespread dysregulation of gene expression, particularly down-
regulation of gene expression. Therefore, we examined the transcrip-
tional activities of RNA using EU staining. The results indicated that
transcriptional activation in late 8-cell embryos was significantly
compromised after P300 knockdown (Fig. 3a). However, there was no
change in transcriptional activity in embryos at the 2-cell and 4-cell
stages following P300 knockdown. (Supplementary Fig. 4a, b). Gene
ontology analysis revealed a significant inhibition of the function of
transcription elongation of RNA Pol Il after P300 knockdown (Fig. 2e).
To investigate the potential impact of P300 knockdown on the
genome-wide transcriptional elongation program, we evaluated the
levels of phosphorylated Ser2 (Ser2P), a characteristic indicator of RNA
Pol II activity. In alignment with our initial hypothesis, a considerable
decline in the Ser2P protein levels was observed in the P300 knock-
down embryos during the late 8-cell stage (Fig. 3b, ¢). Additionally, the
Ser2P levels exhibited no significant disparity within the P300 knock-
down embryos during the 2-cell stage (Supplementary Fig. 4c, d) and
displayed a subtle decrease during the 4-cell stage (Supplementary

Fig. 4e, f). Collectively, P300 knockdown impairs RNA transcription
and the transcription elongation of RNA Pol Il at the late 8-cell stage.

We also performed CUT&Tag assays using Pol Il antibody on both
control and P300 knockdown embryos during the late 8-cell stage
(Fig. 3d). To evaluate our CUT&Tag technique, we compared the
number of relevant peaks, peak distribution, and the correlation
between data using publicly available Stacc-seq data for RNA Pol Il and
CUT&RUN data for H3K27ac’?. As expected, our method closely
resembled the high-quality published data, with some metrics even
showing superior performance, thus facilitating subsequent experi-
mental analyses (Supplementary Fig. 5a-h). Hierarchical clustering and
Pearson correlation analyses demonstrated a high correlation between
the Pol Il CUT&Tag data from the P300 knockdown embryos and the
control group (Supplementary Fig. 5i-k). Based on the changes in
transcripts observed in the RNA-seq data, we categorized the Pol Il
peaks in gene body regions into three types in the control group. We
found that the signal of Pol Il was significantly shifted upwards in the
upregulated genes compared to the unchanged genes and significantly
shifted downwards in the downregulated genes (Fig. 3e), suggesting
that there might be a positive correlation between Pol Il occupancy
and transcript changes. Next, we examined the correlation between
gene expression alterations and Pol Il occupancy after P300 knock-
down (Fig. 3f). Remarkably, for the upregulated transcripts, there was a
notable elevation in the Pol Il signal in the P300 knockdown embryos
as compared to the control group (Fig. 3g). In contrast, the signal of Pol
Il was markedly decreased in the downregulated transcripts, while no
visible difference was observed in unaffected transcripts between the
P300 knockdown and the control groups (Fig. 3h, i). A representative
track view further supported these findings (Fig. 3j). For example, the
Pol Il peaks of the HmoxI gene were dramatically increased in the P300
knockdown embryos from the transcription start site (TSS) to tran-
scription end site (TES), while the Pou5f1 gene displayed an opposite
enrichment pattern. These results confirm that the Pol Il signals are
positively correlated with transcript changes following P300 knock-
down during embryonic development.

P300 catalyzes site-specific histone lysine crotonylation in
embryos
Previous studies have shown that P300 mediates H3K27ac modifica-
tion to regulate preimplantation embryonic development®. To further
demonstrate the role of P300 in histone acetylation, we also examined
the expression levels of H3K27ac and H3K9ac. Immunofluorescence
and Western blot results showed no appreciable changes in H3K9ac
modification levels (Supplementary Fig. 6a), while a substantial
reduction in H3K27ac levels in the P300 knockdown embryos com-
pared to the control (Supplementary Fig. 6b, c). These findings are
consistent with previous research®.

Recent studies have proposed a role for histone crotonylation in
promoting the differentiation of human embryonic stem cells into
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mouse embryos (Supplementary Fig. 6d), with crotonylation levels
significantly increasing from the 8-cell to the blastocyst stage, indi-
cating the importance of histone crotonylation in blastocyst forma-
tion. As the transcriptional coactivator P300 possesses HCT activity
and is a key writer of crotonylation modification'?, we thus investi-

gated whether the levels of histone crotonylation were altered in the
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Fig. 2 | P300 plays a critical role in determining the gene expression of pre-
implantation embryos. a Diagram illustrating the procedure of acquiring samples
for total RNA-seq analysis in embryos subjected to P300 knockdown (P300-KD)
and control conditions. b Bidimensional principal-component (PC) analysis was
conducted to assess the gene expression patterns in embryos undergoing pre-
implantation development under control and P300 knockdown conditions.

¢ Expression patterns of mouse genomic transcripts from the 4-cell to late 8-cell
stages in preimplantation embryos derived from control and P300 knockdown
embryos. Individual gene expression levels are depicted by the light green lines,
while the median expression levels of the group are indicated by the central red and
blue lines. Analysis was focused on transcripts with FPKM > 1 at the 4-cell stage. 4 C,
E8C, and L8C represent embryos at the 4-cell, early 8-cell, and late 8-cell stages,
respectively. d Scatter plots illustrate the RNA-seq-based analysis of differential
gene expression in embryos at the 4-cell, early 8-cell, and late 8-cell stages after
P300 knockdown. The criteria for significance were fold change > [1.5| and an
adjusted P value (P,qj) < 0.05. € GO analysis of differentially expressed genes (DEGs)

in P300 knockdown embryos, assessed by enrichment. f Expression patterns of
functional genes involved in embryo development and tight junction assembly
were visualized using violin plots for both the control and P300 knockdown
groups. Data are presented as mean values + SEM. n = 3 biological replicates.
H2afz was used as the reference gene. Gata3 (P=1.03e-3), Gata6 (P=3.57e-4), KIf5
(P=9.70e-5), KIf8 (P=1.88e-3). Cdx2 (P=1.03e-3), Nanog (P =2.33e-3), PouSf1
(P=6.68e-5), Tbx3 (P =7.19e-5), Myc (P = 5.30e-3), Cdhl (P=1.60e-4), Ocln (P= 0.01),
Cldn4 (P=9.15e-5), Cldn7 (9.74e-3).*P < 0.05; **P < 0.01; **P < 0.001. g Western blot
analyses were conducted to assess Pou5f1 and Cdx2 protein levels in both the
control and P300 knockdown embryos at the late 8-cell stage. Each group consisted
of 100 embryos, and the experiment was repeated twice, yielding consistent out-
comes. a-Tubulin served as the control for normalization. h-j Representative
images of immunofluorescence staining for Pou5fl (h), Nanog (i), and Cdhl (j) in
control and P300 knockdown embryos at the late 8-cell stage. Scale bar: 20 pm. In
(d), (e), and (f), statistical analysis was performed using two-tailed unpaired ¢-tests.

P300 knockdown embryos (Fig. 4a). A noticeable decrease in the levels
of histone crotonylation modification was observed in the P300
knockdown embryos in comparison to the control group (Fig. 4i),
confirming the role of P300 as the major HCT during mammalian
embryonic development.

Next, we examined the site specificity of histone crotonylation
catalyzed by P300. Our results demonstrated that P300 was active for
most of the tested sites, including H3K18cr, H3K9cr, H3K23cr,
H3K36cr, H3K27cr, H3K14cr, and H4K12cr (Fig. 4b-i). The Western blot
analysis provided additional validation for the observation (Fig. 4j).
Regarding the partial discrepancies observed between the data
obtained by the two aforementioned methods, we speculate that these
differences may stem from variations in antibody efficiency and spe-
cificity. Nevertheless, the overall changing patterns resulting from
P300 knockdown remain consistent between both techniques. Inter-
estingly, the knockdown of P300 in embryos resulted in a significant
reduction of the H3K18cr level (Fig. 4b, i) and a moderate reduction of
the H3K9cr level (Fig. 4c, i), whereas the modification levels of
H3K23cr, H3K36c¢r, H3K27cr, and H3Kl4cr were slightly decreased
(Fig. 4d-i). Furthermore, the modification level of H4K12cr was not
significantly changed in the P300 knockdown embryos (Fig. 4h, i).
These findings suggest that the developmental failure observed upon
P300 knockdown may be attributed to aberrant histone crotonylation,
particularly H3K18cr, during embryonic development. In summary,
our data demonstrate that P300 acts as an HCT with distinctly mod-
ified lysine residue in the preimplantation embryos.

Histone lysine crotonylation regulates early embryonic
development

To further explore the contribution of histone lysine crotonylation in
early embryonic development, we attempted to rescue the P300
knockdown embryos using mutants with crotonylation function.
Based on the reported P300 and acetyl-CoA co-structure®, we focused
on the isoleucine residue 1394 mutation (Fig. 5a), generating a P300-
11394G mutant. This variant is characterized by impaired HAT activity
while retaining HCT function (Supplementary Fig. 7a-c), in accordance
with previous research accounts”. We injected zygote embryos with
the P300-11394G mutant mRNA, and found no effect on embryo
development (Supplementary Fig. 7d, e). Using the P300-11394G
mutant mRNA with crotonylation function, we then tried to rescue the
development of P300 knockdown embryos (Fig. 5b). Our results
revealed that P300 knockdown zygote embryos injected with P300-
11394G mutant mRNA partially restored embryonic development
(Fig. 5¢c, d). While the extent of histone crotonylation in the rescue
embryos at the morula stage did not fully match that of the control, a
noteworthy enhancement in Kcr modification levels was observed
compared to the P300 knockdown group (Fig. 5e). Moreover, the
restoration of histone crotonylation to normal levels was evident in the

rescue group embryos that successfully developed to the blastocyst
stage (Fig. 5f). To ensure the efficiency of P300 degradation at differ-
ent stages and to eliminate interference from acetylation after rescue,
we collected embryos from the 2-cell to 8-cell stages in the control,
knockdown, and rescue groups, and then measured the expression
levels of P300 and H3K27ac. The results showed a significant decrease
in P300 expression levels from the 2-cell to 8-cell embryos in the P300
siRNA group. Conversely, the expression of the exogenous P300-
11394G mutant in the rescue group was significantly enhanced, while
the expression of H3K27ac remained at a lower level after rescue
(Supplementary Fig. 8a-e). Additionally, we employed samples res-
cued after supplementation as positive controls and assessed the
levels of H3K18cr modification. The results revealed a notable increase
in H3K18cr modification levels after supplementation with the P300
mutant. To validate the regulatory role of P300 as a crotonylation
modification enzyme on lysine residues, we evaluated the crotonyla-
tion levels on histone lysine residues in P300 knockout mouse
embryonic stem cells (mESC). Strikingly, our study demonstrated that
the deletion of P300 significantly reduced the levels of crotonylation
modifications at H3K9, H3K14, H3K18, H3K23, H3K27, and H3K36 sites
(Supplementary Fig. 8g). Upon overexpression the P300 mutant into
the P300 knockout cell line, crotonylation levels at the H3K18 and
H3K9 sites significantly increased, with H3K18 exhibiting the most
pronounced change. Additionally, there was a slight increase in cro-
tonylation levels at H3K14, H3K23, H3K27, and H3K36 sites, while the
level of H3K27ac remained unchanged (Supplementary Fig. 8g). These
results were consistent with those observed in mouse embryos (Fig. 4).
In summary, these findings underscore the indispensable role of
appropriate histone crotonylation expression in preimplantation
embryonic development.

Crotonate (NaCr) is a short-chain fatty acid (SCFA) precursor of
crotonyl-CoA. Supplementation with crotonate has been shown to
dramatically enhance cellular levels of crotonyl-CoA and histone cro-
tonylation, leading to increased gene expression in vivo and
in vitro'*?%*, Mechanistically, NaCr generates crotonyl-CoA, which in
turn catalyzes the crotonylation of histones in cells (Fig. 5g). Therefore,
we also attempted to rescue the development of P300 knockdown
embryos by supplementing the KSOM medium with NaCr (Fig. 5h).
After successfully demonstrating that P300 siRNA effectively silenced
P300 protein in embryos from the 2-cell to 8-cell stages (Supplemen-
tary Fig. 8a-e), we discovered that supplementation with 10 uM NaCr
enabled the majority of P300 knockdown embryos to overcome the
8-cell block (Fig. 5i). Specifically, 58% of the embryos developed to the
morula stage, and 36% even reached the blastocyst stage (Fig. 5j). To
assess whether the modification levels of histone crotonylation were
restored in the NaCr rescue embryos, we further analyzed the fluor-
escence signal among the three groups (Fig. 5h). The results showed
that the addition of NaCr significantly increased global histone
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crotonylation in the P300 knockdown embryos, indicating a restora-
tion of histone crotonylation reprogramming (Fig. 5e). As expected,
the levels of histone crotonylation at the blastocyst stage were also
restored to normal in the rescue group (Fig. 5k). To further eliminate
interference from acetylation in the NaCr rescue group, we collected
embryo samples from the 2-cell to 8-cell stages to assess the

expression levels of H3K27ac and Kac, H3K18cr and Kcr as positive
controls. The results indicated that the NaCr rescue group only
restored the modification levels of Kcr and H3K18cr, without altering
the modification levels of Kac and H3K27ac (Supplementary
Figs. 8a—e and 9a-e). Furthermore, our findings also suggested that
with increasing NaCr concentration in the culture medium, global
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Fig. 3 | Effects of p300 knockdown on transcription elongation of RNA
polymerase Il. a Images reveal a substantial decrease in EU-positive nuclear signals
in P300 knockdown (P300-KD) embryos at the late 8-cell stage. The nuclei were
stained with DAPI (blue). Left: One representative image of EU-positive nuclear
signals. Scale bar: 20 pum. Right: Immunofluorescence analyses of the EU-positive
nuclear signals in late 8-cell embryos. n =3 biological replicates. Control (n=22),
P300-KD (n =23). b Representative images reveal a substantial decrease in
Phospho-RNA pol Il C-terminal domain (Ser2P) nuclear signals in P300-KD embryos
at the late 8-cell stage. The nuclei were stained with DAPI (blue). Left: One repre-
sentative image of Ser2P signals. Scale bar: 20 pm. Right: Immunofluorescence
analyses of the Ser2P signals in late 8-cell embryos. n =3 biological replicates.
Control (n=19), P300-KD (n =15). ¢ Western blot analyses were conducted to
examine the levels of Ser2P in control and P300-KD embryos. Each group consisted
of 100 embryos. n = 2 biological replicates. a-Tubulin served as the control for
normalization. d Schematic of sample collection for Pol Il CUT&Tag analysis in

control and P300 knockdown (P300-KD) group. e Gene body Pol Il enrichment
forms the three classes of genes in control and P300-KD embryos. f Heatmaps
showing the gene body Pol Il enrichment and differentially expressed genes in
control and P300 knockdown embryos. TSS, transcription start site. TES, tran-
scription end site. g-i The average plot showing the knockdown of P300 resulted in
widespread alterations of Pol Il enrichment (Z-score normalized) at the gene body
regions, such as upregulated (g, n=1396), downregulated (h, n=1177), and
unchanged (i, n = 6532). The center line and edges of the boxes represent the
median and quartiles of the data points, respectively. The minimum and maximum
values in the boxplots correspond to quartile 1-1.5 x interquartile range and
quartile 3 + 1.5 x interquartile range, respectively. n =2 biological replicates.

j Representative tracks showing occupancy of Pol Il at the gene body regions of
genes (HmoxI, Pou5f1, and Mettl3) in the control and P300-KD embryos (two bio-
logical replicates). In (a), (b), (g), (h), and (i), statistical analysis was performed
using two-tailed unpaired ¢-tests. Data are presented as mean values + SEM.

levels of Kcr and H3K18cr exhibited a dose-dependent increase (Sup-
plementary Fig. 9f). These results once again demonstrate the
requirement of histone crotonylation for proper embryo
development.

We also performed a comprehensive total RNA-seq analysis on the
two groups of rescued embryos (Fig. 5b, h). we observed a heightened
resemblance between the P300-11394G mutant mRNA rescue, NaCr
rescue, and control embryos, through hierarchical clustering and
Pearson correlation assessments of the expression patterns of all
annotated transcripts (Supplementary Fig. 3e). Two independent
replicates showed a high correlation (Supplementary Fig. 3f), indicat-
ing that the extensive transcriptional changes observed in the P300-
11394G mutant mRNA rescue and the NaCr rescue embryos at least
partially resemble those in the control embryos. In fact, the tran-
scriptomic analysis revealed that the expression of 45.89% of down-
regulated genes and 55.82% of upregulated genes in the P300
knockdown group could be predominantly corrected by injection of
P300-11394G mutant mRNA (Fig. 5i and Supplementary Data 1). In the
NaCr group, the expression of 45.89% of downregulated genes and
66.85% of upregulated genes was corrected, respectively (Fig. 5i and
Supplementary Data 1). Supporting this finding, a representative track
view demonstrated that the Nanog gene loci, which exhibited abnor-
mally low expression levels in the P300 knockdown embryos, showed
recovery of expression levels after rescue (Fig. 5m). Similarly, the
Casp2 gene exhibited a noticeable rise in signal intensity in the P300
knockdown embryos when compared with the control group, whereas
the signal intensity was dramatically reduced in the rescue groups
(Fig. Sm). These results indicate that histone crotonylation modifica-
tion is involved in the transcriptional regulation of genes. Remarkably,
the GO analysis revealed that these rescued transcripts were enriched
for functions related to embryo development, epigenetic regulation,
and metabolic process including blastocyst development, histone
modification, chromatin remodeling, and cellular amino acid meta-
bolic process (Fig. 5n). Additionally, positive regulation of the cell cycle
function was also enriched. In summary, these findings indicate that
P300-mediated histone crotonylation modification regulates the
development of preimplantation embryos by influencing the tran-
scription of key genes that play essential roles during embryonic
development stages.

H3K18cr supports preimplantation embryonic development by
regulating gene transcripts

The above results have shown that the H3Ki18cr levels were sig-
nificantly decreased in the P300 knockdown embryos (Fig. 4b, i). To
explore the correlation between H3K18cr modification and dysregu-
lation of gene expression after P300 knockdown, we performed
CUT&Tag experiments using an H3K18cr antibody. First, we validated
the antibody using mouse embryonic stem cells (mESCs) and mouse
embryonic fibroblasts (MEFs) (Supplementary Figs. 8f and 10). The

results showed a prominent enrichment of H3K18cr peaks at promoter
regions (Supplementary Fig. 10a, b), and the replicates displayed a high
correlation (Supplementary Fig. 10c, d). We further optimized the
experimental conditions and obtained the H3K18cr modification pro-
files using a reduced number of morula embryos. To validate the
H3K18cr CUT&Tag data in early embryos, we conducted several ana-
lyses. First, a substantial proportion of the H3K18cr peaks were found
to be enriched at the promoter regions, similar to the data observed in
the MEF cells (Supplementary Fig. 10a, b). Second, the biological
replicates of H3K18cr CUT&Tag data were highly reproducible (Sup-
plementary Fig. 10c). Lastly, for developmentally regulated transcrip-
tion factors such as Dux, Tbx3, Gataé, KIf5, and Kif13, we observed
elevated H3K18cr peak enrichment at annotated promoters during the
corresponding developmental stages when these factors are expres-
sed (Supplementary Fig. 10d). These results demonstrate the genera-
tion of high-quality H3K18cr CUT&Tag data from early embryos, which
can be utilized for subsequent experiments.

To gain further insights into the role of H3K18cr in transcription
during preimplantation embryonic development, we performed
CUT&Tag assays for H3K18cr in control, P300 knockdown, and rescue
group embryos at the late 8-cell stage (Fig. 6a). The results demon-
strated a strong correlation between replicates of H3K18cr CUT&Tag
data (Supplementary Fig. 11a), with Pearson’s correlation coefficients
>0.95, indicating the robust reproducibility of the H3K18cr CUT&Tag
data (Supplementary Fig. 11b, c). We subsequently analyzed the target
sites and observed that the majority of H3K18cr enrichment sites were
located at promoters, intronic regions, and distal intergenic regions
(Fig. 6b). Notably, H3K18cr exhibited distinct distribution changes in
the P300 knockdown embryos, with decreased enrichment at the
promoter regions and increased enrichment at the distal regions
(Fig. 6b). Consistent with the RNA-seq results, the H3K18cr-enriched
peaks at promoter and distal regions in the rescue group embryos
were similar to those in the control group (Fig. 6b). Analyzing the
average signal levels of H3K18cr across the entire genome, we con-
sistently observed high levels of H3K18cr at the transcription start site
(TSS) regions. Interestingly, the H3K18cr signal at the TSS regions was
significantly decreased in the P300 knockdown embryos compared to
the control and the rescue groups (Fig. 6¢, d). These results suggest
that changes in the H3K18cr signal at the TSS regions may be asso-
ciated with alterations in transcripts following P300 knockdown.

We next sought to determine how H3K18cr contributes to tran-
scription during preimplantation embryonic development. Specifi-
cally, we analyzed the H3K18cr-enriched peaks at the TSS regions in
each group of embryos. Our results revealed a significant reduction in
the H3K18cr peaks at the TSS regions in the P300 knockdown embryos.
Remarkably, the number of H3Kl8cr peaks at the TSS regions
increased in the 11394G mutant mRNA rescue and the NaCr rescue
group embryos (Fig. 6e, f), suggesting the involvement of P300-
mediated H3K18cr modification in the regulation of gene
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Fig. 4 | Effects of P300 knockdown on crotonylation of different lysine mod-
ification sites of histone H3 in the mouse preimplantation embryos.

a Representative image of immunofluorescence staining for crotonylation (Kcr)
modification of lysine sites of histone H3 in late 8-cell stage embryos. Images are
presented for both control and P300 knockdown (P300-KD) embryos. The
experiment was conducted with three independent biological replicates, and
similar results were obtained each time. Control (n=12), P300-KD (n=15). Scale
bar: 20 um. b-h Representative images of immunofluorescence staining for dif-
ferent lysine crotonylation (Kcr) modification of histone H3 in control and P300-KD
embryos at late 8-cell stage, such as H3K18cr (b, Control n=15, P300-KD n =15),
H3K9cr (¢, Control n =23, P300-KD n =20), H3K23cr (d, Control n =20, P300-KD

T T
H3K14cr H4K12cr

n=21), H3K36c¢r (e, Control n =22, P300-KD n =27), H3K27cr (f, Control n=26,
P300-KD n =26), H3K14cr (g, Control n =24, P300-KD n=18), and H4K12cr

(h, Control n =25, P300-KD n=29). The experiment was conducted with three
independent biological replicates, and similar results were obtained each time.
Scale bar: 20 pm. i Immunofluorescence analyses of the crotonylation modification
at different sites of histone H3 in late 8-cell embryos. Data are presented as mean
values + SEM and were analyzed using two-tailed unpaired t-tests. j Western blot
analysis of the histone lysine crotonylation (Kcr) modification at different lysine
sites of H3 in control and P300 knockdown embryos. Each group consisted of 100
embryos, and a total of two independent biological replicates were conducted.
o-Tubulin served as the control for normalization.

transcription. Next, we explored the connection between alterations in
gene expression in the P300 knockdown embryos and the occupancy
of H3K18cr. Cumulative distribution plots demonstrated a significant
left-shift in the change of read coverage (FPKM) for H3K18cr target
genes compared to non-target genes (Fig. 6g). Moreover, the cumu-
lative distribution plots in the rescue groups were similar to those in

the control group (Fig. 6h, i). Representative track views further sup-
ported these findings, showing a significant reduction in transcrip-
tional activities at the upstream and gene TSS regions in the P300
knockdown embryos at the late 8-cell stage (Fig. 6j). Similarly, the
trend of H3K18cr and gene signal in the rescue group embryos were
consistent with that in the control group, indicating a successful
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rescue of gene transcription (Fig. 6j). Additionally, we also observed
upregulated genes and conducted a comparative analysis of the
modification intensity, peak number, and the relative position of
H3K18cr between upregulated and downregulated genes. Our analysis
revealed that the overall H3K18cr modification level at the TSS site was
significantly higher in downregulated genes compared to upregulated

genes (Supplementary Fig. 12a). The peaks enriched in upregulated
genes were slightly higher than those in downregulated genes (Sup-
plementary Fig. 12b). Surprisingly, most of the H3K18cr modifications
enriched in downregulated genes were distributed in the promoter
regions of the genes, whereas the upregulated genes were mainly
enriched in distal intergenic regions, with minimal enrichment at the
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Fig. 5 | The rescue of P300 knockdown embryo development by P300-11394G
mutant and crotonate. a Diagrams detail the mouse P300 gene structure and the
specific mutation site in the P300-11394G mutant. b Schematic of the procedure for
rescuing P300 knockdown embryos with the P300-11394G mutant.

c Representative images of embryo development from the morula to blastocyst
after P300-11394G rescue. RNAi: P300-KD. Control (n=82), P300-KD (n =80),
P300-KD + 11394G (n =78). Scale bar: 100 um. d Statistical analysis of the impact
after rescue with P300-11394G mRNA on embryonic development rate (n =3 bio-
logical replicates). Developmental stages: 8-cell (P=0.41), Morula (P=0.13), Blas-
tocyst (P=5.99e-4) for RNAi + 11394G vs. control; 8-cell (P=1.20e-3), Morula
(P=3.70e-4), Blastocyst (P=1.24e-5) for RNAi vs. control. *P< 0.05; **P< 0.01;
***P < 0.001. e, f Images show histone lysine crotonylation (Kcr) fluorescence in
control, P300 knockdown, P300-11394G, and NaCr rescue embryos at the morula
stage (n=23, n=16, n=20, n =15). At the blastocyst stage (control, n=18, P300-
1394G, n=17). n =3 biological replicates. Scale bar: 50 pm. g Representative images
of key metabolic reactions involved in the generation of crotonyl-CoA. h Schematic
of experimental procedure for rescuing P300 knockdown embryos by crotonate

(NaCr). i Representative images of embryo development from the morula to blas-
tocyst after NaCr rescue. RNAi: P300-KD. Control (n = 68), P300-KD (n =75), P300-
KD + NaCr (n = 71). Scale bar: 100 pm. j Statistical analysis of the impact after rescue
with NaCr on embryonic development rate (n =3 biological replicates). Develop-
mental stages: 8-cell (P=0.12), Morula (P=0.01), Blastocyst (P=0.001) for RNAi +
NaCr vs. control; 8-cell (P=1.67e-3), Morula (P = 6.15e-5), Blastocyst (P = 3.23e-5) for
RNAi vs. control. *P < 0.05; **P < 0.01; **P < 0.001. k Representative images of Kcr
fluorescence in control, and NaCr rescue embryos at blastocyst (n=18, n=17)
stage. n =3 biological replicates. Scale bar: 50 um. | Heatmap showing differential
gene expression after rescue at the late 8-cell stage. m Track views display the
enrichment of RNA-seq signals in control, P300 knockdown, and P300-11394G or
NaCr rescue embryos. n GO enrichment analysis was conducted to evaluate the
rescued genes after P300-11394G and NaCr rescue. In (d), (e), (f), (j), and (k), data
are presented as mean values + SEM. In (d), (e), and (j), statistical analysis was
subjected to one-way ANOVA for analysis. In (f) and (k), was performed using two-
tailed unpaired t-tests.

TSS site (Supplementary Fig. 12c). Altogether, these results suggest
that H3K18cr may serve as a key marker and contribute to the activity
of gene transcription.

During embryonic development, gene expression is facilitated by
the enlistment of Pol Il at target gene promoters, a process orche-
strated by general transcription factors that recognize specific DNA
sequence motifs”?. This conclusion suggests that Pol II binding is
positively correlated with gene expression. To investigate the corre-
lation between Pol Il and H3K18cr occupancy after P300 knockdown,
we classified them into three types based on the comparison between
P300 knockdown and control: upregulated, downregulated, and
unchanged (Fig. 7a). The analysis of the upregulated H3K18cr peaks
after P300 knockdown revealed a significant increase in Pol Il enrich-
ment signal in the P300 knockdown embryos (Fig. 7b). Conversely, the
downregulated H3K18cr peaks showed a significant reduction in the
Pol Il enrichment signal in the P300 knockdown embryos (Fig. 7c). The
unchanged H3Kl8cr peaks exhibited no noticeable differences
between the P300 knockdown and the control groups (Fig. 7d). Sup-
porting these results, a representative track view demonstrated
increased Pol Il peaks along the CcnglI gene from the TSS to the TES
regions in the P300 knockdown embryos. In contrast, the track view of
the Myc gene showed significantly reduced Pol Il peaks in the P300
knockdown embryos, while the Pol Il peaks of the KdmSb gene
remained unchanged (Fig. 7e).

Following ZGA, canonical H3K4me3 is established at the promoter
regions, while most transcriptional repressive markers are removed
from the promoter regions, indicating that H3K4me3 could serve as a
potential hallmark of transcriptional activation®**'. Accordingly, we
further investigated the alterations in H3K4me3 modification levels
after P300 knockdown. The results revealed a significant decrease in
H3K4me3 signals at the transcription start site (TSS) region (Supple-
mentary Fig. 12d). Importantly, our previous findings indicated a
reduction in H3K18cr signals in the TSS region after P300 knockdown
(Fig. 6e), suggesting a potential synergistic effect between H3K18cr
and H3K4me3 modifications. Subsequently, we conducted a correla-
tion analysis between H3K18cr and H3K4me3 occupancy following
P300 knockdown (Supplementary Fig. 12e). In the analysis of the
upregulated H3K18cr peaks after P300 knockdown, there was a sig-
nificant increase in H3K4me3 enrichment signal specifically at the TSS
regions after P300 knockdown (Supplementary Fig. 12e, f). Corre-
spondingly, the downregulated H3K18cr peaks showed a significant
decrease in the H3K4me3 enrichment signal at the TSS regions (Sup-
plementary Fig. 12e, g). The unchanged H3Kl18cr peaks exhibited
no significant difference in the H3K4me3 signal at the TSS regions
between the P300 knockdown group and the control group
(Supplementary Fig. 12e, h). In addition, we observed an overlap
between the number of 6712 (58.20%) upregulated and 2643 (84.82%)

downregulated genes in both modifications, while some genes are
regulated by only one type of modification (Supplementary Fig. 12i).
Among the genes regulated by H3K4me3 modification, 2538 genes
were upregulated, whereas 10799 genes were downregulated. Simi-
larly, among those regulated by H3K18cr modification, 4820 genes
were upregulated, while 473 genes were downregulated (Supplemen-
tary Fig. 12i). Therefore, our research findings suggest that H3K18cr
and H3K4me3 may co-localize at some active genes and exhibit partial
synergistic effects. However, there are also some genes specifically
regulated by either H3K18cr or H3K4me3.

Overall, our findings support the notion that H3K18cr plays a
positive regulatory role in gene transcription during preimplantation
embryonic development. The observed changes in the H3K18cr levels,
particularly at the TSS regions, upon P300 knockdown may contribute
to transcriptional dysregulation and the developmental defects
observed in these embryos. Collectively, these findings confirm that
H3K18cr positively regulates gene transcription to promote pre-
implantation embryonic development.

Discussion
Although previous studies have shown that histone crotonylation
localizes to potential enhancer and promoter regions of active genes in
the mammalian genome™', the distribution and function of histone
crotonylation during preimplantation embryo development remain
unknown. In this study, we provided functional evidence that P300-
mediated histone crotonylation modifications are essential for pre-
implantation embryo development. Depletion of the P300 transcripts
leads to embryonic developmental arrest and defects and dysregula-
tion of the transcriptome. Specifically, we found that a significant
reduction in histone crotonylation, particularly H3K18cr, is responsible
for embryo developmental arrest. Furthermore, we delved into the
potential roles of histone crotonylation as a pivotal regulatory
mechanism governing gene transcription and preimplantation embryo
development fate. Under normal conditions, the transcriptional
coactivator P300 mediates crotonylation of histone and maintains a
high level, regulating the normal transcription of genes, thereby
ensuring a successful transition of embryos from the 8-cell to morula
stage, and subsequently leading to the development of blastocysts. On
the other hand, abnormal crotonylation leads to dysregulation of gene
expression, resulting in embryo arrest at the 8-cell stage and frag-
mentation, with retention of 8-cell-like morphological characteristics
(Fig. 7f). This study provides the first insights into the roles and
molecular mechanisms of histone crotonylation during preimplanta-
tion embryo development.

Transcription factors act as pioneering elements responsible for
the recruitment of Pol IIP%. Subsequently, Pol Il undergoes a pre-
configuration process, ensuring precise coordination between
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during ZGA™*. Our results suggest that P300 is an important regulatory
factor that initiates transcription and translation in mouse early
embryonic development (Fig. 1a-d). The knockdown of P300 altered
the normal gene expression patterns (Fig. 2c, d), resulting in impaired
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Fig. 6 | Correlation analysis between P300-mediated H3K18cr modification and
transcripts. a Schematic of sample collection for H3K18cr CUT&Tag analysis in
control, P300 knockdown (P300-KD), and P300-11394G or NaCr rescue embryos.
b Pie chart showing the distribution of H3K18cr peaks across annotated genomic
regions in control, P300-KD, P300-11394G rescue, and NaCr rescue embryos at late
8-cell stages. ¢ Enrichment profiles show the fluctuation of H3K18cr signals in
control, P300-KD, P300-11394G rescue, and NaCr rescue embryos at late 8-cell
stages. d Combination Column and Bubble Charts show the difference in total
H3K18cr modification peaks (n=25209) among control, P300-KD, P300-11394G
rescue, and NaCr rescue embryos at the late 8-cell stages. Data are presented as
mean values + SEM. n =2 biological replicates. Statistical analysis was performed
using two-tailed unpaired ¢t-tests. e Comparison of the occupancy of H3K18cr
around the TSS region (TSS + 2.5kb) in control, P300-KD, and P300-11394G or NaCr
rescue embryos. f Boxplots showing the signals of the H3K18cr promoter region
(two biological replicates) at global genes of different experiment groups. Control

(n=7934), P300-KD (n =3674), P300-KD + 11394G (n =10175), P300-KD + NaCr
(n=11181). g-i The plot displays the cumulative frequency of log2 fold changes in
FPKM among control (g, target n = 7553, non-target n = 9690), P300-11394G rescue
(h, target n=9697, non-target n=_8037), NaCr rescue (i, target n =10448, non-
target n=6667), and P300 knockdown embryos. A noticeable shift to the left for
H3K18cr target genes suggests an overall positive alteration in gene expression.

n =2 biological replicates. j Track views display the enrichment of H3K18cr peaks
and RNA-seq signals among control, P300-KD, and P300-11394G or NaCr rescue
embryos. The vertical axis corresponds to normalized tag counts for H3K18cr peaks
and RNA-seq in each sample. Refgene refers to the genome data from NCBI and IGV.
In (d), (P, (g), (h), and (i), Statistical analysis was performed using two-tailed
unpaired t-tests. The center line and edges of the boxes represent the median and
quartiles of the data points, respectively. The minimum and maximum values in the
boxplots correspond to quartile 1-1.5 x interquartile range and quartile 3 +1.5 x
interquartile range, respectively.

embryo developmental competence and poor embryonic quality
(Fig. 1e-h). Moreover, we observed that the knockdown of P300 sig-
nificantly affected Pol Il enrichment at gene body regions of the
embryonic genome (Fig. 3f-h), leading to aberrant transcriptional
elongation. This discovery aligns with a recent investigation indicating
that P300 stabilizes Pol Il and promotes Pol Il pausing®. H3K4me3 is a
well-established indicator of active promoter, facilitating the recruit-
ment of chromatin remodelers and transcriptional regulators®®>"°,
When early embryos undergo major ZGA, classical H3K4me3 replaces
the non-classical H3K4me3 (ncH3K4me3) enriched in the promoter
regions®°, This transition renders H3K4me3 a distinct and intimately
associated marker for transcriptional regulation in early embryos. Our
finding shows that knockdown of P300 significantly altered H3K4me3
enrichment at TSS regions of the embryonic genome (Supplementary
Fig. 12e). Remarkably, the distinct peaks of H3K18cr and H3K4me3
after P300 knockdown exhibited a parallel trend at the TSS, indicating
a potential synergistic interplay between H3K18cr and H3K4me3 dur-
ing early embryo development (Supplementary Fig. 12e-h). Briefly, our
results displayed that P300 is required for early embryonic develop-
ment and highlight a positive correlation between Pol II, H3K4me3,
and transcriptome changes after P300 knockdown.

Lysine histone crotonylation is one of the histone lysine acylation
modifications, occurring on the e-amino group of lysine residues in
histone side chains. This modification leads to the neutralization of the
positive charge of these residues™”. The reduction in positive charge
on the histone lysine residues results in a weakened interaction with
DNA, leading to a more relaxed chromatin structure that becomes
more accessible to DNA-binding factors. The presence of crotonyla-
tion has been verified in various microorganisms, plants, and animals
through mass spectrometry and proteomics'®***, In previous studies,
histone lysine crotonylation, as an indicator of gene expression, has
been implicated in the regulation of gene transcription. For instance, in
male germ cells following meiosis, histone crotonylation becomes
enriched on sex chromosomes, particularly marking a subset of genes
specific to the testis. Within this context, the chromodomain Y-like
transcription corepressor (CDYL) exerts a negative regulatory role on
histone crotonylation, ultimately leading to the repression of
transcription”>*°, In the female germ cells, the increased levels of his-
tone crotonylation lead to enhanced expression of endothelial genes
during the differentiation of human embryonic stem cells'®. Our study
revealed dynamic changes in histone crotonylation during implanta-
tion embryo development (Supplementary Fig. 6d), suggesting a cri-
tical role for histone crotonylation in embryonic development.
Previous studies have demonstrated that P300 mutants with compe-
tent HCT activity were able to enhance transcriptional activation®. In
our study, immunofluorescence and RNA-seq data showed a sig-
nificant reduction in histone crotonylation levels upon P300 knock-
down (Fig. 4), accompanied by notable changes in the transcriptome
(Fig. 2c, d). Remarkably, in the embryos rescued by the P300 mutant,

the levels of these abnormally elevated transcripts were largely
restored, while the downregulated transcripts exhibited partial
recovery to normal expression levels (Fig. 51) after rescue. These
results suggest that histone crotonylation is involved in the regulation
of gene transcription during embryonic development. Additionally,
metabolism also plays a critical role in cell-fate decisions through
epigenetic regulation™*. The conversion of the short-chain fatty acid
(SCFA) crotonate into crotonyl-CoA, results in increased histone cro-
tonylation levels in cellular metabolism™. Our results demonstrated
that the embryo developmental rates and transcription levels of genes
were remarkably restored in the crotonate rescue group (Fig. 5i-1).
These findings suggest that histone crotonylation does regulate early
embryonic development and the transcription of genes.

Several factors are involved in the regulation of histone
crotonylation-mediated gene expression. These factors act as writers,
erasers, and readers of histone crotonylation marks. P300 is the major
HCT in mammalian cells'*2. We observed a global decrease in croto-
nylation levels in the P300 knockdown embryos, particularly with a
significant reduction in the crotonylation modification of lysine 18 on
histone H3. (Fig. 4b, i). However, the knockdown of P300 not only
affected the H3K18cr levels but also led to diverse changes in histone
crotonylation at other sites during preimplantation embryo develop-
ment (Fig. 4c-i). The variance in the identification of P300 substrates
during early embryogenesis may arise from distinctions in species and
cell types. The potential impact of P300 inhibition on alternate sub-
strates cannot be excluded, particularly considering P300 also cata-
lyzes the modification of non-histone proteins in some cell types®.
Consequently, further investigations are warranted to address this
aspect in future studies.

Various histone crotonylation sites have been associated with
active chromatin and gene activation'*. Our data revealed enrichment
of H3K18cr peaks at promoters, introns, and distal regions in pre-
implantation embryos (Supplementary Fig. 10a, b). Importantly, we
observed a significant reduction in the H3K18cr signal at TSS regions
following P300 knockdown (Fig. 6e, ), suggesting a potential role for
H3K18cr in gene transcription regulation. Furthermore, the changed
peaks of H3K18cr enrichment correlated positively with changes in the
transcriptome, Pol II, and H3K4me3 occupancy after P300 knock-
down, as observed through CUT&Tag and RNA-seq data (Figs. 3f, 6e
and Supplementary Fig. 12e-h). These results imply that H3K18cr
positively regulates gene transcription during embryonic develop-
ment. Consistent with our findings, CDYL, a chromodomain-
containing protein, has been shown to regulate histone crotonyla-
tion negatively. Overexpression of CDYL leads to diminished H3K18cr
levels in the majority of its target genes, and the magnitude of H3K18cr
reduction mediated by CDYL correlates with the broader suppression
of global histone crotonylation****. Additionally, histone decrotony-
lation is mediated by members of the class I histone deacetylase family,
including HDAC1, HDAC2, and HDAC3?. Deletion of HDAC1/2 has been
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Fig. 7| Correlation analysis between P300-mediated H3K18cr modification and
RNA-Pol II. a Heatmaps showing the differentially H3K18cr peaks and their gene
body RNA-Pol Il enrichment in control and P300 knockdown (P300-KD) embryos.
TSS, transcription start site. TES, transcription end site. b-d The average plot
showing the differentially H3K18cr peaks led to global changes of RNA Pol Il
enrichment at the gene body regions, such as upregulated (b, Control n=768,
P300-KD n =786), downregulated (c, Control n=2108, P300-KD n =1848), and
unchanged (d, Control n=2843, P300-KD n =2628). Statistical analysis was per-
formed using two-tailed unpaired t-tests. The center line and edges of the boxes
represent the median and quartiles of the data points, respectively. The minimum
and maximum values in the boxplots correspond to quartile 1-1.5 x interquartile
range and quartile 3 + 1.5 x interquartile range, respectively. n = 2 biological repli-
cates. e Representative tracks show occupancy of RNA-Pol Il at the gene body

regions of genes (Ccngl, Myc, and KdmSb) in the control and P300 knockdown
embryos (two biological replicates). f Working model illustrating how P300-
mediated histone crotonylation regulates the preimplantation embryo develop-
ment. P300-mediated histone crotonylation plays a pivotal role in preimplantation
embryo development. Under normal conditions, P300 facilitates the crotonylation
modification of histones, maintaining a high level of this modification. As a result,
genes are transcribed appropriately, ensuring successful embryo development
from the 8-cell to the morula stage, and further maturation into the blastocyst. On
the other hand, when P300 expression is depleted, the level of crotonylation
becomes abnormal, which leads to dysregulated gene expression, disrupting the
delicate balance required for proper development. Consequently, the embryos are
arrested at the 8-cell stage and exhibit fragmented structures, retaining char-
acteristics similar to 8-cell embryos.
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shown to lead to a significant enrichment of H3K18cr at genes in
embryonic stem cells (ESCs), particularly in genes involved in
embryonic morphogenesis and development®. All of the above results
collectively support the positive correlation between H3K18cr mod-
ification and gene transcription regulation. In summary, our results
demonstrate that P300 acts as a key regulatory factor positively reg-
ulating H3K18cr to promote preimplantation embryonic development.
However, further investigations are warranted to determine the
genome-wide distribution of H3K18cr at different stages of early
embryo development and the specific role of H3K18cr in modulating
developmental events during mammalian embryogenesis.

In conclusion, our study highlights the essential role of P300 as a
histone crotonyltransferase in early embryonic development. The
specific enrichment of H3Kl18cr at promoter regions promotes
genome-wide transcription activation and proper gene expression,
which is crucial for embryonic development. These findings further
enhance our understanding of the epigenetic regulation of early
embryo development.

Methods

The animal use protocol listed below has been reviewed and approved
by the Animal Ethics Committee of Guangdong Second Provincial
General Hospital. Approval number: 2022-DW-KZ-011-02. Moreover,
unless stated otherwise, all chemicals were procured from Sigma
(Sigma-Aldrich, St. Louis, MO).

Mouse embryo collection and in vitro culture

Experimental mice were housed within the controlled confines of the
Guangdong Second Provincial General Hospital, maintaining a tem-
perature range of 22-25 °C, relative humidity at 60%, and a 12-h light/
dark cycle. These mice had unrestricted access to water and food.
Super-ovulation of 8-week-old female BDF1 (C57BL/6 x DBA/2) mice
was achieved through intraperitoneal administration of 7.5 IU PMSG,
followed by injection of 7.5 IU hCG after 48 h. These females were then
paired with BDF1 male mice for mating. After an 18-h period, mice were
humanely euthanized, and zygotes were carefully harvested from the
expanded upper oviduct. The encompassing cumulus cells were gently
eliminated using a 0.03 mg/ml hyaluronidase solution. Pools of 20
zygotes were cultured in 50 pl droplets of KSOM (Millipore, MR-107-D)
at 37°C, in an environment consisting of 5% CO, in air and optimal
humidity.

Microinjection

P300 siRNA sequences were meticulously designed to target distinct
regions within mouse P300 mRNA. Microinjection procedures were
conducted in the M2 medium. Around 10 pl of siRNA solution (30 pM)
or mRNA (500 ng/ul) was meticulously microinjected into the cyto-
plasm of zygotes or 2-cell blastomeres, with the manipulated samples
subsequently undergoing incubation in KSOM. The negative control
siRNA was introduced as the control counterpart, thereby enabling the
assessment of potential microinjection impacts. The negative control
siRNA oligo (sense sequence: 5-UUCUCCGAACGUGUCACGUTT-3%
antisense sequence: 5-ACGUGACACGUUCGGAGAATT-3; Gene-
Pharma, Shanghai, China), P300-mus-4127 (sense sequence: 5-GCAU
GCAUGUUCAAGAAUATT-3; antisense sequence: 5-UAUUCUUGAA-
CAUGCAUGCTT-3; GenePharma, Shanghai, China), P300-mus-4346
(sense sequence: 5-GCCAUCCACCUGAUCAGAATT-3; antisense
sequence: 5-UUCUGAUCAGGUGGAUGGCTT-3 GenePharma, Shang-
hai, China).

Cell culture and transfection

Murine embryonic fibroblast (MEF) cells were derived from 13.5-day
embryos and cultured in the Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, 11995065) supplemented with 10% fetal bovine serum
(FBS, Gibco, 10099141 C), penicillin/streptomycin (Pen Strep, Gibco,

15140-122), and were maintained at 37 °C in 5% CO, in air. The mouse
embryonic stem cell (mESC) lines used were E14. These cells were
cultured in feeder-free conditions on gelatin-coated culture dishes
(0.1% gelatin, Beyotime, C0316). mESCs were maintained in Knockout
DMEM supplemented with 15% FBS, 2mM GlutaMAX (Gibco,
35050061), 100 U/ml penicillin/streptomycin (Pen Strep, Gibco, 15140-
122), 0.1 mM B-mercaptoethanol, 0.1 mM Non-Essential Amino Acids
(NEAA, Gibco, 11140050), 1 uM PD0325901 (LC Laboratories, P-9688),
1000 U/ml leukemia inhibitory factor (LIF, Millipore, ESG1107), 3 pM
CHIR99021 (LC Laboratories, C-6556). Following the manufacturer’s
instructions, Lipofectamine 3000 Transfection Reagent (Thermo
Fisher, L3000015) was utilized for the transfection of cells.

Quantitative polymerase chain reaction (qQPCR)

Pools of 20 zygotes or embryos at different developmental stages were
collected, and total RNA was extracted using the RNeasy Micro Kit
(Qiagen, 34004) following the manufacturer’s instructions. Reverse
transcription was performed with the QuantiTect Reverse Transcrip-
tion Kit (Qiagen, 205311). Quantitative PCR was carried out using the
SYBR Green PCR Master Mix (Qiagen, 208054) according to the
manufacturer’s protocol on The LightCycler® 480 Instrument Il Sys-
tem. For the gene expression analysis, the 2" method was employed
for relative quantification, utilizing H2afz as the internal reference
gene. All experimental procedures were independently replicated
three times using distinct biological samples. The primer sequences
utilized for these assays can be found in Supplementary information.

Immunofluorescence staining

At room temperature, embryos were fixed in 4% paraformaldehyde
(PFA) for 30 min, followed by permeabilization with 0.5% Triton X-100
for 30 min. The samples were blocked with PBS containing 10% FBS for
1h. Subsequently, embryos were sequentially incubated with primary
and secondary antibodies. After washing again with PBS + 0.1% PVP, the
embryos were stained with DAPI for 10 min. Subsequently, they were
mounted onto glass slides and covered using glass coverslips. The
specific experimental steps were referenced from the previous
protocol*®. Confocal fluorescence microscopy (Olympus, Tokyo,
Japan) was used for imaging the samples. All images were captured
without adjusting contrast or brightness, and the same parameters
were used for photography. Quantitative analysis of fluorescence sig-
nal intensity and cell counting was conducted using the Image J soft-
ware (NIH, Bethesda, MD, USA; version 1.52a). All nuclei from each
embryo were counted, and the average value was calculated as the
fluorescence intensity value of the embryo. The primary antibodies
used are listed in Supplementary information.

EU incorporation assay

The embryos at different developmental stages were acquired and
cultured in KSOM medium supplemented with 500puM
5-ethynyluridine (EU) for 2h at 37°C with 5% CO, in a saturated
humidity environment. After the incubation, at room temperature,
embryos were fixed in 4% paraformaldehyde (PFA) for 30 min, fol-
lowed by permeabilization with 0.5% Triton X-100 for 30 min. To
detect the incorporated EU, the Cell-Light EU Apollo 488 In vitro
Imaging Kit (RiboBio, C10316-3) was used, following the manu-
facturer’s protocol. After the detection process, the samples were
imaged using a confocal fluorescence microscope to visualize and
analyze the distribution of EU-labeled transcripts.

Western blotting

The Western blotting experiment was conducted following our pre-
viously established research protocol with minor modifications*.
Embryos were collected and placed in lysis buffer containing protein
sample buffer (Beyotime, PO0O12B), followed by boiling at 95°C for
10 min. Protein samples were separated using sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (Mini-PROTEAN Tetra, Bio-Rad,
Berkeley, CA, USA). Following separation, proteins were transferred
onto membranes using an electrophoretic transfer apparatus (Trans-
Blot, Bio-Rad, Berkeley, CA, USA). The subsequent steps involved
incubation with primary and secondary antibodies, and the resulting
images were captured using the VersaDoc imaging system (3000, Bio-
Rad, Berkeley, CA, USA). Supplementary information contains detailed
information about the primary and secondary antibodies utilized in
this research.

Preparation of recombinant 11394G mutant

T7-driven vectors were utilized to subclone mutant cDNA for P300.
The construction of the P300 mutant (I1394G) followed previously
established methods”. All sequences underwent validation through
Sanger sequencing by GENEWIZ (GENEWIZ, Guangzhou, China) prior
to their application. According to the manufacturer’s manual to pre-
pare mRNA, plasmids were linearized and subjected to in vitro tran-
scription, capping, and poly (A) tailing using the T7 Mmessage
mMACHINE Kit (Thermo Fisher Scientific, AM1344). Subsequent pur-
ification and recovery of RNA were accomplished using the RNA Clean
Beads (Vazyme, N412-02).

RNA-seq library generation and sequencing

The Smart-seq2 protocol was employed to create total RNA-seq
libraries from early embryos at various developmental stages®. In
brief, embryos at 4-cell, early 8-cell, and late 8-cell stages, visually
confirmed under a microscope, were lysed in lysis buffer supple-
mented with RNase inhibitor (RiboLock RNase, Thermo Fisher Scien-
tific,c, E00382), 10mM dNTP mix (NEB, Cat#N0447), and
polyadenylated mRNAs were isolated using the oligo-dT primer (5~
AACGCAGAGTACT30VN-3)). After a 5-min lysis step at 72 °C, reverse
transcription of RNAs was carried out using random hexamers, fol-
lowed by PCR amplification. Subsequently, cDNAs were pre-amplified,
purified using Ampure XP beads (Beckman Coulter, Brea, California,
USA), and subjected to tagmentation using the Tn5 transposase. The
lllumina TruSeq library preparation was then performed. The
sequencing of all libraries was conducted on the Illumina HiSeq
6000 sequencers. Each sample was subjected to two independent
biological replicates.

CUT&Tag library generation and sequencing

The CUT&Tag library protocol was adapted from a previous study with
slight modifications*®. In summary, MEF cells, late 8-cell embryos, and
morula stage embryos were gently washed with 100 pl of wash buffer
(20 mM HEPES (pH 7.5); 150 mM NaCl; 0.5 mM Spermidine; 1x Protease
inhibitor cocktail). Subsequently, the samples were incubated with
10 pl of activated Concanavalin A coated magnetic beads (ConA beads,
Vazyme) for 15min at room temperature. After discarding the
unbound supernatant, the bead-bound cells were resuspended in 50 pl
of antibody buffer (20 mM HEPES (pH 7.5); 150 mM NaCl; 0.5 mM
Spermidine; 1x Protease inhibitor cocktail; 0.05% Digitonin; 2 mM
EDTA) containing the appropriate primary antibody and incubated
overnight at 4 °C. The primary antibody was removed by magnetic
separation. Following two washes with the dig-wash buffer (20 mM
HEPES (pH 7.5); 150 mM NaCl; 0.5 mM Spermidine; 1x Protease inhi-
bitor cocktail; 0.05% Digitonin), the secondary antibody (diluted 1:50
in 50 pl of dig-wash buffer) was applied for 1 h at room temperature.
Cells were washed twice with the dig-wash buffer to eliminate unbound
antibodies using magnetic separation. Next, the Tn5-protein A/G
adapter complex (0.04 M) was prepared in the dig-300 buffer
(20 mM HEPES (pH 7.5); 300 mM NaCl; 0.5 mM Spermidine; 1x Pro-
tease inhibitor cocktail; 0.05% Digitonin), and the samples were incu-
bated for 2 h at room temperature. After washing the samples twice
with the dig-300 buffer, the samples were resuspended in 25l of
tagmentation buffer and incubated at 37°C for 2 h. Subsequently,

tagmentation was halted at 55°C using 10% SDS for 15min. DNA
extraction was performed using activated DNA Extract Beads. The DNA
of the sample was mixed with different index primers to amplify
libraries. Next, the libraries were subjected to Ampure XP beads
(Beckman Coulter) and 80% ethanol purification. The Illumina HiSeq
3000 or 4000 sequencers were used for the sequencing of all libraries.

Data analyses

Gene expression data processing. Utilizing Tophat (version 2.4.0)*,
the RNA-seq data were aligned to the mm9 genome. Subsequently, the
gene expression levels were computed using Cufflinks (version 2.2.1)*°,
with reference to the mm9 refFlat annotation database from the IGV
browser.

RNA-seq data mapping. Conducting biological replicates for each
sample, RNA-seq analysis was executed. Raw reads underwent trim-
ming using Cutadapt version 4.1°° and were subsequently mapped to
the mouse genome (mm?9) utilizing Hisat2 version 2.2.1°" with default
parameters. Uniquely mapped reads were subsequently assembled
into transcripts guided by reference annotation (the University of
California Santa Cruz [UCSC] gene models) using Cufflinks version
2.2*, Gene expression levels were quantified as FPKM. Functional
annotation was conducted through clusterprofiler (V4.0)*. Statistical
analyses were carried out using the R software (http://www.rproject.
org). Calculation of Spearman correlation coefficient (rs) utilized the
cor function, and gene clustering employed the complete linkage
hierarchical algorithm. Quality controls for the RNA-seq results are
detailed in the Extended materials.

CUT&Tag data analysis. The mouse genome (UCSC mm9) served as
the reference for aligning all paired-end CUT&Tag reads, performed
using Bowtie2 version 2.3.5.1 with default parameters. Only uniquely
mapping reads with a tolerance of up to two mismatches were
retained”. For subsequent analyses, read counts were normalized by
calculating reads per kilobase of bin per million of sequenced reads
(RPKM), following the removal of non-uniquely mapped reads,
unmapped reads, and PCR duplicates. The track files were generated
using the bamCoverage command from deepTools version 3.5.1°*.
Identification of CUT&Tag peaks was carried out employing MACS
(model-based analysis of ChIP-seq) version 2.1.2, using default para-
meters and a g-value cutoff of 0.05%. Annotation of the distribution of
CUT&Tag peaks was achieved through the utilization of the R package
ChiPseeker®™. For the specified windows, heatmaps, metaplots, and
metagene plots were generated, utilizing the average cover-
age (RPKM).

Data statistical analysis. In order to ensure the reliability of the
experimental results, all the aforementioned experiments were con-
ducted with multiple biological replicates. Statistical analysis of the
collected data was performed using the SPSS software (version 17.0,
SPSS, https://spss.software.informer.com/17.0/). Statistical analysis
included the utilization of the independent-sample Student’s t-test to
evaluate distinctions between two groups, whereas, for the analysis of
multiple groups, one-way ANOVA was applied, followed by subsequent
multiple comparison tests. Statistically significant results are denoted
by asterisks (*P < 0.05), (**P<0.01), and (**P<0.001), respectively.

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

Data availability

All data have been deposited to GEO with the accession number
GSE241196. Publicly available datasets used in this work were from
NCBI GEO accession number GSE45719 (RNA-seq data), https://doi.
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org/10.1126/science.1245316; GSE135457 (Pol Il Stacc-seq data),

https://doi.org/10.1038/s41586-020-2847-y;

GSE207222 (H3K27ac

CUT&RUN data), https://doi.org/10.15252/embj.2022112012. Source
data are provided with this paper.

Code availability

This study did not make any custom code or algorithm. All software
used in this study are publicly available and cited in the main text and/
or “Methods” section.
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