
Hou et al. Genome Medicine           (2025) 17:57  
https://doi.org/10.1186/s13073-025-01476-y

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Genome Medicine

RNA polymerase I is essential for driving 
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Abstract 

Background  Three-dimensional (3D) chromatin architecture undergoes dynamic reorganization during mammalian 
gametogenesis and early embryogenesis. While mouse studies have shown species-specific patterns as well as mech-
anisms underlying de novo organization, these remain poorly characterized in humans. Although RNA polymerases 
II and III have been shown to regulate chromatin structure, the potential role of RNA polymerase I (Pol I), which drives 
ribosomal RNA production, in shaping 3D genome organization during these developmental transitions has not been 
investigated.

Methods  We employed a modified low-input in situ Hi-C approach to systematically compare 3D genome architec-
ture dynamics from gametogenesis through early embryogenesis in human and mouse. Complementary Smart-seq2 
for low-input transcriptomics, CUT&Tag for Pol I profiling, and Pol I functional inhibition assays were performed to elu-
cidate the mechanisms governing chromatin organization.

Results  Our study revealed an extensive reorganization of the 3D genome from human oogenesis to early embryo-
genesis, displaying significant differences with the mouse, including dramatically attenuated topologically associat-
ing domains (TADs) at germinal vesicle (GV) stage oocytes. The 3D genome reconstruction timing is a fundamental 
difference between species. In human, reconstruction initiates at the 4-cell stage embryo in human, while in mouse, 
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it commences at the 2-cell stage embryo. We discovered that Pol I is crucial for establishing the chromatin structures 
during mouse embryogenesis, but not in human embryos. Intriguingly, the absence of Pol I transcription weakens 
TAD structure in mouse female germline stem cells, whereas it fortifies it in human counterparts.

Conclusions  These observed interspecies distinctions in chromatin organization dynamics provide novel insights 
into the evolutionary divergence of chromatin architecture regulation during early mammalian development. Our 
findings provide mechanistic insights into species-specific chromatin organization during germ cell and embryonic 
development and have potential implications for fertility preservation and birth defect prevention.

Keywords  Chromatin structure, Early embryonic development, Stem cell, Polymerase I

Background
In eukaryotic cells, genomic DNA exhibits a hierarchi-
cal three-dimensional (3D) organization, encompassing 
multiple structural levels from chromosome territo-
ries to chromatin compartments, topologically asso-
ciating domains (TADs), and chromatin loops [1–4]. 
Through high-throughput chromosome conformation 
capture (Hi-C) technology, researchers have discovered 
that interphase chromosomes are spatially partitioned 
into two principal compartment types: A and B com-
partments, which represent a higher-order chromatin 
organization beyond TADs [5]. The A compartments are 
characterized by euchromatic regions featuring acces-
sible chromatin structure and transcriptionally active 
genes, while B compartments comprise heterochromatic 
regions with condensed chromatin structure and tran-
scriptionally silent genes [5]. The intricate chromatin 
architecture orchestrates various cellular process, includ-
ing gene expression, DNA replication, and developmen-
tal processes [2, 4, 6, 7].

Several recent studies have reported changes in the 
chromatin structure during gametogenesis and embry-
onic development across various species. Our findings 
and others have revealed that compartments and the 
TAD structure weaken gradually during mouse oogen-
esis [8–10] and are not visible in mouse metaphase II 
(MII) oocytes [11, 12]. During mouse spermatogen-
esis, the TAD structure is weak in spermatogonia and 
pachytene spermatocytes, and enhanced in round 
spermatozoa [13]. Such chromatin reorganization has 
also been observed during rhesus monkey spermato-
genesis [14]. Additionally, mouse sperm show a simi-
lar compartmentation pattern and TAD structure to 
those in somatic cells [11, 14–16]. Upon fertilization, 
the chromatin structure is relatively loose in mouse 
zygotes and becomes evident during embryonic devel-
opment [11, 12]. In parallel, the chromatin structure 
is gradually established during drosophila zygotic 
genome activation (ZGA) [17]. Chen et al. showed that 
TAD structures and A/B compartments are absent 
in human 2-cell embryos, and weakly exist in human 
8-cell embryos [18]. To date, the chromatin structure 

dynamics in human gametogenesis and embryos from 
the 4-cell to 8-cell stage and the divergence between 
humans and mice remain unclear.

Currently, there are a few studies that have inves-
tigated the mechanism of the chromatin structure in 
mammalian oogenesis and early embryos [8, 19]. Du 
et al. showed that depletion of polycomb repressive com-
plex 1 reduces polycomb-associating domains in mouse 
oocytes, whereas depletion of EED (embryonic ectoderm 
development) destroys the polycomb-associating domain 
in mouse embryos [8]. Moreover, overexpression of 
lysine-specific demethylase 5B prevents formation of the 
lamina-associated domain structure in mouse embryos 
[19]. The roles of transcriptional and non-coding RNAs 
in chromatin structures have also been reported [20, 
21]. During mammalian early embryonic development, 
nuclear transcription or ZGA is carried out by three 
distinct RNA polymerases, RNA polymerase (Pol) I–
III, which mainly transcribe rRNA, mRNA, and tRNA, 
respectively [22]. In human embryos, the TAD structure 
disappears after inhibiting Pol II and III transcription, 
and CTCF plays an important role [18]. However, inhibi-
tion of Pol II and III transcription does not prevent estab-
lishment of TAD structures in mouse and drosophila 
embryos [11, 12, 17].

Pol I is usually composed of 14 subunits, of which 
the core subunits POLR1 A and POLR1B form the Pol 
I active center [23]. Its transcribed rRNA accounts for 
60–70% of new RNA [24, 25]. With the exception of 
involvement in ribosome biogenesis, several studies have 
demonstrated that Pol I transcription is engaged in chro-
matin remodeling and maintenance of nucleolar integrity 
[26–29]. During the development of mouse GV oocytes 
from the non-surrounded nucleolus type to surrounded 
nucleolus type, Pol I transcription inactivates gradually, 
which is accompanied by chromatin compaction [30, 31]. 
After fertilization, Pol I transcription shows an obvious 
upward trend from the mouse 1-cell to 2-cell embryo 
[11, 12, 32, 33]. However, it remains unknown whether 
Pol I transcription contributes to regulation of chroma-
tin structures during gametogenesis and early embryonic 
development in humans and mice.
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In this study, we employed a modified low-input in situ 
Hi-C methodology to systematically characterize 3D 
genome architecture dynamics during human and mouse 
oogenesis and early embryogenesis, with focus on identi-
fying species-specific chromatin reorganization patterns. 
Through an integrated multi-omics approach incorpo-
rating low-input transcriptomics, CUT&Tag, and func-
tional genomic analyses, we elucidated the previously 
unrecognized role of RNA polymerase I in regulating 
chromatin architecture during these critical developmen-
tal transitions. Our work establishes the comprehensive 
cross-species comparison of Pol I-dependent chromatin 
regulation in mammalian germ cells and early embryos, 
providing fundamental insights with potential implica-
tions for understanding human reproductive biology and 
preventing developmental disorders.

Methods
Ethics statement
This study was approved by the institutional review 
boards of The Affiliated Ren Ji Hospital of Shanghai Jiao 
Tong University (2,019,122,701), Affiliated Tongji Hospi-
tal of Tongji University (2020-KYSB- 048), Shanghai First 
Maternity, and Infant Hospital (KS21280), The First Affil-
iated Hospital of Anhui Medical University (2020H026), 
and Shuguang Hospital Affiliated to Shanghai University 
of Traditional Chinese Medicine (2020–866 - 75–01). The 
study was conducted in accordance with the measures 
of the People’s Republic of China on the administration 
of human-assisted reproductive technology, the ethical 
principles of human assisted reproductive technology, 
and the Helsinki declaration. Briefly, testicular biopsies 
were obtained from obstructive azoospermic patients 
who underwent microdissection at the Affiliated Tongji 
Hospital of Tongji University. Human sperm with normal 
fertility was collected from the Shanghai First Maternity 
and Infant Hospital. Human oocytes and early embryos 
were obtained from Shanghai Jiao Tong University Affili-
ated Ren Ji Hospital and the First Affiliated Hospital of 
Anhui Medical University. Volunteers were informed 
that their gametes and embryos would be used to study 
the chromatin structure and its regulation during human 
embryo development. All volunteers signed an informed 
consent document.

Animals
ICR/CD1 mice were purchased from SLAC Laboratory 
(Shanghai, China) and housed at the Laboratory Animal 
Center of Shanghai Jiao Tong University. The husbandry 
practices for the mice included maintaining them in an 
environment with automatically controlled temperature 
and humidity, under a 12-h light/12-h dark cycle, and 
providing them with ad libitum access to food and water. 

Euthanasia of the mice was performed using carbon 
dioxide inhalation followed by cervical dislocation. All 
animal experiments were conducted in accordance with 
the recommendations of the Guide for the Care and Use 
of Laboratory Animals and relevant Chinese laws and 
regulations, and were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Shanghai Jiao 
Tong University (Spatiotemporal dynamics and regula-
tory mechanisms of gametogenesis and embryonic devel-
opment in mammals, A2019118).

Human samples
Follicular aspirates (FAs) were obtained from a total of 
213 consenting donors (aged 30–45 years) with tubal-
factor infertility following written informed consent. 
After clinical oocyte retrieval, residual FAs from multiple 
patients were collected in sterile conical tubes and trans-
ported to the laboratory at ambient temperature within 
2 h for processing. High-quality embryos were randomly 
selected for analysis, with selection constrained by lim-
ited cell availability. All specimens were collected and 
handled according to established clinical protocols.

Human gamete and early embryo collection
Human sperm was incubated in human tubal fluid 
medium for 30 min in a CO2 incubator at 37 °C. After 
several washes with human tubal fluid medium, swim-up 
sperm were collected for experiments. Human oocytes 
were collected from volunteers who underwent assisted 
reproductive technology because of tubal factor infertil-
ity. GV and MII oocytes were identified using micros-
copy by the presence of a nucleus (GV oocytes) or first 
polar body (MII oocytes). The surrounding cumulus 
cells attached to the oocytes were removed using hya-
luronidase. All oocytes were washed with PBS before 
experiments.

All human early embryos used in this study had normal 
development rates and morphology. For two pronuclei 
embryo samples, 4-cell and 8-cell embryos, and blasto-
cysts were derived from ICSI rather than IVF to avoid 
potential contamination by cumulus cells and sperm. Fer-
tilization was verified at 16–19 h after ICSI, and embryo 
cleavage was recorded every 24 h. Additionally, 8-cell 
embryos from zygotes with three pronuclei were col-
lected, which exhibited high-quality morphology without 
developmental arrest. For consistency of sample collec-
tion, all donated oocytes and embryos were vitrified in 
liquid nitrogen for storage and sample pooling before 
thawing, and the zona pellucida was removed with acid 
Tyrode’s solution prior to Hi-C. The numbers of oocytes 
and embryos used in this study are summarized in Sup-
plementary Table S1.
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Collection of mouse early embryos
All animal experiments followed procedures approved 
by the Institutional Animal Care and Use Committee of 
Shanghai Jiao Tong University (Number: A2016084). Six 
to eight-week-old ICR/CDl mice were housed in a spe-
cific pathogen-free (SPF) facility under controlled condi-
tions (temperature: 22 ± 1 °C, humidity: 50 ± 10%; 12-h 
light/dark cycle) with ad libitum access to standard·chow 
and sterile water. Mouse embryos were collected from 
6–8-week-old ICR/CD1 mice. Briefly, female mice were 
superovulated by an intraperitoneal injection of 10 IU 
pregnant mare serum gonadotrophin, followed by a 
human chorionic gonadotropin (hCG; 10 IU) injection 
48 h later. Superovulated females were mated with ICR/
CD1 males. For euthanasia, mice were subjected to·CO2, 
inhalation followed by cervical dislocation, as per AVMA 
guidelines. Zygotes were collected from the oviducts 
of female mice at 20 h post-hCG injection and cultured 
in KSOM medium. Early 2-cell, late 2-cell, 4-cell, 8-cell, 
morula, and blastocyst stage embryos were harvested at 
34 h, 47 h, 56 h, 68 h, 80 h, and 3.5 days post-hCG injec-
tion, respectively.

Culture of female germline stem cells
Human and mouse FGSCs were established and cultured 
in our laboratory as reported previously [34–37]. Briefly, 
dissected ovarian tissues were digested with collagenase 
IV and trypsin. The samples were further purified by 
magnetic beads coupled to anti-MVH antibody. The 
purified FGSCs were cultured on mitotically inactivated 
mouse STO cell feeders treated with 10 μg/ml mitomy-
cin C (Sigma) at 37 °C with 5% CO2. Cells were passaged 
every 3–4 days at a ratio of 1:4 and the medium was 
replaced every 2 days.

Reverse transcription‑PCR (RT‑PCR) and quantitative 
RT‑PCR
Total RNA from cells was extracted with TRIzol reagent 
and reverse transcribed into cDNA. Single-embryo RT-
PCR was performed as described previously [38]. Quan-
titative RT-PCR was performed with Power SYBR Green 
PCR Master Mix. Relative mRNA levels were calculated 
after normalization to GAPDH. Primers are listed in 
Additional File 3: Table S2.

Immunofluorescence staining
Cultured germline stem cells and embryos were fixed 
in a 4% paraformaldehyde solution in PBS at room tem-
perature for 30 min. Then, cells were permeabilized 
with 0.5% Triton X- 100 for 30 min at room tempera-
ture. After wishing with PBS three times, the cells were 
blocked with goat serum at room temperature for 30 min, 

followed by overnight incubation at 4  °C with appropri-
ate primary antibodies. After washing with PBS con-
taining 0.05% Tween- 20, the cells were incubated with 
secondary antibodies for 45 min and then incubated with 
4′,6-diamidino- 2-phenylindole at 37 °C for 10 min. Petri 
dishes were covered with antifade mounting medium and 
photographed.

Western blotting
Embryos were rinsed with PBS to remove debris and then 
lysed in SDS sample buffer for 5 min at 98 °C. Total pro-
teins were separated on SDS-PAGE gels and transferred 
to PVDF membranes, followed by blocking in TBST con-
taining 5% dry non-fat milk powder at room temperature. 
The membranes were incubated with primary antibodies 
overnight at 4  °C. Then, the membranes were washed 
three times with TBST and incubated with an appro-
priate HRP-linked secondary antibody for 1  h at 37 °C, 
followed by washing with TBST three times. Bound anti-
bodies were detected by enhanced chemiluminescence.

In vitro transcription and preparation of mRNA 
for microinjection
To prepare EGFP mRNA for microinjection, the EGFP 
gene was amplified from a pcDNA3.1-EGFP plasmid 
with T7 promoter sequence primers and used as a tem-
plate. The operations were carried out in accordance with 
the kit instructions (AM1745; Invitrogen). Synthesized 
mRNA was purified by lithium chloride precipitation and 
resuspended in nuclease-free water.

Knockdown of POLR1 A in mouse embryos
Sequences were pasted into the RNA fold online tool 
(http://​rna.​tbi.​univie.​ac.​at/​cgi-​bin/​RNAWe​bSuite/​
RNAfo​ld.​cgi). Minimum free energy was selected, and 
protospacers of 28 nucleotides (target sequences) with 
high accessibility (Lorenz et  al., 2011) were chosen and 
chemically synthesized by TsingKe biological technol-
ogy. CRISPR-LwaCas13a protein was purchased from 
Huicheng Biological Technology Co., Ltd. Cas13a protein 
(50 µg/µL), gRNAs (200 ng/µL), and EGFP mRNA were 
injected into 1-cell embryos. Each embryo was micro-
injected with approximately 5–10 pL. Microinjected 
embryos were washed with M2 medium and cultured 
in prewarmed KSOM medium covered with mineral oil 
(Sigma, M5904) at 37 °C with 5% CO2. The ssRNA for 
crRNA spacer truncations sequences were as followed: 
5′-GAU​UUA​GAC​UAC​CCC​AAA​AAC​GAA​GGG​GAC​
UAA​AAC​UUU​AAC​ACU​UAA​CUU​CUU​GAG​CUC​
UUCG- 3′ for POLR1 A- 2, and 5′-GAU​UUA​GAC​UAC​
CCC​AAA​AAC​GAA​GGG​GAC​UAA​AAC​ACA​GGU​AAA​
UUG​CAG​CCC​GAG​GAC​AAGU- 3′ for POLR1 A- 1.

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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Transcription inhibition assay
α-Amanitin (0.1 mg/mL) or CX- 5461(0.1–3 mM) were 
added to culture medium at the indicated concentrations.

In situ Hi‑C library generation using low cell numbers
In situ Hi-C following established published protocols 
with minor modifications for low cell numbers [9, 39, 
40]. Briefly, the zona pellucida was removed using acidic 
Tyrode’s solution (Sigma) before fixation in 1% formal-
dehyde (10 min, at room temperature). After glycine 
quenching, cells were pelleted (3000  g, 5 min, 4  °C) and 
lysed in ice-cold Hi-C lysis buffer (≥ 30 min). Chromatin 
was digested overnight with DpnII (NEB) at 37 °C follow-
ing SDS/Triton X- 100 treatment. Restriction ends were 
filled with biotin- 14-dATP (Life Technologies) using 
DNA Polymerase I (NEB) at 24 °C for 4  h, followed by 
proximity ligation with T4 DNA ligase incubated at room 
temperature for 4  h with rotation and then transfer to 
4 °C for 16 h with rotation. After proteinase K digestion 
(55 °C, 30 min), 10 µl DNA-Be-Down (B544732 - 0001, 
Sangon Biotech) and 2.5 × volumes of pure ethanol and 
0.23 × volumes of 3  M sodium acetate, pH 5.2, were 
added to the tube. The sample was mixed by inversion, 
incubated at − 80 °C for 15 min, and then centrifuged 
at 13,000 rpm for 15 min at 2  °C. The supernatant was 
removed, and the pellet was washed twice with 75% etha-
nol and then dissolved 43 μl of 1 × Tris buffer (10 mM 
Tris–HCl, pH 8). Then processed for end repair, A-tail-
ing, and adaptor ligation (Vazyme kit ND607 - 01). USER 
enzyme (NEB) treatment (37 °C, 15 min) opened adaptor 
loops before streptavidin bead capture (MyOne T1 Dyna-
beads, Life Technologies). Final libraries were amplified 
(15 cycles) using indexed primers (NEB E7335S) and 
VAHTS HiFi mix, then purified with AMPure XP beads 
(Beckman Coulter) for Illumina sequencing.

Hyperactive in situ ChIP
A hyperactive in  situ ChIP assay was performed in 
accordance with the manufacturer’s instructions 
(Vazyme, TD901 - 01). Briefly, ConA-beads were washed 
once with binding buffer and incubated with zona pel-
lucida-removed 2-cell embryos. Bead-bound cells were 
resuspended in antibody buffer containing a primary 
rabbit monoclonal anti-POLR1 antibody (24,799, Cell 
Signaling Technology) or negative control IgG (sc- 2025, 
Santa Cruz) for 2  h with slow rotation. The primary 
antibody was removed using a magnet stand. Then, 
bead-bound cells were incubated in Dig-wash buffer 
containing a secondary rabbit anti-mouse IgG H&L 
antibody (ab6709, abcam). Cells were incubated with 
Hyperactive pA-Tn5 Transposase adapter mix and then 
resuspended in tagmentation buffer. DNA was purified 

by phenol–chloroform-isoamyl alcohol extraction and 
ethanol precipitation, and treated with RNase A. Then, 
library amplification and PCR product purification were 
performed.

Detection of RNA synthesis
Mouse embryos were incubated with 50 mM EU for 
5  h, fixed in 100% methanol for 20 min at − 20 °C, and 
stained using a Cell-Light EU RNA labeling kit (Ribobio, 
Guangzhou, China) for nascent RNA analysis. Imaging of 
embryos was performed under a Zeiss LSM710 confocal 
microscope.

RNA fluorescence in situ hybridization (FISH)
Embryo fixation was performed as described previously 
(Lin et  al., 2014). Embryos were fixed using methanol, 
permeabilized using 70% ethanol. In accordance with 
the manufacturer’s instructions (GenePharma, Beijing, 
China), hybridization was carried out at 37 °C overnight 
with mixed two independent probes (Kent et  al., 2009). 
Probe sequences are 5′-CCA​CAG​TTA​TCC​AAG​TAG​
GAG​AGG​AGC​GAG​- 3′ for 18S rRNA probe and 5′- 
ACA​ATG​ACC​ACT​GCT​AGC​CTC​TTT​CCCTT- 3′ for 
ETS probe.

RNA‑seq library preparation and sequencing
RNA-sequencing (RNA-seq) was conducted by the 
Smart-seq method [41, 42]. Briefly, lysed mouse embryo 
samples underwent reverse transcription with oligo-
dT primers specifically annealing to the polyadenylated 
(poly-A) tails of mRNA molecules, ensuring selective 
capture of mRNA during complementary DNA (cDNA) 
synthesis. The resulting cDNA was pre-amplified using 
KAPA HiFi HotStart polymerase followed by purifi-
cation. After purification, amplified cDNA was used 
for library construction. A single-strand circulariza-
tion process was subsequently performed to generate a 
single-stranded circular DNA library harboring > 200 
copies of DNA nanoballs, which was sequenced on the 
BGISEQ500 platform.

CUT&Tag assay
CUT&Tag was performed with Hyperactive In-Site ChIP 
Library Prep Kit (Vazyme Biotech, #TD901) with modifi-
cations from established protocols [43]. Briefly, embryos 
were first transferred from KSOM culture medium to 
acidic Tyrode’s solution droplets under a stereomicro-
scope to remove the zona pellucida, followed by a wash 
buffer to ensure clean starting material. The zona-free 
embryos were then carefully collected into a 1.5-mL EP 
tube containing 100 μL wash buffer. For cell immobi-
lization, concanavalin A-coated magnetic beads were 
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prepared by washing twice with 100 μL binding buffer 
before being added to the embryo-containing tube. The 
embryo-bead mixture was gently rotated at room tem-
perature for 10 min to facilitate binding. After remov-
ing the supernatant, the bead-bound embryos were 
resuspended in 50 μL antibody buffer containing rabbit 
anti-POLR1 A primary antibody (CST, #24,799, 1:50). 
Antibody incubation was performed either at room 
temperature for 2 h. After washing twice with dig-wash 
buffer, secondary antibody was added and incubated at 
room temperature for 45 min. Following two washes with 
dig-wash buffer, 100 μL of dig- 300 buffer was supple-
mented with 0.04 μL pG-Tn5 transposase. The samples 
were incubated at room temperature for 1  h, then sub-
jected to two additional dig-wash buffer washes. Subse-
quently, 300 μL of tagmentation buffer was added and the 
reaction mixture was incubated at 37 °C for 1 h. The reac-
tion was stopped by adding 10 µL 0.5 M EDTA, 3 µL 10% 
SDS, and 2.5 µL 20 mg/mL Proteinase K, with incubation 
at 55 °C for 1  h. Following phenol–chloroform extrac-
tion and ethanol precipitation, the DNA libraries were 
amplified by PCR (16 cycles). Finally, all libraries were 
sequenced using Illumina HiSeq with 150-bp paired-end 
reads.

Cell viability assay
A cell viability assay was conducted using a CCK- 8 kit. 
FGSCs were seeded in 96-well plates and treated with 
drugs for the indicated time. Then, the optical density 
value at 450 nm was measured in accordance with the 
manufacturer’s protocol.

Cell proliferation assay
The cell proliferation rate was measured using an EdU 
Cell Proliferation Assay Kit (Ribobio, Guangzhou, 
China). In brief, FGSCs were seeded in 48-well plates and 
treated with drugs for a certain time. FGSCs were incu-
bated with 50 μM EdU for 2 h, followed by fixation and 
permeabilization. Nuclei were labeled with 4′,6-diami-
dino- 2-phenylindole for 6  min and visualized under a 
fluorescence microscope.

Cell cycle analysis
Cell cycle analysis was performed as described previously 
[37]. In brief, cells were washed with pre-cooled phos-
phate-buffered saline (PBS) and digested with trypsin. 
Then, cells were fixed with 70% ice-cold ethanol over-
night at 4 °C. After washing twice with ice-cold PBS, the 
cells were stained with propidium iodide solution (10 µg/
ml) containing RNAase A for 30 min. Subsequently, the 
cell cycle distribution was analyzed using a CytoFLEX 
S flow cytometer. Results were analyzed using FlowJo 
software.

Data analysis
Hi‑C data processing
Hi-C data were processed as described previously [9, 44]. 
In brief, adaptor sequences in raw reads were trimmed 
with Cutadapt (version 1.0), and low-quality paired-end 
reads were filtered with BBmap (version 38.16). Sequence 
reads were separately mapped to the reference genome 
using Bowtie2 software. After filtering out self-ligated 
reads and uncut reads, ICE normalization was performed 
using the ICE algorithm implementation. Subsequently, 
the HiTC R package was used to analyze HiC interactions 
contact matrices.

Reproducibility of Hi‑C data
The reproducibility score was measured by the HiCRep 
method [45]. In brief, we calculated the number of inter-
actions at each point within the maximum 2 Mb and then 
counted the possible interactions between two replicates.

Contact probability as a function of the genomic distance 
p(s)
Contact probability versus genomic distance [P(s)] curves 
were constructed as described previously. We counted 
the number of Hi-C contacts and calculated the number 
of possible Hi-C contacts at a certain distance across the 
genome. Contact probability P(s) was derived by divid-
ing the contact number by potential contacts. P(s) was 
then normalized by setting the value of P(s) at various 
distances.

Analysis of the chromatin compartments status (A/B 
compartment)
Genomic compartments were calculated using principal 
component analysis on contact maps at a 500 kb resolu-
tion. We used HiTC package in R to calculate the A/B 
compartment status. Normalized matrices at 500 kb 
resolution were calculated the first eigenvectors with the 
pca.hic function with default parameters. Positive eigen-
vector values were assigned to compartment A and nega-
tive eigenvector values were assigned to compartment B. 
The compartment strength was calculated as described 
previously. A saddle plot was constructed by the for-
mula log[AA + BB/(AB + BA)], where AA, AB, BA, and 
BB represent the four corners of the iteratively corrected 
saddle plot matrix.

TADs, TAD boundaries, and TAD signal calculation
TADs and TAD boundaries/insulators were identified 
by previously described methods [5, 46]. Briefly, a slid-
ing window at 500 kb on 40 kb-binned contact maps was 
used to analyze the insulation score. The signal within 
the sliding window was assigned to the corresponding 
bin across the entire genome. The insulation score was 
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normalized by calculating the log2 ratio of individual 
scores and the mean of genome-wide averaged insulation 
scores. TAD boundaries/insulators were identified by 
calling the local minima along the normalized insulation 
score.

Identification of chromatin loops
Chromatin loops were identified using the JUICER pack-
age. Briefly, filtered read-pairs from HiC data were con-
verted into.hic format files and inputted into HiCCUPS. 
The parameters used in this study were Xmx256 g, -m 
1024, and –ignore_sparsity. Chromatin loops with P < 
0.001 were merged together as the final chromatin loop.

RNA‑seq analysis
All lean reads were aligned to the reference genome 
(mm9 version) by Hisat2 software with default param-
eters. FPKM values (fragments per kilobase per million 
mapped reads) were then quantified per sample with Cuf-
flinks, which normalizes raw counts by transcript length 
(per kilobase) and sequencing depth (per million scaling 
factor) using a protein-coding gene GTF annotation file.

Gene ontology analysis
Gene Ontology (GO) enrichment analysis was performed 
using the clusterProfiler R package [47], focusing spe-
cifically on biological process terms. Enrichment signifi-
cance was determined using modified Fisher’s exact test 
(FDR < 0.05), implemented similarly to the DAVID func-
tional annotation tool.

CUT&Tag data analysis
Sequencing reads were quality-trimmed and aligned to 
the reference genome using HISAT2 (–no-spliced-align-
ment –no-temp-splicesite). Picard software was used to 
remove the PCR duplicates with MarkDuplicates func-
tion. Peak calling was performed using MACS2 (q-value 
< 0.05) followed by genomic annotation with HOMER 
[48]. Differential binding analysis was conducted using 
DiffBind software with default parameters [49]. Data 
visualization was achieved through heatmaps generated 

by deepTools (v3.5.1) [50]. For functional annotation, we 
performed (1) motif enrichment analysis using HOMER 
(findMotifsGenome.pl) and (2) genomic region enrich-
ment analysis through GREAT (v4.0.4) [51].

Quantification and statistical analysis
Statistical analysis was conducted by R and GraphPad 
Prism. Significant difference between two samples was 
calculated by one-way ANOVA or Student’s test. P < 0.05 
was considered as statistically significant “*”, P < 0.01 was 
indicated by “**” and P < 0.001 was indicated by “***”.

Results
Recombination landscape of the chromatin structure 
during human FGSC development
To determine the 3D chromatin structure during human 
gametogenesis and early embryonic development, we 
collected female germline stem cells (FGSCs), hGV 
oocytes, hMII oocytes, sperm, and embryos at 4-cell, 
8-cell, and blastocyst stages (Fig.  1A). All clinical tis-
sues and embryos were collected after obtaining written 
informed consent from the donor. hFGSCs were isolated 
in our laboratory [34]. The collected cells were confirmed 
by RT-PCR and immunofluorescence staining (Addi-
tional file  1: Fig. S1 A–D). After filtering artificial reads 
and normalization, we obtained 10.8 billion reads by the 
low-input genome-wide chromosome conformation cap-
ture (Hi-C) method (Additional file  2: Table  S1) [5, 11, 
12]. The Hi-C data were highly reproducible between 
replicates, and Hi-C data from blastocysts were consist-
ent with published data (Additional file 1: Fig. S2).

We examined the dynamics of chromatin architec-
ture during hFGSC development using multiple analyti-
cal approaches. Chromatin interactions were visualized 
through heatmaps and quantified using directional indi-
ces (DIs), which measure the bias between upstream and 
downstream chromatin interactions for each genomic 
bin. TAD boundaries are characterized by sharp transi-
tions from upstream to downstream interaction prefer-
ences, with higher DI values indicating more distinct 
boundary formation. Interaction maps of hFGSC phases 

(See figure on next page.)
Fig. 1  Dynamic TADs and chromatin compartmentalization during human FGSC development. A Morphology of human germ cells 
and early embryos. Scale bar, 50 µm or 10 µm (Sperm). B Normalized Hi-C interaction frequencies displayed as a heatmap (top) and TAD 
signals (bottom) during hFGSC development at chromosome 10. C Average insulation scores (IS) of various stages at TAD and nearby regions. 
IS measures the frequency of chromatin interactions across a given genomic position, with local minima indicating potential TAD boundaries 
where cross-boundary interactions are depleted. A lower insulation score suggests stronger boundary activity. D Percentage of switched A/B 
compartments occupied in the genome during hFGSC development. E Saddle plot showing the compartment strength of (A+A) and (B+B) 
during hFGSC development. F Violin plot showing the change in compartment strength during hFGSC development (Wilcox test, ***p<0.001, 
ns: p>0.05). G Average contact probability across the genome was decreased as a function of genomic distance between humans and mice 
during FGSC development. H Percentage of inter-chromosomal and intra-chromosomal contacts between humans and mice during FGSC 
development. I Compartment strength between humans and mice during FGSC development (P<0.05, calculated by the Wilcoxon test)
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Fig. 1  (See legend on previous page.)
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displayed obvious triangular patterns of regional enrich-
ment, while they were weakened in hGV oocytes. No tri-
angular patterns are observed in hMII oocytes (Fig. 1B), 
which was consistent with findings in mice [11, 12]. 
After calculating the average intrachromosomal contact 
probability, hGV oocytes had a relatively higher contact 
probability between 1 × 105 bp and 1 × 106 bp, but lower 
contact probability outside this distance range. However, 
hMII oocytes showed a relatively higher contact prob-
ability between 1 × 107  bp and 1 × 108  bp, and hFGSCs 
had an upward tread beyond 1 × 108 bp (Additional file 1: 
Fig. S3 A). Additionally, the P(s) curve of hMII oocytes 
between 1 × 105  bp and 1 × 107  bp was very similar to 
the previously reported P(s) 0.5 for mitotic cells [52]. We 
then analyzed the contact probability dependence on 
the genomic distance. Unlike the other stages, the hGV 
oocyte interaction was not only enriched near 1 × 108 bp, 
but also more enriched in the medium distance from 1 × 
105  bp to 1 × 106  bp (Additional file  1: Fig. S3B). These 
results indicate that the chromatin conformation under-
goes global reorganization during hFGSC development.

We then investigated TAD organization across different 
developmental stages of hFGSCs. Our analysis revealed 
robust TAD structures in hFGSCs that progressively 
diminished, ultimately becoming undetectable in hMII 
oocytes (Fig. 1B). This observation was corroborated by 
directional index (DI) analysis, which showed a signifi-
cant reduction in DI values during the transition from 
hFGSCs to hGV oocytes (Additional file 1: Fig. S3 C). The 
insulation score (IS), which quantifies the frequency of 
chromatin interactions across specific genomic positions, 
further supported these findings. Local minima in the IS 
profile indicate potential TAD boundaries where cross-
boundary interactions are depleted, with lower scores 
reflecting stronger boundary activity. Notably, hFGSCs 
exhibited markedly higher insulation scores compared 
to both hGV and hMII stages (Fig.  1C), indicating that 
TAD boundaries are most pronounced in hFGSCs and 
progressively weaken during oocyte development. In par-
allel with these structural changes, we observed exten-
sive chromatin reorganization, whereby 50% of genomic 
regions demonstrated compartment A/B switching 
(Fig.  1D). This was accompanied by a systematic redis-
tribution of chromatin compartments during hFGSC 
development, marked by the gradual enrichment of com-
partment A domains and a corresponding decrease in 
compartment B regions (Fig.  1E, Additional file  1: Fig. 
S3D, E). The compartment strengths in hFGSCs were 
relatively strong and significantly decreased in hGV and 
hMII oocytes (Fig. 1F). Analysis of genes within compart-
ment-switching regions revealed stage-specific functional 
transitions, progressing from immune response and epi-
thelial pathways (FGSC-to-GV) to ion homeostasis and 

JAK-STAT signaling (GV-to-MII) (Additional file  1: Fig. 
S3 F). These findings demonstrate a dramatic reorgani-
zation of higher-order chromatin architecture during 
oocyte maturation, ultimately leading to the dissolution 
of TADs in hMII oocytes.

To elucidate species-specific features of chromatin 
organization during FGSC development, we performed 
comparative analyses between human and mouse FGSC 
development. While both species undergo substantial 
chromatin remodeling, their specific patterns of reor-
ganization differ significantly. Analysis of distance-
dependent interaction frequencies revealed that both 
human and mouse MII oocytes exhibited similar power 
law exponents approaching 0.5 (Fig.  1G). However, the 
contact frequency dynamics differed markedly between 
species during FGSC development. Most notably, we 
observed substantial variation in contact probability pat-
terns between hFGSCs and hGV stages, whereas mFG-
SCs and mGV stages maintained relatively consistent 
patterns (Additional file  1: Fig. S4 A). Human FGSCs 
exhibited a distinctive chromosomal interaction profile, 
marked by a lower frequency of intra-chromosomal con-
tacts and increased inter-chromosomal interactions com-
pared to mouse (Fig. 1H). This species-specific difference 
diminished in later stages, as both human and mouse 
oocytes showed a progressive decline in interaction fre-
quency during the GV-to-MII transition. Additionally, 
chromosomal contact probabilities maintained a length-
dependent relationship during the GV-to-MII transition 
in both species (Additional file 1: Fig. S4B). The dynamics 
of A/B compartmentalization also revealed species-spe-
cific patterns. In humans, A/B compartment segrega-
tion decreased dramatically during the hFGSC to hGV 
transition but remained stable between hGV and hMII 
stages. In contrast, mouse cells maintained stable A/B 
compartmentalization between mFGSC and mGV stages, 
with significant reduction occurring during the mGV to 
mMII transition (Fig. 1I). Both species exhibited similar 
temporal patterns in A/B compartment ratios for auto-
somes, characterized by an initial increase followed by a 
decrease. The X chromosome showed particularly inter-
esting species-specific features: hMII oocytes maintained 
a higher proportion of A compartment regions compared 
to autosomes, while mMII oocytes displayed the opposite 
pattern (Additional file  1: Fig. S4 C). TAD organization 
showed progressive weakening during FGSC develop-
ment in both species, as evidenced by declining rela-
tive TAD strength measurements (Additional file 1: Fig. 
S4D). These comprehensive analyses reveal both con-
served features and species-specific differences in chro-
matin architecture dynamics during mammalian FGSC 
development.
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TAD structures re‑establish from the human 4‑cell to 8‑cell 
embryo
To investigate the dynamics of chromatin architecture 
during early human embryogenesis, we performed Hi-C 
analysis at 40 kb resolution across developmental stages 
from 4-cell embryos to blastocysts. Interaction heat-
maps revealed systematic remodeling of chromatin spa-
tial organization throughout early development (Fig. 2A, 
Additional file 1: Fig. S5 A). Notably, we observed weak 
but detectable TAD structures in 4-cell embryos, which 
progressively strengthened through the 8-cell stage, fol-
lowed by a marked enhancement in blastocysts. This 
developmental progression of TAD establishment was 
further validated by quantitative metrics. Both the direc-
tional index (DI) values and TAD signals showed consist-
ent increases from 4-cell embryos to blastocysts, with 
genome-wide analysis confirming this pattern (Fig.  2B, 
Additional file 1: Fig. S5B). Analysis of global interaction 
patterns revealed stage-specific characteristics. Con-
tact probability curves demonstrated similar patterns 
among embryonic stages and sperm, while displaying 
distinct features from oocytes (Fig.  2C). Further exami-
nation of interaction distances showed that the ratio of 
long-range (> 2  Mb) to short-range (≤ 2  Mb) contacts 
peaked in sperm, reached its nadir in 8-cell embryos, 
and increased again in blastocysts (Fig.  2D), suggesting 
dynamic regulation of chromatin interactions during 
development. Compartment analysis revealed another 
layer of chromatin organization dynamics. The char-
acteristic checkerboard pattern of A/B compartments 
was barely detectable in 4-cell and 8-cell embryos but 
emerged prominently in blastocysts, with compartment 
strength measurements supporting this observation 
(Fig.  2E, Additional file  1: Fig. S5 C). Principal compo-
nent analysis provided additional evidence for this devel-
opmental transition, showing distinct bimodal PC1 value 
distribution exclusively in blastocysts, while earlier stages 
exhibited poor compartment segregation (Fig.  2F). Col-
lectively, these findings demonstrate that higher-order 
chromatin organization emerges in a hierarchical manner 
during early human embryogenesis, with initial establish-
ment of TADs at the 4-cell stage followed by progressive 
maturation through blastocyst formation. This sequential 

organization suggests a programmed establishment of 
chromatin architecture that may be essential for proper 
embryonic development.

Species‑specific dynamics in higher‑order chromatin 
organization during early embryonic development
To further investigate whether the higher-order chro-
matin organization varied between human and mouse 
embryos, we analyzed and compared published data of 
human and mouse embryos during mammalian early 
embryonic development with our data [39]. By count-
ing whole genome contacts at various resolution, the 
proportion of cis-short interactions in 4-cell and 8-cell 
embryos was much higher than that in Blastocyte, 
which was similar in mice (Additional file  1: Fig. S6 
A). The ratio of long-distance contacts (> 2 Mb) versus 
short-distance contacts (≤ 2  Mb) was also significantly 
different between 8-cell embryos and the ICM, and no 
significant difference was found between 4-cell and 
8-cell embryos in humans and mice (Additional file  1: 
Fig. S6B). Next, we found that the proportion of intra-
chromosomal contacts was higher than inter-chromo-
somal contacts in humans and mice (Additional file  1: 
Fig. S6 C). Interestingly, the human ICM had the high-
est inter-chromosomal contacts during early embry-
onic development, while the stage with the highest 
inter-chromosomal contacts was 2-cell embryos in mice 
(Additional file  1: Fig. S6 C). These findings indicated 
that the formation of higher-order chromatin struc-
tures follows a similar trajectory during early embryonic 
development in both humans and mice, yet the estab-
lishment processes exhibit species-specific differences. 
To gain deeper insights into the distinct processes of the 
chromatin architecture during early embryonic develop-
ment, we compared compartments and TADs between 
humans and mice. While the compartment strength was 
strongest in the ICM during early embryonic develop-
ment in both humans and mice, the dynamics of this 
process differed between the two species (Additional 
file  1: Fig. S6D). Specifically, in human embryos, the 
strength increased gradually from the 4-cell stage to the 
ICM, whereas in mouse embryos, it underwent a dra-
matic increase from the 2-cell to 8-cell stage, followed by 

Fig. 2  Dynamic TADs and chromatin compartmentalization during early embryonic development. A Top: Heatmap showing the normalized Hi-C 
interaction frequency. Bottom: Barplot showing the directional index (DI) at various developmental stages. B Relative variation degree of TAD signals 
in human embryo. C Average contact probability across the genome decreases as a function of genomic distance during human early embryonic 
development. D The total interaction ratio between genome distance >2 Mb and ≤2 Mb during human early embryonic development (Wilcox 
test, ns: p>0.05, ***p<0.001).E Saddle plot showing the compartment strength of (A+A) and (B+B) during human early embryonic development. F 
Top: Pearson correlation heatmap of chromosome 2 in human early embryos at a 500 kb resolution during human early embryonic development. 
Bottom: Density plots of eigenvector values considering autosomes during human early embryonic development

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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relatively little change from the 8-cell stage to the ICM 
(Additional file  1: Fig. S6D). Moreover, TAD insulation 
scores remained consistent between 4-cell and 8-cell 
stages in humans, whereas markedly rising in the ICM 
stage (Additional file 1: Fig. S6E). This suggests that TAD 
organization becomes more pronounced and refined 
during the ICM stage in humans. Conversely, such 
well-organized TADs are achieved by the 8-cell stage in 
mice [12, 39]. Additionally, the relative TAD strength 
increased gradually during early embryonic develop-
ment in humans (Additional file  1: Fig. S6 F) and mice 
[12, 39]. These results suggested that different timing 
of TAD organization between human and mouse early 
embryos, the underlying molecular mechanisms may be 
simply activated at different developmental stages.

We next investigated the relationship between chro-
matin organization and zygotic genome activation 
(ZGA) during early embryonic development, we exam-
ined the temporal dynamics of transcriptional acti-
vation across species. While previous studies have 
demonstrated that topologically associating domain 
(TAD) establishment is ZGA-dependent in humans but 
ZGA-independent in mouse and drosophila embryos, 
these conclusions were primarily based on α-amanitin 
inhibition experiments, which specifically target 
RNA Polymerase II-mediated transcription while not 
addressing RNA Polymerase I activity [12, 17, 39]. To 
address this issue, we reanalyzed available bulk and sin-
gle-cell RNA-seq datasets [53, 54]. The result revealed 
distinct species-specific patterns that mouse embryos 
exhibited a pronounced increase in RNA Polymerase 
I-associated transcripts during the early-to-late 2-cell 
transition, whereas human embryos showed elevated 
RNA Polymerase II-associated transcription during the 
4-cell to 8-cell transition (Additional file  1: Fig. S6G). 
The temporal correlation between polymerase expres-
sion dynamics and species-specific chromatin organiza-
tion timing motivated our subsequent investigation into 
the functional significance of RNA Polymerase I during 
early mammalian development.

RNA polymerase I is essential for TAD formation in mouse 
but not human early embryos
To elucidate the role of Pol I in the chromatin architec-
ture establishment during mouse embryonic develop-
ment, we performed immunofluorescence analysis to 
examine the spatiotemporal distribution of POLR1 A, 
the catalytic subunit of RNA Polymerase I. The result 
revealed that POLR1 A exhibited diffuse nuclear dis-
tribution in early 2-cell embryos, followed by granular 
aggregation in late 2-cell embryos, and ultimately showed 
predominant perinucleolar accumulation by the 4-cell 
stage, suggesting the distinct stage-specific localization 
patterns of Pol I (Fig. 3A). By permeating mouse zygotes 
with Carnot fixative, we also found POLR1 A in both the 
nuclear matrix and nucleolus (Fig.  3B), which was con-
sistent with Pol I transcription in mouse zygote [55]. 
Moreover, we confirmed this finding by RNA-FISH with 
18 s probes (Fig. 3C). Next, CRISPR/Cas13a + crRNA tar-
geting POLR1 A was microinjected into mouse zygotes 
to explore the role of Pol I transcription (Additional file 1: 
Fig. S7 A). Knockdown efficiency of POLR1 A was veri-
fied by RT-PCR and western blotting (Additional file  1: 
Fig. S7B-E). Embryos with POLR1 A knockdown were 
blocked at the 2-cell stage, whereas the control group 
developed to the blastocyst stage (Additional file  1: Fig. 
S7 F). These data indicate that Pol I played a critical role 
in mouse early embryonic development.

To conform this finding, we treated zygotes (1-cell 
embryos) with CX- 5461, a specific inhibitor of Pol I. 
Consistently, mouse embryos were blocked in the 2-cell 
stage under treatment with 1.5 µM CX- 5461, and the 
rRNA transcription level was decreased significantly 
(Fig. 3D, E, Additional file 1: Fig. S7G). EU staining also 
showed that the fluorescence intensity was decreased 
after CX- 5461 treatment (Fig. 3F, Additional file 1: Fig. 
S7H). Simultaneously, inhibition of Pol I transcrip-
tion reduced binding of POLR1 A at the rDNA site (Fig. 
S7I). These results suggest significant inhibition of Pol I 
transcription under CX- 5461 treatment. As expected, 
CX- 5461 treatment did not significantly disturb the 
expression levels of housekeeping genes and ZGA genes 

(See figure on next page.)
Fig. 3  Pol I I plays a critical role in mouse early embryonic development. A Immunofluorescence of POLR1A in early mouse embryos fixed 
with paraformaldehyde. It is stained by the nucleolar marker B23 (Npm1, green), POLR1A (orange), and DAPI (blue). Scale bar, 50 µm. B 
Immunofluorescence of POLR1A in mouse zygotic embryos fixed with Carnoy’s fixative. It is stained by the nucleolar marker B23 (Npm1, green), 
POLR1A (orange), and DAPI (blue). Scale bar, 50 µm. C RNA-FISH detection of Pol I transcription in mouse zygotic embryos. It is stained by pre-rRNA 
(red) and DAPI (blue). Scale bar, 50 µm. DInhibition of Pol I transcription affected mouse embryonic development. Scale bar, 50 µm. E qRT-PCR 
was used to measure the rRNA transcription after CX-5461 treatment (Students’ t test, ns: p>0.05, ***p<0.001). F EU detection of RNA transcription 
in mouse zygotic embryos. Scale bar, 50 µm. G Expression of ZGA genes and house-keeping genes in different condition of treatment. H Clustering 
analysis of differential gene expression patterns between control and CX-5461 inhibitor treatment. I GO enrichment analysis of different expressed 
genes after CX-5461 treatment for 45 h 
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(Fig. 3G, Additional file 4: Table S3), although the over-
all mRNA transcription levels were initially reduced 
and then restored by CX- 5461 treatment. This pattern 
contrasts with the sustained low mRNA levels observed 
after inhibition of RNA polymerase II (Pol II) transcrip-
tion (Additional file  1: Fig. S7 J). Our data demonstrate 
that CX- 5461 treatment specifically inhibits rRNA 
transcription without disturbing the expression levels 
of housekeeping genes and ZGA genes. Additionally, 
Zscan4 d and GM12794, which are zygotic genome acti-
vation (ZGA)-related genes, were normally transcribed 
after Pol I transcriptional inhibition. However, treatment 
with α-amanitin, a specific inhibitor of Pol II, suppressed 
transcription of both of them (Fig. S7 K). The effects of 
α-amanitin were profound, causing developmental arrest 
at the 2-cell stage and preventing further cell division. 
This developmental block underscores the critical role 
of Pol II-mediated transcription in early embryonic cell 
cycle progression and zygotic genome activation. Hierar-
chical clustering analysis of differentially expressed genes 
(DEGs) revealed distinct transcriptional profiles between 
control and CX- 5461-treated groups, as shown in the 
expression heatmap (Fig.  3H). Further analysis showed 
that gene ontology (GO) categories were enriched in ribo-
nucleoprotein assembly, ribosome biogenesis, and rRNA 
processing (Fig. 3I), which was consistent with previously 
reported findings [56]. Among these, we identified 13 key 
epigenetic regulators that were significantly enriched in 
chromatin silencing and methylation-dependent chroma-
tin silencing pathways, including HDAC1, POU5 F1, and 
notably TRIM28—a well-characterized heterochromatin 
marker. This enrichment pattern, particularly the pres-
ence of chromatin-modifying factors, suggests that inhi-
bition of Pol I transcription leads to substantial changes 
in chromatin conformation, potentially through modula-
tion of heterochromatin organization (Fig. 3I).

Next, we collected embryos treated with CX- 5461 for 
45 h to examine the effect of Pol I transcription on the 
chromatin structure. Combined with Hi-C data from a 
public database [11], the interaction pattern was relatively 
vague in CX- 5461-treated 2-cell embryos. In contrast, 
α-amanitin-treated 2-cell embryos exhibited distinct 
interaction patterns resembling those of the 8-cell stage 

(Fig. 4A). TAD boundaries were less pronounced in CX- 
5461-treated 2-cell embryos but were well-defined in 
α-amanitin-treated 2-cell embryos (Additional file 1: Fig. 
S8 A). Further genome-wide TAD normalization analy-
sis revealed that CX- 5461 treatment resulted in weak-
ened TAD strength compared to the α-amanitin-treated 
group, showing characteristics more similar to the 2-cell 
stage (Fig. 4B). These observations were corroborated by 
the reduced insulation score following Pol I inhibition 
(Additional file  1: Fig. S8B), suggesting that Pol I might 
influence early embryonic development by modulating 
TAD strength. Additionally, we calculated the average 
intrachromosomal contact probability in normal 2-cell 
embryos, α-amanitin-treated, and CX- 5461-treated 
groups (Fig. 4C). While the overall differences were mod-
est, substantial variations in chromatin long-range inter-
actions emerged at genomic distances exceeding 107 bp. 
Comparison of short-range versus long-range interaction 
frequencies revealed that the α-amanitin-treated group 
exhibited a higher proportion of long-range interactions, 
whereas CX- 5461 treatment significantly reduced the 
frequency of long-range interactions, although this pro-
portion remained elevated compared to the 2-cell stage 
(Fig. 4D). Collectively, these results indicate that inhibi-
tion of Pol I transcription prevents establishment of the 
TAD formation during mouse early embryonic develop-
ment (Fig 5).

To investigate whether Pol I did function in early 
embryonic development in human, we treated human 
embryos with CX- 5461 were blocked at the 8-cell stage, 
while the control group developed to the blastocyst 
stage (Additional file 1: Fig. S8 C, D). Different from the 
above findings in mouse embryos, we observed similar 
chromatin interaction frequencies in untreated and CX- 
5461-treated human embryos (Fig. 4E, Additional file 1: 
Fig. S8E). Further genome-wide TAD normalization anal-
ysis showed CX- 5461 treatment did not disturb the TAD 
strength during human embryonic development (Fig. 4F). 
Furthermore, the scaling of contact frequencies as a func-
tion of genomic separation was unchanged (Fig. 4G), and 
there was a consistent trend of chromatin interactions 
between CX- 5461-treated human embryos and the con-
trol group at the whole genome level (Additional file  1: 

Fig. 4  Changes of the TAD structure in mouse and human embryos after inhibiting Pol I transcription. A Interaction frequency heatmap of mouse 
early embryos at a 25 kb resolution. B Genome-wide TAD signals in mouse 2-Cell, mouse 2-Cell_α-amanitin, and mouse 2-Cell_CX5461 groups. C 
Average contact probability across the genome was decreased as a function of genomic distance in 2-Cell, 2-Cell_α-amanitin, and 2-Cell_CX5461 
groups in mouse. D Ratio of total interactions between genomic distances of >2 Mb and ≤2 Mb in mouse (Wilcox test, ns: p>0.05). E Interaction 
frequency heatmap of human early embryos at a 25 kb resolution. F Genome-wide TAD signals in human 4-Cell, human 8-Cell, and human 8-Cell_
CX5461 groups. G Average contact probability across the genome was decreased as a function of genomic distance in 2-Cell, 2-Cell_α-amanitin, 
and 2-Cell_CX5461 groups in human. H Ratio of total interactions between genomic distances of >2 Mb and ≤2 Mb in humans (Wilcox test, ns: 
p>0.05)

(See figure on next page.)
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Fig. S8 F). Statistical analysis also showed no significant 
difference in the ratio of interactions outside 2  Mb and 
interactions within a 2-Mb distance between control and 
treated groups (Fig. 4H). Taken together, these data show 
that inhibition of Pol I transcription prevents re-estab-
lishment of the TAD structure in mouse early embryos, 
but not in human embryos.

Pol I transcription plays an opposing role in maintenance 
of chromatin structures between human and mouse FGSCs
Next, we determined whether Pol I transcription plays a 
role in maintaining the chromatin structure. We found 
that CX- 5461-treated FGSCs became significantly 
enlarged (Fig.  5A and Additional file  1: Fig. S9 A-D). 
Furthermore, CCK- 8, EdU, and flow cytometric assays 
showed decreases in cell activity and proliferation rates 
(Fig. 5B, C and Additional file 1: Fig. S9E, F). Addition-
ally, expression of meiotic markers Stra8 and Sycp3 was 
upregulated after CX- 5461 treatment (Additional file 1: 
Fig. S9G,H). These results suggest that inhibition of Pol 
I transcription reduces mFGSC proliferation and pro-
motes their differentiation. Unlike mFGSCs, inhibition 
of Pol I transcription in hFGSCs reduced cell activity and 
proliferation, but did not promote their differentiation 
(Figs. 5 D–F and Additional file 1: Fig. S10 A-F).

Hi-C contact maps showed that inhibition of Pol 
I transcription had different effects on the interac-
tion frequency between human and mouse FGSCs 
(Fig.  5G, H  and Additional file  1: Fig. S11 A, B). Hi-C 
contact maps showed that the interaction frequency 
in CX- 5461-treated mFGSCs was lower than that in 
untreated mFGSCs (Fig.  5I). However, the interaction 
frequency in CX- 5461-treated hFGSCs was higher than 
that in untreated hFGSCs (Fig.  5J). Additionally, CX- 
5461-treated mFGSCs had a lower interaction frequency 
than untreated mFGSCs at a distance of ≤ 2 Mb. Con-
versely, CX- 5461-treated hFGSCs had a high interac-
tion frequency at a distance of ≤ 2 Mb (Additional file 1: 
Fig. S11 C, D). Corresponding to this finding, the ratio 
of genomic distance > 2 Mb versus ≤ 2 Mb was lower in 
CX- 5461-treated hFGSCs (Additional file 1: Fig. S11 F). 
However, there was no difference in the ratio of genomic 

distance > 2 Mb versus ≤ 2 Mb between CX- 5461-treated 
mFGSCs and controls (Additional file 1: Fig. S11E). Col-
lectively, these results demonstrated that Pol transcrip-
tion has opposing effects on global reorganization of the 
chromatin structure between mFGSCs and hFGSCs.

Analysis of the TAD structure showed that DI values 
in CX- 5461-treated mFGSCs were lower than those 
in controls (Additional file  1: Fig. S11G). Consistently, 
the triangular structures of TADs in CX- 5461-treated 
mFGSCs were not as clear as those in controls (Fig. 5G). 
Relative variance of the TAD signal and TAD boundary 
strength in CX- 5461-treated mFGSCs were also signifi-
cantly lower than that in controls (Fig. 5K and Additional 
file 1: Fig. S12A). Conversely, the absolute DI value, TAD 
signal, and TAD boundary in CX- 5461-treated hFGSCs 
were higher than those in controls (Fig.  5L and Addi-
tional file 1: Fig. S11H, Fig. S12B). Additionally, genome-
wide statistical analysis showed that the interaction 
within TADs was reduced in CX- 5461-treated mFGSCs, 
but it enhanced in CX- 5461-treated hFGSCs (Fig.  5M, 
N). These results indicate that Pol I transcription plays 
distinct roles in maintenance of the TAD structure in 
hFGSCs and mFGSCs. Integrative analysis of Hi-C and 
CTCF ChIP-seq data showed that the boundary strength 
of TADs with or without CTCF binding was reduced, 
indicating that Pol I transcription has a genome-wide 
effect on the TAD structure (Additional file  1: Fig. S12 
C). Interestingly, there was no significant difference 
in compartment strengths of the A/B region in CX- 
5461-treated mFGSCs and hFGSCs (Additional file 1: Fig. 
S12D, E). Overall, these results demonstrate that inhibi-
tion of Pol I transcription enhances the TAD structure in 
hFGSCs, but weakens the TAD structure in mFGSCs.

Discussion
We systematically revealed that the 3D chromatin struc-
ture undergoes extensive reprogramming from human 
gametogenesis to early embryonic development. During 
oogenesis, the TAD structure showed a weakening trend 
and essentially disappeared in hGV oocytes, which was 
different from the visible TAD structure in mGV oocytes. 

(See figure on next page.)
Fig. 5  Effect of RNA transcription on chromatin structures in mouse and human FGSCs. A Morphological changes of mFGSCs before and after 
CX-5461 treatment. Scale bar, 50 µm. B mFGSC proliferation was assessed by EdU assays. C mFGSC viability was assessed by CCK-8 assays (Students’ 
t test, ***p<0.001). D Morphological changes of hFGSCs before and after CX-5461 treatment. Scale bar, 50 µm. E hFGSC proliferation was assessed 
by EdU assays. F hFGSC viability was assessed by CCK-8 assays (Students’ t test, ***p<0.001). G,H Standardized Hi-C interaction heatmap, directional 
indexes (DIs), and first principal component (PC1) values in mice (G) and humans (H) at a 40 kb resolution. I, J Average contact probability 
across the genome decreases as a function of genomic distance in mice (I) and humans (J). K, L Box plot showing the change in the TAD boundary 
intensity before and after Pol I transcriptional inhibition in mouse (K) and human FGSCs (L) (Wilcox test, **p<0.01, ***p<0.001). M, N Representative 
region showing the chromatin interaction within the TAD structure at a 40 kb resolution in mouse (M) and human FGSCs (N) between control 
and treatment
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Fig. 5  (See legend on previous page.)
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After fertilization, the TAD structure re-established from 
the human 4-cell to 8-cell embryo.

Consistent with previous observations in mouse sperm, 
our analysis revealed a high frequency of inter-chromo-
somal interactions and extensive long-range intra-chro-
mosomal contacts in human sperm chromatin [14, 15]. 
This characteristic chromatin organization pattern appears 
to be evolutionarily conserved, as similar features have 
been documented in rhesus monkey spermatogenesis 
[14]. In contrast to a previous study by Chen et al. [18], we 
detected distinct A/B compartments and TAD structures 
in human sperm. These disparate findings might be attrib-
uted to several technical factors, including differences in 
sequencing depth, computational analysis pipelines, and 
sample heterogeneity. Notably, Chen et  al. hypothesized 
that the absence of TAD structures was due to the lack of 
CTCF expression in sperm cells. However, recent single-
cell RNA-sequencing data have demonstrated detectable 
CTCF expression in human sperm [57]. This suggests that 
the discrepancies in observed TAD structures may be 
related to varying levels of CTCF expression among differ-
ent sperm populations, rather than a complete absence of 
this crucial architectural protein.

Chromatin organization plays an important role in 
regulating spatiotemporal transcription of genes dur-
ing development [58, 59], and disruption of the TAD 
boundary leads to abnormal development [60]. Fur-
thermore, deletions, inversions, or duplications of the 
TAD structure cause human limb malformations [60], 

indicating the functional importance of TADs for devel-
opment. In various animals, the timing of TAD struc-
ture establishment is different [11, 12, 17]. In zebrafish 
embryos, the TAD structure is detectable before ZGA 
[61]. Whereas in drosophila embryos, the TAD struc-
ture is established at the onset of ZGA [17]. By com-
paring the chromatin structure dynamics between 
human and mouse embryos, we found both conser-
vation and divergence in the chromatin structures. 
More importantly, TAD structures are gradually estab-
lished in both humans and mice during ZGA. ZGA is 
an important event for early embryonic development, 
which is mainly transcribed by three RNA polymer-
ases, Pol I–III [62]. Hence, establishment of the TAD 
structure may be associated with transcription of RNA 
polymerase. To clarify the role of RNA polymerase in 
establishment of the chromatin structure, we analyzed 
single-cell transcriptome data of embryos at various 
developmental stages [53]. The analysis revealed a dra-
matic increase in Pol II transcriptional activity dur-
ing the transition from 4-cell to 8-cell stage in human 
embryos, coinciding with TAD structure establishment 
dependent on Pol II transcription [18]. Intriguingly, in 
mouse embryos, we observed a sharp increase in Pol I, 
rather than Pol II, transcription during the transition 
from early to late 2-cell stage. This observation aligned 
with the developmental arrest at the 2-cell stage follow-
ing Pol I knockdown or inhibition. To further investi-
gate this phenomenon, we performed Hi-C analysis 

Fig. 6  Graph of Pol I function of 3D genome in FGSC development and early embryonic development between mouse and human
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on mouse embryos treated with a Pol I inhibitor. Our 
results demonstrated that Pol I transcription inhibition 
prevented TAD structure establishment specifically in 
mouse embryos, while human embryos remained unaf-
fected. Notably, RNA-seq analysis of Pol I-inhibited 
embryos revealed significant alterations in the expres-
sion of key chromatin regulators, including TRIM28, 
OCT4, and HDAC1, leading to chromatin silencing. 
The involvement of TRIM28, a well-established hetero-
chromatin marker, suggests that rRNA transcription 
modulates chromatin structure through regulation of 
epigenetic states in specific chromatin regions, consist-
ent with previous report [63].

Interestingly, inhibition of Pol I transcription 
reduced mFGSC proliferation and promoted their dif-
ferentiation, whereas inhibition of Pol I transcription 
in hFGSCs reduced cell activity and proliferation, but 
did not promote their differentiation. Furthermore, the 
TAD structure in mFGSCs was significantly weakened 
after inhibition of Pol I transcription. Conversely, the 
TAD structure and contact probability in hFGSCs were 
enhanced after inhibition of Pol I transcription. These 
findings suggest that Pol I transcription plays various 
roles in maintaining chromatin structures between 
hFGSCs and mFGSCs.

In summary, we systematically analyzed the land-
scape of the chromatin structure from human game-
togenesis to early embryonic development (Fig.  6). 
Furthermore, by comparing the divergence in the chro-
matin structure between human and mouse embryos 
at various development stages, we revealed that Pol I 
transcription plays a critical role in establishment of 
the TAD structure in mouse embryos. These findings 
provide a valuable resource for future studies of chro-
matin organization during germ cell and embryonic 
development, and are of great significance to maintain 
fertility and prevent birth defects.

Conclusions
Our comparative analysis reveals fundamental differences 
in 3D genome reorganization between human and mouse 
gametogenesis and early embryogenesis, with chromatin 
architecture establishment initiating at the 4-cell stage in 
humans versus the 2-cell stage in mice. We demonstrate 
that Pol I serves as a species-specific regulator of TAD 
formation, which is essential for chromatin organization 
in mouse embryos but dispensable in human embryos. 
Intriguingly, we uncover opposing roles for Pol I in TAD 
regulation, where its inhibition strengthens TADs in 
hFGSCs while weakening them in mFGSCs. These find-
ings provide novel mechanistic insights into the evolu-
tionary divergence of chromatin architecture regulation 
during early mammalian development. Our integrated 

multi-omics approach establishes Pol I-mediated chro-
matin organization as a previously unrecognized aspect 
of species-specific developmental control, advancing 
both fundamental understanding of 3D genome dynam-
ics and potential applications in reproductive medicine.
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