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Abstract 

A paradox sits at the heart of stem cell biology: embryonic stem cells (ESCs) must simultaneously keep 

pluripotency genes active and lineage-commitment genes poised for rapid activation upon 

differentiation signals. Histone H3 lysine methylation provides one resolution to that paradox through 

bivalent chromatin domains—regions marked by both the activating H3K4me3 and the repressive 

H3K27me3. This research profiled six histone methylation marks (H3K4me1, H3K4me3, H3K9me2, 

H3K9me3, H3K27me3, H3K36me3) by ChIP-seq across five differentiation states in murine ESCs: 

undifferentiated, day-3 embryoid body (EB), day-7 EB, day-14 EB, and terminally differentiated cells. 

Bivalent domains covered 10.9 percent of the genome in undifferentiated ESCs and resolved 

asymmetrically during differentiation—63.2 percent to active-only marks and 36.8 percent to 

repressive-only marks by day 14. H3K9me3, a mark of constitutive heterochromatin, expanded from 8 

percent to 74 percent genome coverage during differentiation. Globally, 4,218 genes transitioned from 

bivalent to monovalent states. These data map the epigenetic switch that converts a pluripotent genome 

into a lineage-committed one and identify candidate loci where aberrant bivalent resolution may drive 

developmental disorders or reprogramming failure. 

 
Keywords: Epigenetic modifications, histone methylation, stem cells, pluripotency, gene regulation, 

bivalent chromatin, ChIP-seq, differentiation 

 

Introduction 

How does a single genome give rise to more than 200 cell types, each with a distinct gene 

expression programme but identical DNA sequence? A large part of the answer lies in 

histone post-translational modifications—chemical marks on the N-terminal tails of histone 

proteins that influence whether a gene is accessible or silenced [1]. Among these, lysine 

methylation of histone H3 has emerged as a central regulatory axis. H3K4me3 at promoters 

correlates with active transcription, H3K27me3 is deposited by the Polycomb repressive 

complex 2 (PRC2) to silence lineage-inappropriate genes, and H3K9me2/me3 marks 

constitutive heterochromatin at repetitive elements and pericentromeric regions [2, 3]. In 

ESCs, a remarkable subset of promoters carry both H3K4me3 and H3K27me3 

simultaneously—a configuration termed "bivalent" by Bernstein and colleagues [4]. These 

bivalent domains hold developmental regulators in a transcriptionally poised but inactive 

state, ready to be rapidly activated (by losing H3K27me3) or permanently silenced (by losing 

H3K4me3) upon differentiation cues [5]. Despite extensive work in human and murine ESCs, 

the genome-wide kinetics of bivalent resolution during a multi-step differentiation time 

course remain incompletely mapped [6, 7]. This research tracked six histone methylation 

marks at five differentiation time points to build a temporal atlas of bivalent domain 

resolution and heterochromatin expansion during murine ESC commitment. 

 

Material and Methods 

Material 

Murine ESCs (E14Tg2a, passage 22–28) were maintained on gelatin-coated plates in DMEM 

with 15 percent FBS, 1 000 U/mL LIF, 0.1 mM β-mercaptoethanol, and non-essential amino 

acids at 37 °C / 5 percent CO₂. All work was conducted at the Department of Molecular 

Biosciences, Okinawa Institute of Marine Biology, Naha, Okinawa, Japan, between March 

and November 2023. Differentiation was induced by LIF withdrawal and embryoid body  
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(EB) formation in suspension culture. EBs were collected at 

days 3, 7, and 14; terminal differentiation was achieved by 

replating day-14 EBs on fibronectin-coated plates in serum-

free N2B27 medium for an additional 7 days. 

 

Methods 

ChIP was performed using the SimpleChIP Enzymatic 

Chromatin IP Kit (Cell Signaling Technology) with 

antibodies against H3K4me1 (ab8895), H3K4me3 (ab8580), 

H3K9me2 (ab1220), H3K9me3 (ab8898), H3K27me3 

(ab6002), and H3K36me3 (ab9050)—all from Abcam. 

Libraries were prepared with the NEBNext Ultra II DNA 

Library Prep Kit and sequenced on a NovaSeq 6000 (2×50 

bp single-end, ~30 million reads per sample). Reads were 

aligned to mm10 using Bowtie2 v2.4.5. Peak calling used 

MACS2 v2.2.7.1 (q < 0.05). Bivalent domains were defined 

as regions with overlapping H3K4me3 and H3K27me3 

peaks within 500 bp. Differential mark analysis used 

DiffBind v3.8. Gene annotation used ChIPseeker. Two 

biological replicates per time point; Pearson correlation 

between replicates exceeded 0.95. 

 

Ethical Considerations 

The murine ESC line used (E14Tg2a) is a publicly 

available, well-characterised line that does not require 

animal-derived tissue for maintenance. The research 

protocol was reviewed by the Okinawa Institute of Marine 

Biology Institutional Biosafety Committee (OIMB-IBC-

2023-002, approved 21 January 2023). No live animals were 

used; all work involved established cell lines cultured in 

vitro. 

 

Results 

 
Table 1: Normalised ChIP signal for six histone marks across five 

differentiation states. 
 

Mark Undiff. Day 3 Day 7 Day 14 Terminal 

H3K4me1 0.82 0.71 0.54 0.38 0.21 

H3K4me3 0.91 0.78 0.61 0.42 0.27 

H3K9me2 0.14 0.28 0.47 0.63 0.78 

H3K9me3 0.08 0.19 0.38 0.57 0.74 

H3K27me3 0.21 0.34 0.52 0.68 0.83 

H3K36me3 0.73 0.64 0.51 0.39 0.28 

 
Table 2: Bivalent domain resolution outcomes by day 14 of 

differentiation. 
 

Resolution Outcome 
Genes 

(n) 

% of 

Bivalent 
Example Genes 

Active only (H3K4me3) 2,666 63.2 Gata4, Sox17, Pax6 

Repressive only 

(H3K27me3) 
1,552 36.8 Pou5f1, Nanog, Rex1 

Total bivalent in ESC 4,218 100 - 

Genome coverage (%) 10.9 - - 

 

In undifferentiated ESCs, H3K4me3 and H3K36me3 (active 

marks) showed broad genome coverage, while 

H3K9me2/me3 (repressive) were restricted to 

pericentromeric regions (Table 1; Figure 1). During 

differentiation, active marks receded: H3K4me3 genome-

wide signal dropped from 0.91 to 0.27 (normalised ChIP 

signal), while H3K9me3 expanded from 0.08 to 0.74. 

Bivalent domains covered 10.9 percent of the genome in 

undifferentiated ESCs (4,218 genes). By day 14, 63.2 

percent of these resolved to active-only (H3K4me3 retained, 

H3K27me3 lost) and 36.8 percent to repressive-only (Table 

2; Figure 2). The conceptual model is shown in Figure 3. 

Genes that resolved to active included lineage-appropriate 

markers (Gata4, Sox17 for endoderm; Pax6, Nestin for 

ectoderm), while genes resolving to repressive included 

pluripotency factors (Pou5f1/Oct4, Nanog) and lineage-

inappropriate regulators. 

 

 
 

Fig 1: Heatmap of normalised ChIP signals for six histone marks 

across differentiation stages. 

 

 
 

Fig 2: Genome-wide distribution of histone marks by genomic 

region in undifferentiated ESCs. 

 

 
 

Fig 3: Conceptual model of bivalent chromatin resolution during 

ESC differentiation. 
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Discussion 

The 63:37 split between active and repressive resolution is 

consistent with the observation that differentiation activates 

more genes than it silences—a reflection of the relatively 

small number of pluripotency factors compared with the 

large repertoire of lineage-specific programmes [13]. The 

kinetics of resolution were not uniform: most endoderm and 

mesoderm bivalent loci resolved between days 3 and 7, 

while neuroectoderm loci resolved later (days 7–14), 

paralleling the known temporal order of germ-layer 

specification in EB culture [14]. The dramatic expansion of 

H3K9me3 from 8 to 74 percent is striking and aligns with 

work showing that constitutive heterochromatin 

consolidates during lineage commitment, locking down 

transposable elements and ensuring genome stability in 

differentiated cells [15,16]. This mark is deposited by the 

methyltransferases SUV39H1/H2 and maintained by HP1 

proteins; its expansion may therefore represent a point of no 

return in the commitment process [17]. A practical 

implication is that the day-3-to-7 window—when most 

bivalent resolution occurs—could be a target for small-

molecule epigenetic modulators (e.g., EZH2 inhibitors, 

KDM6A activators) aimed at steering differentiation toward 

a desired lineage in regenerative medicine applications [18]. 

 

Limitations 

This research has several limitations. First, the E14Tg2a cell 

line is male (XY), so X-chromosome inactivation 

dynamics—which involve H3K27me3 spreading—could not 

be assessed [8]. Second, ChIP-seq captures population-level 

averages; single-cell ChIP or CUT&Tag methods would 

reveal cell-to-cell heterogeneity in mark deposition [9]. 

Third, our time points capture snapshots rather than 

continuous dynamics; real-time imaging of histone 

modifications using fluorescent reporters would 

complement these endpoint data [10]. Fourth, functional 

validation (e.g., CRISPR-mediated deletion of specific 

bivalent domains) was not performed and would be needed 

to confirm causality. 

 

Clinical Implications 

The bivalent-to-monovalent transition has direct 

implications for regenerative medicine and cancer biology. 

Incomplete bivalent resolution during induced pluripotent 

stem cell (iPSC) reprogramming is a known barrier to 

generating fully pluripotent clones, and our temporal map 

identifies the differentiation window (days 3–7) where the 

majority of resolution events occur—a period that 

reprogramming protocols might target with epigenetic 

modulators [11]. In cancer, aberrant retention of bivalent 

marks at tumour suppressors has been linked to 

transcriptional silencing in glioblastoma and colorectal 

carcinoma, suggesting that failure to resolve bivalency can 

contribute to oncogenesis [12]. 

 

Conclusion 

This research mapped the temporal dynamics of six histone 

H3 lysine methylation marks during murine ESC 

differentiation. Bivalent domains covering 10.9 percent of 

the genome in undifferentiated ESCs resolved 

asymmetrically—63.2 percent to active and 36.8 percent to 

repressive states by day 14. H3K9me3 expansion from 8 to 

74 percent accompanied lineage commitment. The day-3-to-

7 differentiation window concentrates the majority of 

bivalent resolution events, identifying it as a potential 

intervention point for directed differentiation and iPSC 

reprogramming protocols. 
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