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Abstract: Embryonic stem cell (ESC) research is critical to the scientific community, as their application in regenerative medicine can be widely beneficial. ESCs eventually withdraw from their self-renewal program and subsequently differentiate into specific cell lineages; however, the mechanisms regulating these processes remain unclear.
PKC inhibition using 3-[1-[3-(dimethylamino) propyl]-5-methoxy-1H-indol-3-yl]-4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione
(PKCi) is responsible for the derivation and maintenance of human, rat, and mouse ESCs, but the mechanism by
which PKCi maintains stem cell self-renewal is poorly understood. By studying the PKCi stem cell (PKCi-mESC)
transcriptome and epigenetic modification, we found the transcriptome of PKCi-mESC differed from 2i stem cells
(2i-mESC), with 2010 up-regulated genes and 1784 down-regulated genes. Among them, genes related to core
transcription factors, naïve-specific markers, and pluripotency are differentially expressed between the two stem
cell lines. We analyzed epigenetic modification of PKCi-mESC and found the distribution of H3K27me3 signal was
significantly reduced at transcription start sites (TSSs) throughout the genome and at differentially expressed genes
(DEGs). Likewise, the H3K9me3 signal at TSSs throughout the genome was significantly reduced in PKCi-mESC, but
the distribution on DEGs is reversed. Kdm4d and Kdm6a knockdown by RNA interference (RNAi) significantly altered
the expression of genes related to self-renewal in PKCi-mESC. In conclusion, we revealed PKCi-mESC and 2i-mESC
differentially express numerous genes, including stem cell-related genes. Furthermore, PKCi-mESC regulated gene
expression through H3K27me3 and H3K9me3 modification, which maintained stem cell self-renewal capacity.
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Introduction
Embryonic stem cells (ESCs) [1], which are
derived from the inner cell mass within the
blastocyst, are pluripotent cells with the ability
to differentiate into any cell type of an adult animal [2]. Not only can ESCs continuously selfrenew without losing pluripotency under appropriate culture conditions, but they can also differentiate into predetermined cells when cultured with specific inducers [3, 4]. Because of
this unique property, ESCs are an ideal model
system for studying early mammalian development and they provide a valuable tissue source
for drug screening and disease research [5].
ESCs can differentiate into all three germ layers, which holds great promise for regenerative
medicine [6, 7]. To realize the full therapeutic

potential of ESCs, a thorough understanding of
the molecular mechanisms regulating their exit
from the self-renewal program and their subsequent differentiation into specific cell lineages
is required [3].
ESCs are defined by two basic characteristics:
pluripotency and self-renewal [8]. Both characteristics are dependent on the coordination and
balance of signal transduction pathways, transcription factor networks, and epigenetic regulators [4, 9-13]. The transition from a pluripotent state into lineage-specific differentiation is
critical for mammalian development, but the
molecular mechanisms that regulate lineage
commitment remain poorly understood [3, 14,
15]. ESCs grown under standard conditions
(i.e., medium supplemented with bovine serum
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and the cytokine Leukemia Inhibitory Factor,
LIF) contain a subpopulation of differentiated
cells, although most cultured cells remain pluripotent and are undergoing self-renewal [1518]. In addition, pluripotency-related transcription factor expression levels differed between
ESCs grown under serum and LIF conditions.
Consequently, genetically identical cells exposed to the same culture conditions exhibited
functional heterogeneity [5, 13, 19, 20]. Nichols
et al. maintained mouse ESC (mESC) pluripotency by adding two inhibitors to activate the
JAK-STAT3 pathway or inhibit the ERK/GSK3
signaling pathway (2i) [5, 21, 22]. Dutta et al.
used a small factor that inhibited protein kinase C (PKC) to maintain mESC pluripotency without activating STAT3 or inhibiting ERK/GSK3
signaling [20]. Moreover, mESC in this culture
system could form chimeric mice, which can
generate targeted mice. Simultaneous inhibition of PKC isoforms leads to reprogramming
of mouse embryonic fibroblasts (MEF) into
induced pluripotent stem cells and PKCζ plays
an important role in inducing lineage development of mESCs through the NF-κB signaling
pathway [20]. Taken together, this suggests
regulation of mESC pluripotency is complex,
and that PKC signaling is a crucial regulator of
ESC self-renewal and lineage commitment.
However, further research is needed to understand the mechanisms by which PKC signaling
regulates ESC self-renewal.
Naïve mESCs and rat ESCs can be derived
using a PKCi (3-[1-[3-(dimethylamino) propyl]5-methoxy-1H-indol-3-yl]-4-(1H-indol-3-yl)-1Hpyrrole-2,5-dione) culture system [20, 23, 24].
Adding PKCi, 2i, LIF and other small factors to
ESC cultures can also separate naïve human
embryonic stem cells (hESCs) [25]. Our research group successfully isolated rabbit naïve
ESCs using PKCi, 2i and LIF [26]. Furthermore,
we successfully isolated mESC from C57BL/6J
mice using only PKCi [24], indicating PKCi promotes or maintains the role of ESCs in different
species.
Gene expression patterns are largely responsible for the differences between lineage cells
and the pluripotent cells from which they originated [20, 27]. In fact, the introduction of four
transcription factors can induce pluripotency in
somatic cells [28, 29]. Critically, gene expression is intimately related to epigenetic modifi-
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cation [29-34]. Among them, H3K4me3 was
enriched at the promoters of actively transcribed genes or genes with positive transcription potential [35], but H3K27me3 was associated with stable gene silencing [36].
Reduction of H3K27me3 in induced pluripotent
stem cells facilitate self-renewal of ESCs and
somatic cell reprogramming [3, 37, 38]. In contrast, H3K9me3 is involved in the generation
of heterochromatin and also plays a significant
role in lineage fidelity maintenance [39].
H3K9me3 is also a primary epigenetic determinant, and removal of this mark leads to fully
reprogrammed iPSCs [40]. A bivalent site refers to a location in the genome where both
activating and repressing histone marks are
juxtaposed on the same nucleosome. In ESCs,
bivalent genes are normally transcriptionally
silent, but are rapidly activated in the appropriate lineage during embryonic development.
However, the mechanisms by which epigenetic
enzymes recognize these chromatin marks and
interact with the core pluripotency network to
regulate the balance between self-renewal and
differentiation remain elusive [2]. Furthermore,
there was no report of H3K9me3 and H3K27me3 epigenetic modification in PKCi derived
mESC.
To better understand the mechanisms of ESC
self-renewal, we profiled the transcriptomes
and analyzed the epigenetic modifications of
histones H3K4me3, H3K9me3, H3K27me3
and H3K27ac in mESC isolated with 2i (2imESC) and PKCi (PKCi-mESC).
Materials and methods
Chemicals and reagents
Unless otherwise noted, chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA).
Animals
All animal protocols were approved by the
Animal Care and Use Committees of Nanjing
Normal University (IACUC-20201209). This
study was carried out in accordance with the
recommendations of the Guide for the Care
and Use of Laboratory Animals of the National
Institutes of Health. Mice were maintained in a
specific pathogen free animal facility at Nanjing
Normal University and bred in individually venti-
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lated cages (four mice per cage) with free
access to food and water. The mice were kept
in a 12:12 h light: dark cycle and maintained at
24±2°C and 50±20% relative humidity. All animal experiments were performed using proper
anesthesia.
Embryonic stem cells
Blastocysts were seeded on Mitomycin in
C-treated MEFs on 0.1% gelatin-coated plates
(ES-006-B, Millipore, Burlington, MA, USA) with
PKC inhibitor (5 μM Gӧ6983, 133053-19-7,
Selleck, Houston, TX, USA) in basic culture
medium supplemented with Dulbecco’s Modified Eagle’s Medium (DMEM; 10829018,
Gibco, Gaithersburg, MD, USA) containing 15%
knockout serum replacement (10828028,
Gibco), 1% penicillin/streptomycin (SV30010,
HyClone, Logan, UT, USA), 2 mM glutamine
(35050061, Gibco), 1 mM sodium pyruvate
(11360088, Gibco) and 0.1 mM 2-mercaptoethanol (ES-007-E, Millipore). Following 7 days
of culture, outgrowths were collected and
digested into single-cell suspensions with
Accutase (A1110501, Gibco) and re-seeded in
new plates coated with feeder cells. mESC
were passaged by incubating colonies with
Accutase. Then, mESCs were plated into a new
24-well plate coated with new feeder cells at a
density of 1×103 cells/cm2 at 3- to 4-day intervals. Collected mESCs were frozen in cryopreservation medium with 90% fetal bovine
serum (FBS; SH30070.03, HyClone) and 10%
dimethyl sulfoxide (D5879) and stored in liquid
nitrogen [24].
RNA extraction and sequencing
Total RNA was isolated from the leaves of rice
seedlings with the plant total RNA extraction
reagent TransZol up plus RNA kit (TransGen
Biotech, China). The cDNA libraries were prepared from mRNA using NE Next Ultra RNA
Library Prep Kit for Illumina (NEB, USA), according to the manufacturer’s instructions. The
cDNA libraries were paired-end sequenced for
150 bp on both ends on an Illumina HiSeq
X-Ten platform.
ChIP-seq
Sequence libraries were generated using the
TruSeq Library Prep Pooling kit (Illumina
15042173), following the manufacturer’s
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instructions. Paired-end 100-bp sequencing
was performed on HiSeq 2000 (Illumina) at the
Neogene [41].
qPCR
Total RNA was extracted from mESCs with Trizol
reagent (T9424). Reverse transcription reactions were performed with 1 μg RNA using
HiScript II Reverse Transcriptase (R223-01,
Vazyme, Nanjing, China). For the qPCR reaction,
cDNA was used as a template and mixed with
2xSYBR Green Fast qPCR Mix with High Rox
(RM21206, ABclonal, China). Individual gene
expression was normalized to GAPDH expression, and values from the PKCi group were
defined as 1.0 for all gene expression levels.
GAPDH was used as an endogenous control.
The qPCR primers are shown in in Table S2.
Kdm4d and Kdm6a knockdown in cloned embryos
For RNAi, mouse Kdm4d and Kdm6a siRNAs
were diluted in DMEM to a final concentration
of 50 pM with 1 μL Entranster TM-R4000.
Then, the mixture was incubated in 500 μL
medium with cells for 8 h. Next, siRNAs were
removed by fluid exchange and culture continued for 24 h. The siRNAs are shown in in Table
S3.
Statistical analyses
On-target and off-target mutation frequencies
were analyzed using SPSS software (SPSS
18.0, IBM). The percentage data in each replicate were arcsine transformed and subjected
to one-way ANOVA. Means were compared by
Fisher’s least significant difference test (PLAS).
The threshold for statistical significance was P
< 0.05. Significant difference was indicated by
*, **among the groups (*, P < 0.05; **, P <
0.01).
Analysis of RNA-seq
Sequencing data were mapped to mouse
genome (mm9) normal chromosome and X
chromosome by STAR with default parameter.
Then only kept the uniquely mapped reads with
samtools parameter “-q 30”, and removed the
duplicate reads with Picard tools with default
parameter. Remain reads were count by HTseqcount with default parameter. Count matrix
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were used as input to calculate gene FPKM and
differentially expressed genes by DEseq2.
DEGs were genes with p value < 0.01 and fold
change larger than 3. R package pheatmap
was used to plot the heatmap of z score of
FPKM in each gene.
Analysis of ChIP-seq
Sequencing data were mapped to mouse
genome (mm9) normal chromosome and X
chromosome by bowtie2 with parameter “-N 1
-L 25 -X 2000 -5 7 -3 80 --no-mixed --no-discordant”. Then only kept the uniquely mapped
reads with samtools parameter “-q 20”, and
removed the duplicate reads with Picard tools
with default parameter. RPKM of histone modification ChIP data were calculated by deeptools bamCoverage command with parameter
“-bs 200”. Peaks were called by macs2 with
parameter “-g mm” for H3K27ac and H3K4me3 each replicate, with parameter “--broad -g
mm” for H3K9me3 and H3K27me3 each replicate. Final peaks were the merge of overlapped
peaks between each replicate.
Distribution of histone modification in genome
were implemented by R package ChIPseeker
that peaks of each histone modification were
imported and TSS +/- 1000 bp was assigned as
promoter region.
To obtain the histone modification enrichment
signal around genes, RPKM matrix of histone
modification were used to calculated the signal
around gene +/- 5 kb region with bin size 200
by deeptools computeMatrix command. Then
we plotted the signal with plot Heatmap command.
Data availability
ChIP-seq and RNA-seq datasets have been
deposited in the Sequence Read Archive (SRA)
under the accession number PRJNA849820,
and are accessible for reviewers: at https://
www.ncbi.nlm.nih.gov/sra/PRJNA849820.
Discussion
The successful derivation and culture of ESCs
has great implications for medicine. However,
the intrinsic molecular mechanisms regulating ESC biology remain largely unknown. We
revealed that 2i-mESC and PKCi-mESC have
different transcriptional profiles, despite being
4298

naïve state stem cells. Not only do these results
indicate that mESCs are heterogeneous, but
they suggest mESCs can be regulated by gene
expression related to self-renewal. Using ChIPseq, we identified differences in epigenetic
modification between PKCi-mESC and 2imESC. Among them, H3K9me3 distribution
was similar throughout the whole genome, but
there were stark differences in H3K4me3,
H3K27me3 and H3K27ac distribution. The
signal of H3K27me3 in PKCi-mESC had a proportion of the promoter region of 32.9%, less
than the 37.0% observed in 2i-mESC. The
H3K27me3 distal intergenic region in PKCimESC accounts for 19.0% compared to the
25.9% in 2i-mESC. Lastly, the PKCi-mESC have
the H3K27me3 proportion of 37.0% in the
gene body, which was more than 27.9% in
2i-mESC. The gene-wide distribution of histone
modifications of H3K27ac corroborates these
results. We speculate PKCi-mESC maintenance is related to H3K27me3 distribution.
Examination of the H3K4me3 whole gene distribution map revealed the ratio of PKCi-mESC
in the promoter is larger than 2i-mESC, but the
H3K4me3 ratio in the distal intergenic is less
than 2i-mESC. Taken together, these findings
suggest the ability of PKCi-mESC to maintain
the self-renewal may be related to regulation of
H3K27me3 and H3K4me3 modification, which
may control expression of self-renewal genes.
PKC inhibitors [20] have been used to successfully isolate and maintain embryonic stem
cells by promoting self-renewal, which has provided more opportunities to study mESCs [24]
and hESCs [25]. Through the analysis of the
transcriptome and epigenetic modification of
mESCs cultured with PKCi, we found the level
of H3K27me3 modifications in PKCi-mESC was
significantly decreased in the promoter segment, increased in the distal intergenic interval, and these modifications were specific for
mESC. We used RNAi to knockdown Kdm4d, a
demethylase of H3K9me3, and Kdm6a, a
demethylase of H3K27me3, in PKCi-mESC and
determined these methylases significantly regulate the expression profiles of stem cell-related genes.
Our results show PKCi regulates H3K27me3
modification by increasing methylase expression, such as Kdm6a, reducing the inhibition of
genes that are necessary for mESC maintenance. Simultaneously, PKCi regulates H3K9Am J Transl Res 2022;14(6):4295-4309
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me3 modification to inhibit the high expression
of differentiation-specific genes. This may be a
novel mechanism for regulating gene expression in ESCs.
Furthermore, we found the NuRD-related components in PKCi-mESC were affected. For
example, MBD3 decreased significantly, but
the HDAC components were largely unaffected
(data not shown). However, HDAC can bind to
the PWWP domain to form an activation region
leading to H3K27ac modification [47] and
genes associated with the PWWP domain
were highly expressed in PKCi-mESC (data not
shown). At the same time, HDAC competes
with MBD3 for the MTA1 binding site, which
explain the small MBD3 decrease and HDAC
reduction. The NuRD complex is known to regulate cellular transcriptional profiles by restricting lineage-specific enhancers and promoters
[48]. These sites are identified by NuRD components, such as HDAC1/2 and MAT1 [49].
However, H3K27me3 modifications in enhancer and promoter regions was significantly
reduced in PKCi-mESC. In total, this suggests
PKCi may regulate promoter and enhancer levels of H3K27ac and H3K27me3 through the
NuRD complex thereby regulating the expression of genes required for stem cells and selfrenewal maintenance. However, the mechanisms by which PKC inhibitors regulate histone
demethylases and histone modifications still
needs to be further explored.
We found that although mESC under different
PKCi and 2i condition were naïve stem cells
[24], their transcriptional profiles were different. In addition to demonstrating the heterogeneity of mESCs, it is possible to identify genes
with both high expression and low expression
in various mESC, and further understand the
mechanism of maintaining pluripotency of
naïve mESC.
Results
PKCi-mESC and 2i-mESC have different transcriptional profiles
We applied DESeq to analyze differentially
expressed genes (DEGs). DEGs between different samples were identified based on a Fold
Change ≥ 3 and P-value < 0.05 [41]. Our analysis identified 3794 DEGs between PKCi-mESC
and 2i-mESC. Specifically, 2010 genes were
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up-regulated and 1784 genes were down-regulated (Figure 1A, see NCBI’s SPA module).
However, these are both naïve mESCs, which
indicates the genes that maintain mESC stemness have a certain elastic range and verifies
the heterogeneity of ESCs.
An analysis of pluripotency genes, naïve genes
and primed genes revealed PKCi-mESC and
2i-mESC have different gene expression characteristics (Figure 1B-E). Examination of core
transcription factor markers [3] revealed
Pou5f1 was highly expressed in PKCi-mESC,
whereas Sox2 and Nanog were highly expressed in 2i-mESC (Figure 1B). Regarding naïvespecific markers [3], Klf17, Dnmt3l and Rex1
were highly expressed in PKCi-mESC, whereas
Fgf4, Klf4, Tbx3 and Dppa5a were highly
expressed in 2i-mESC (Figure 1C). Pluripotency genes [3, 42], such as c-Myc and Lin28a,
were highly expressed in PKCi-mESC (Figure
1D). Concerning, primed-specific markers [3],
Zic2, Sfrp2, Otx2 and Fgf5 were highly expressed in PKCi-mESC, whereas Stc1 and
Hmx2 were highly expressed in 2i-mESC (Figure 1E). Next, we performed KEGG clustering
analysis on the differential genes between
PKCi-mESC and 2i-mESC. We found DEGs
were enriched in Wnt, MAPK and PI3K-AKT signaling pathways, which were lowly expressed in
PKCi-mESC (Figure 1F; Table S1). Additionally,
we found DEGs were enriched in chemokine,
focal adhesion and ECM-receptor interaction
signaling pathway, which were highly expressed
in PKCi-mESC (Figure 1F; Table S1). These
results indicate that self-renewal regulation by
PKCi may be related to the inhibition of Wnt
pathway, cell-to-cell communication and extracellular matrix interaction. Furthermore, the differences in enriched pathways suggest it may
be possible to obtain extracellular stem cell
factors.
Because PKCi-mESC were transcriptionally distinct from 2i-mESC, we decided to examine
their epigenetic modifications, as gene expression is affected by epigenetic modifications.
PKCi-mESC histone modification was biased
We analyzed several common histone modifications between PKCi-mESC and 2i-mESC, which
revealed PKCi-mESC histone modification was
biased compared to 2i-mESC. In PKCi-mESC,
H3K27me3 accounted for 32.9% of the pro-
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Figure 1. Transcriptomes of PKCi-mESC and 2i-mESC are significantly different. A. Volcano plot of differentially expressed genes (DEGs) between PKCi-mESC and 2imESC. B. Heatmap comparing transcription levels of core transcription factors in PKCi-mESC and 2i-mESC. The expression level of Pou5f1 was significantly (FC > 2)
increased in PKCi-mESC, but Sox2 and Nanog expression were higher in 2i-mESC. C. Heatmap comparing transcription levels of naïve-specific markers in PKCi-mESC
and 2i-mESC. Klf17, Dnmt3l and Rex1 genes were highly expressed in PKCi-mESC, whereas Fgf4, Klf4, Tbx3 and Dppa5a genes are highly expressed in 2i-mESC.
D. Heatmap comparing transcription levels of pluripotency gene in PKCi and 2i. c-Myc and Lin28a were highly expressed in PKCi. E. Heatmap comparing transcription levels of primed-specific markers gene in PKCi-mESC and 2i-mESC. Zic2, Sfrp2, Otx2, and Fgf5 were highly expressed in PKCi-mESC, whereas Stc1 and Hmx2
were highly expressed in 2i-mESC. F. Heatmap comparing transcription levels of DEGs between PKCi-mESC and 2i-mESC which were enriched by KEGG clustering
analysis. The DEGs were enriched in Wnt, MAPK and PI3K-AKT signaling pathways, and were lowly expressed in PKCi-mESC. The DEGs were enriched in Chemokine,
Focal adhesion, and ECM-recenter interaction signaling pathway, and were highly expressed in PKCi-mESC. PKCi: PKCi-mESC, 2i: 2i-mESC.
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moter region, 37.0% of the gene body and
19.00% of the distal intergenic region. In
2i-mESC, H3K27me3 accounted for 37.0% of
the promoter region, 27.90% of the gene body
and 25.9% of the distal intergenic region.
H3K4me3 accounted for 59.2% of the promoter region and 19.9% of the distal intergenic
region in PKCi-mESC. In contrast, H3K4me3
accounted for 49.7% of the promoter region
and 25.1% of the distal intergenic region in
2i-mESC. The proportion of H3K4me3 in PKCimESC was 5.2% smaller than that in 2i-mESC,
which was 7.4% and the difference was mainly
concentrated in the first intron segment. The
H3K27ac distribution was the opposite of the
H3K27me3 distribution (Figure 2A). In PKCimESC, H3K4me3 and H3K27ac were preferentially located in the promoter region (Figure 2B,
2D), had a reduction of H3K27me3 modification (Figure 2C), and had elevated H3K27ac
rather than H3K4me3 in the distal intergenic
region compared to 2i-mESC (Figure 2A). The
PKCi-mESC distribution of H3K9me3 in the
TSS was significantly higher than 2i-mESC
(Figure 2E). In addition, the H3K27me3 signal
in the 5’UTR region in the PKCi-mESC was significantly higher than that in the 2i-mESC
(Figure 2A). In summary, PKCi-mESC regulate
genes expression through epigenetic modification, including decreased H3K27me3 modification in the promoter region and the distal
intergenic region, elevated H3K9me3 and
increased H3K27me3 modifications in the
gene body and 5’UTR. We speculate that regulation of gene expression by PKCi is closely
related to H3K27me3 and H3K9me3 modification.
H3K27me3 modification signal of stem cellspecific genes (green triangle markers gene) in
PKCi-mESC were greatly reduced in the proximal TSS segment. In addition, H3K9me3 in the
TTS segment were significantly reduced in
PKCi-mESC (Figure S1).
PKCi regulated genes are associated with
H3k27me3 and H3k9me3 modifications
We analyzed histone modifications around
DEGs between PKCi-mESC and 2i-mESC. The
H3K27ac modification in the TSS segment was
significantly higher in the high expression of
PKCi than that in the 2i (Figure 3A, 3C), but
the signal was similar in the low expression
group (Figure 3B, 3D). However, we found the
H3K27me3 signal in the TSS segment was sig-
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nificantly lower in PKCi-mESC compared to
2i-mESC, whereas the H3K4me3 signal was
similar (Figure 3C, 3D). Furthermore, the H3K9me3 signal in PKCi-mESC before TSSs was
significantly lower than that in 2i-mESC in the
high expression group (Figure 3A, 3C), but this
signal was higher than 2i-mESC in the low
expression group (Figure 3B, 3D). Based on
these results, PKCi may regulate gene expression by regulating the modification of H3K27me3, H3K27ac and H3K9me3 in the proximal
region of the TSS. We speculate that PKCi maintains the expression of self-renewal genes required by reducing H3K27me3 modifications at the proximal promoter and controls
gene expression by increasing H3K9me3 and
H3K27me3 modifications on the gene body.
Distribution of histone modifications on stem
cell-specific genes
We defined stem cell-specific genes as genes
that are not differentially expressed between
PKCi-mESC and 2i-mESC and are not transcribed in MEFs and cumulus cells.
A total of 51,607 genes were not differentially
expressed between PKCi-mESC and 2i-mESC.
To further identify stem cell-specific genes, we
included genes with expression levels in PKCimESC and 2i-mESC three times or higher than
that of MEF and cumulus when MEF and cumulus FPKM values were greater than 10.
Additionally, we included genes from PKCimESC and 2i-mESC with FPKM values greater
than 50 when the corresponding MEF and
cumulus FPKM values were less than 10. This
process identified a total of 162 genes candidate stem cell-specific genes. We analyzed histone modifications of these 162 genes compared to that of the whole genome.
Compared with 2i-mESC, the H3K27me3 modification signal of stem cell-specific genes in
PKCi-mESC were greatly reduced in the proximal TSS segment, whereas H3K4me3 and
H327ac signals were enhanced (Figure 4A,
4B). In addition, the H3K27me3 signal intensity
in the distal intergenic region and H3K9me3
signal intensity in the TTS (Transcription termination sites, TTS) segment were significantly
enhanced (Figure 4A, 4C, 4D). These findings
further suggest PKCi regulates self-renewal by
reducing H3K27me3 modification target genes and increasing H3K4me3, H3K27ac and
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Figure 2. Genome-wide distribution of the peaks of ChIP-seq in PKCi-mESC, 2i-mESC and MEF. A. The genome-wide distribution of H3K4me3, H3K27ac, H3K27me3
and H3K9me3 peaks. The PKCi-mESC peaks reveal different histone modifications. The ChIP-seq signal in MEF represents a negative control. B. Heatmap of the
distribution of H3K4me3 peaks in three types of cells. C. Heatmap of the distribution of H3K27me3 peaks in three types of cells. D. Heatmap of the distribution of
H3K27ac peaks in three types of cells. E. Heatmap of the distribution of H3K9me3 peaks in three types of cells. The average ChIP-seq intensity of the four histone
modifications in three cell types are shown within TSS and TTS, compared with 5 kb flanking regions. Reads counts are normalized by input, total mapped reads and
region length. PKCi: PKCi-mESC, 2i: 2i-mESC.
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Figure 3. The distribution of DEGs from PKCi-mESC and 2i-mESC of the peaks of ChIP-seq in PKCi-mESC, 2i-mESC and MEFs. A. The peaks of ChIP-seq distributed in
DEGs, which were highly expression in PKCi-mESC with H3K4me3, H3K27ac, H3K27me3 and H3K9me3. The TSS segment of PKCi-mESC highly expressed genes
had decreased H3K27me3 and H3K9me3 modifications and increased H3K27ac. B. The peaks of ChIP-seq distributed in DEGs which were lowly expression in
PKCi-mESC with H3K4me3, H3K27ac, H3K27me3 and H3K9me3. The TSS segment of PKCi-mESC lowly expressed genes had decreased levels of H3K27me3, but
increased H3K9me3. The signal of the ChIP-seq in MEF represents the negative control. C. Heatmap of the histone profile of the highly expressed genes in PKCimESC compared to 2i-mESC. D. Heatmap of the histone profile of the lowly expressed genes in PKCi-mESC compared to 2i-mESC. The signal of the ChIP-seq in MEF
is a negative control. PKCi: PKCi-mESC, 2i: 2i-mESC.
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Figure 4. The enrichment bins of histone modification in the common genes between PKCi-mESC and 2i-mESC, but not expressed in MEFs and cumulus cells. A. The
H3K27me3 modification signal of stem cell-specific genes in PKCi-mESC were greatly reduced in the proximal TSS segment, whereas the H3K4me3 and H327ac
signals were enhanced. In addition, H3K27me3 signal intensity in the distal intergenic region and H3K9me3 in the TTS segment were significantly enhanced. B. The
histone H3K4me3 profile of the common genes between PKCi-mESC and 2i-mESC, but not expressed in MEFs and cumulus cells. C. The histone H3K9me3 profile
of the common genes between PKCi-mESC and 2i-mESC, but not expressed in MEFs and cumulus cells. D. The histone H3K27me3 profile of the common genes
between PKCi-mESC and 2i-mESC, but not expressed in MEFs and cumulus cells. E. The histone H3K27ac profile of the common genes between PKCi-mESC and
2i-mESC, but not expressed in MEFs and cumulus cells. PKCi: PKCi-mESC, 2i: 2i-mESC.
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Figure 5. Bar graph showing the expression of histone demethylase in stem cells. Kdm4a (A), Kdm4c (C), Kdm4d (D), Kdm5d (H) and Kdm6a (I) expression was significantly higher in PKCi-mESC compared to 2i-mESC. Kdm5a (E) and Kdm6b (J) expression was higher in PKCi-mESC compared to 2i-mESC. Kdm5c (G) and Kdm5b
(F) expression was similar in the two groups of stem cells. Kdm4b (B) expression was lower in PKCi-mESC compared to 2i-mESC. * P < 0.05, ** P < 0.01. ns, not
significant. PKCi: PKCi-mESC, 2i: 2i-mESC.
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Figure 6. Knockdown of Kdm4d and Kdm6a reduces expression of stem cell-related genes. A, B. Kdm4d and Kdm6a gene expression in PKCi-mESC was knocked
down by RNAi and PKCi is the expression level of the gene in PKCi-mESC, PKCi-iRNA is the expression of the gene in the cell of knocked down by RNAi. NC is a random ncRNA corresponding to RNAi. C-E. Lin28a, Myc and Pou5f1 expression levels were significantly decreased in knockdown cell lines. F. Sox2 expression was
down-regulated, but the down-regulation was not obvious. G-I. Differentiation-related gene (Gdpd5, H19 and Pfkfb4) expression was up-regulated in knockdown
cell lines. J. In RNAi knockdown stem cells, Thoc5 expression was significantly reduced. * P < 0.05, ** P < 0.01. ns, not significant. PKCi: PKCi-mESC, 2i: 2i-mESC.
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H3K9me3 modifications to maintain expression of stem cell-specific genes.
Kdm4d and Kdm6a extremely affect PKCimESC self-renewal
H3K27me3 and H3K9me3 have obvious
changes in PKCi-mESC compared to 2i-mESC.
Therefore, we explored expression of demethylases in these two stem cell populations. We
found that expression of Kdm4a (5A), Kdm4c
(5C), Kdm5d (5H) and Kdm6b (5J) were significantly higher in PKCi-mESC compared to
2i-mESC. while Kdm4d and Kdm6a was
extremely higher (P < 0.01, Figure 5D, 5I).
Kdm5a (5E) expression was higher in PKCimESC compared to 2i-mESC. Kdm5c (5G) and
Kdm5b (5F) expression was similar in the two
groups of stem cells. Kdm4b (5B) expression
was lower in PKCi-mESC compared to 2i-mESC
(Table S2). Subsequent Kdm4d and Kdm6a
knockdown by RNAi (Figure 6A, 6B; Table S3)
in PKCi-mESC significantly reduced the expression of naïve-related genes (Lin28a, Myc and
Pou5f1) (Figure 6C-E). In addition, differentiation-related genes (Gdpd5, H19 and Pfkfb4)
[43, 44] were significantly overexpressed (Figure 6G-I). Thoc5 [45, 46] is an essential
growth factor for stem cells maintenance, cytokine-mediated differentiation and proliferation.
In RNAi knockdown stem cells, Thoc5 expression was significantly reduced (Figure 6J), suggesting Kdm4d and Kdm6a may promote PKCimESC self-renewal.
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Table S1. Gene list for Figure 1F

Gene List

Wnt signaling
pathway

PI3K-Akt signaling
pathway

MAPK signaling
pathway

Focal adhesion

Chemokine signaling ECM-receptor
pathway
interaction

Notum

Sfrp1

Ccne2

Col9a2

Map3k6

Fgf23

Capn2

Ccnd2

Adcy7

Ccl9

Vangl1

Fzd9

Il6ra

Ppp2r2c

Fgfr3

Pdgfa

Shc4

Thbs2

Cxcl16

Ccl11

Col6a1
Sv2a

Wnt3a

Peg12

Csf3r

Vegfc

Il1rap

Efna1

Jun

Itga9

Cxcl3

Arr3

Thbs3
Col6a2

Dkk1

Creb3l2

Col4a1

Fgf10

Flt1

Col6a4

Col6a1

Pf4

Gngt2

Rac2

Itgb3

Chad

Gadd45b

Map3k5

Shc2

Flna

Cxcl2

Hck

Itga9

Sfrp5

Eif4e1b

Egfr

Map2k6

Cacna1h

Parva

Igf1

Gnb4

Bcar1

Col6a5

Ccnd3

Pdgfa

Sgk1

Relb

Pdgfrb

Thbs3

Cav1

Shc4

Cxcl12

Tnxb

Prickle3

Fgfr3

Fgf23

Rasgrp1

Fyn

Flnc

Dock2

Rasgrp2

Thbs2

Prkcb

Gpc4

Fgf3

Lpar1

Hspa2

Mapk10

Sox17

Lpar5

Col4a2

Fgf3

Bcar1

Plcb2

Gng3

Reln

Prkcb

Ccl6

Col6a4

Wif1

Fgf10

Efna1

Kit

Fzd10

Lamc2

Flt1

Map3k8

Col6a5

Shc2

Cxcl1

Fras1

Tnxb

Cxcl10

Cxcl5

Lamb3

Fzd5

Osm

Jak3

Mras

Reln

Ccl7

Arrb1

Frem1

493044

Col6a3

Lama1

Kdr

Lamb3

Gng2

Ccl2

Frem2

4G20Rik

Ccnd3

Col1a1

Rac2

Col6a2

Ccl28

Frat1

Kdr

Pdgfrb

Vegfc

Parvg

Gng4

Prickle2

Kit

Egfr

Myl9

Ccl3

Table S2. Sequences of primers used for qPCR
Gene Symbol

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

PCR Condition

kdm4a

AACTTCAGCCGCTACATTGC

ATCAATATCGTCGTAGGATGTTCG

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm4b

ACAGTACAACATCCAGAAGAAGG

CGCTCCAAGTCATCGAAGTC

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm4c

GGAGGACATGGATCTCTACAGTAT

GGCTAGTCTTTCAAGTCGCTTT

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm4d

GCTCCTGCTCCTCAGTAGAC

GCAGAATCTCTTCAGGGATGTG

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm5a

CAATCTGGTGTCAGCCTTATGG

CGTCTTGTTCTCTTTGGTGGAA

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm5b

TGATGACAGTTACCACACCTTCT

AGTCCCTTGCTGCTTGTTCA

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm5c

AGAAGGCAAGGAGGAACTGAG

CGGGAACACATTCGGCATAC

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm5d

TTCAGTCTGGAGCTAATCTTGTG

TTCCTCGTCTACTGTAGCAACT

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm6a

CGCTTTCGGTGATGAGGAA

GAAACCTCACGAACCCGAA

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

kdm6b

CGGTCCTGCTACAGTTCTGT

GACCTCCACCGTATGTTCAC

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

lin28a

CCCTGGTGGTGTGTTCTGTA

CATTCCTTGGCATGATGGTCTA

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

myc

GAGCCCACCACACACATTCT

GGGGAACAGATTCTGGCAGT

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

pou5f1

GAGGAAGCCGACAACAATGAG

TGTGAGTGATCTGCTGTAGGGAG

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

sox2

GGTTACCTCTTCCTCCCACTCCAGG TGTGCCGTTAATGGCCGTGCC

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

gdpd5

CTTCTCCTGCCACAGTCTCC

GTGCTCCGTGTGTTTCTTCC

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

h19

ACGGAGCAGTGATCGGTGT

AGCAGCAGAGAAGTGTTAGCT

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

pfkfb4

GAGCCAGATGAAGAGGACGAT

CAAACTCCAGCGGGTAGTGA

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

thoc5

CTGAAGGAGATTGAGGTGAAGAG

GTGCCTGGCAGTCTCATACT

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles

GAPDH

GTGGCAAAGTGGAGATTGTTG

CTCCTGGAAGATGGTGATGG

95°C 15 s, Annealing/Extension 60°C 60 s, 40 Cycles
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Table S3. Sequences of siRNA and siRNA-nc used for knockdown
Gene Symbol
kdm6a-siRNA

kdm4d-siRNA

kdm6a-siRNA-nc
kdm4d-siRNA-nc

RNA oligo sequences 21nt guide (5’→3’)
UUAAACUAGACUCAUAGUCUG
AUUCGUAGGAGACACAAACUU
UUAAAUAGCAUUUAAUAGCAU
UUCUUCAUAUCCACUUAAGUG
AAUAAAUAAAGAAGACUUGCU
GGACUAGAGUUGUCACUUAAG
CGAUCGUUGUCAGAAGUAAGU
CGGCGUCAAUACGGGAUAAUA

RNA oligo sequences 21nt passenger (5’→3’)
GACUAUGAGUCUAGUUUAAAG
GUUUGUGUCUCCUACGAAUCC
GCUAUUAAAUGCUAUUUAAAU
CUUAAGUGGAUAUGAAGAAGG
CAAGUCUUCUUUAUUUAUUUU
UAAGUGACAACUCUAGUCCCU
UUACUUCUGACAACGAUCGGA
UUAUCCCGUAUUGACGCCGGG

Figure S1. A genome browser view of three examples of DEG on H3K27me3 and H3K9me3 between the two types
of mESC. The H3K27me3 modification signal of stem cell-specific genes (green triangle markers gene) in PKCimESC were greatly reduced in the proximal TSS segment. In addition, H3K9me3 in the TTS segment were significantly reduced. PKCi: PKCi-mESC, 2i: 2i-mESC.
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