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ABSTRACT

Background: Histone methylation plays a crucial role in regulating chromatin architecture and gene expression during
spermatogenesis. H3K4me3 is enriched at the transcription start sites of active genes, whereas H3K27me3 is deposited on
chromatin to confer transcriptional repression. However, the dynamics of H3K4me3 and H3K27me3 modifications in the
differentiation of postnatal Leydig cells remain poorly characterized.

Objectives: The purpose of this study was to elucidate the dynamics of H3K4me3 and H3K27me3 modifications in the
differentiation of postnatal Leydig cells.

Methods: Through an integrated analysis of single-cell RNA-seq (scRNA-seq), cleavage under targets and tagmentation
sequencing (CUT&Tag-seq), bulk RNA-seq, and immunohistochemistry across different developmental stages of mouse Leydig
cells, we mapped the stage-specific landscapes of H3K4me3 and H3K27me3.

Results: Our results demonstrate that during progenitor to immature Leydig cell differentiation, H3K4me3 levels exhibited a
diphasic fluctuation pattern (first decreasing and then increasing), contrasting with the progressive accumulation of H3K27me3.
In progenitor Leydig cells, the resolution of bivalent chromatin domains (accounting for 24.5% of promoters) helps balance cell
proliferation and differentiation. Strikingly, steroidogenic genes such as Star, Cypl7al, and Hsd17b3 are exclusively regulated by
H3K4me3 and lack H3K27me3 marking. In terminally differentiated adult Leydig cells, H3K4me3 sustains the steroidogenic
capacity by activating transcription factors (such as Gata6, Cebpb, Nrldl) and maturation markers (including Hsd17b3, Insi3,
Sultlel), while H3K27me3 permanently silences proliferation-related networks (such as Ccna2, Mki67, Ccndl) to eliminate the
self-renewal potential of these cells.

Discussion and Conclusion: Our work identifies an H3K4me3/H3K27me3-transcription factors (TFs)-target gene axis as a
central regulatory mechanism governing postnatal Leydig cell differentiation. This discovery clarifies how this axis endows Leydig
cells with steroidogenic potential while suppressing stemness properties.
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1 | Introduction

Leydig cells serve as the principal source of testosterone in
males, undergoing a well-defined developmental progression
postnatally through four distinct stages: stem Leydig cells (SLCs),
progenitor Leydig cells (PLCs), immature Leydig cells (ILCs),
and adult Leydig cells (ALCs) [1]. In the murine model, PLCs
emerge by postnatal day 14 (PND14) and are characterized by the
expression of marker genes, including Arx, Nr2f2, and Pdgfra,
as well as steroidogenic enzymes like Cypllal and Hsd3bl [2].
Subsequently, PLCs transition into lipid droplet-laden ILCs by
PND28, and then further maturation into ALCs by PND56. This
maturation process is marked by the progressive upregulation
of Hsd17b3, conferring upon ALCs the capacity for autonomous
testosterone synthesis [3, 4].

The lineage commitment of postnatal Leydig cells is precisely
orchestrated through the coordinated actions of multiple sig-
naling pathways and transcriptional regulators. For instance,
Sertoli cell-derived Desert hedgehog (DHH) interacts with the
Patched (PTCH) receptor on PLCs, relieving PTCH-mediated
suppression of Smoothened (SMO). This permits SMO to activate
GLIs-mediated transcription, thereby initiating Leydig cell differ-
entiation [5, 6]. Conversely, Notch signaling functions as a potent
negative regulator of this process. Pharmacological inhibition
of Notch signaling significantly promotes steroidogenic lineage
commitment from SLCs to ALCs in rat seminiferous tubule
cultures [7]. Activation of the Smad pathway also inhibits PLC dif-
ferentiation [8]. Among transcriptional regulators, steroidogenic
factor-1 (SF-1) is indispensable for Leydig cell fate determination
[9]. Notably, SF-1 overexpression has been demonstrated to direct
the differentiation of embryonic stem cells/pluripotent stem cells
into Leydig-like cells [10, 11].

Current research on histone methylation modifications dur-
ing ALCs differentiation remains remarkably limited, and few
systematic comparative analyses have been reported to date.
Modifications of Histone 3 at lysine residues 4 (H3K4) and
27 (H3K27) represent pivotal epigenetic regulators that govern
gene expression programs and cell fate decisions. The activating
mark H3K4me3 facilitates transcriptional activation by recruiting
chromatin remodelers and histone acetyltransferase complexes
[12-14]. In contrast, the repressive H3K27me3 modification
establishes transcriptional silencing by mediating chromatin con-
densation. In the present study, we comprehensively characterize
the dynamic patterns of H3K4me3 and H3K27me3 during ALCs
development, establishing their functional significance in driving
the transcriptional reprogramming that orchestrates progenitor
cell commitment and terminal maturation.

2 | Methods
2.1 | Leydig Cells Acquisition

ICR male mice were purchased from Fujian Medical University.
This study was approved by the local ethics committee of Fujian
Medical University (Code of Ethics: LLSLBH-20210930-002).
Leydig cells at various developmental stages were isolated from
ICR male mice. PLCs were obtained from 2-week-old mice,
ILCs from 4/5-week-old mice, and ALCs from 8-week-old mice.

After sacrificing the mice, the testes were immediately collected,
enzymatically digested with collagenase, filtered through a nylon
mesh, and purified by Percoll gradient centrifugation to obtain
Leydig cell fractions.

2.2 | Leydig Cell Identification

Progenitor Leydig cells were fixed with paraformaldehyde, per-
meabilized with Triton X-100, blocked with BSA, and then
incubated with anti-NR2F2 antibody (Abconal; Cat#A24647)
overnight. On the following day, after incubation with the
secondary antibody and DAPI, the NR2F2-positive cells were
visualized using a fluorescence microscope. Detailed information
regarding the antibodies used is provided in Table S1.

Immature Leydig cells and adult Leydig cells were identified by
HSD3BI staining according to our established protocol. In brief,
Solution A (10 mg of B-NAD in 9.5 mL of PBS) was mixed with
Solution B (0.6 mg of DHEA + 1 mg of NBT in 0.6 mL of DMSO)
at a ratio of 188:12. After a 2 h incubation, positive cells were
quantified under a light microscope.

Adult Leydig cells were additionally confirmed by HSD17B3
(Proteintech; Cat# 13415-1-AP) immunofluorescence staining.

2.3 | Immunohistochemistry

Testes removed from mice were fixed with 4% paraformaldehyde,
dehydrated in a gradient of 20%-30% sucrose solution, embedded
in optimal cutting temperature compound, and then sectioned
at a thickness of 10 um. The sections were treated with 3%
H,0,, blocked with 5% BSA, and then incubated with H3K4me3
and H3K27me3 antibodies overnight. Next, the samples were
processed using an immunohistochemistry detection kit (Zsbio,
China; Cat#PV-9001) and visualized with diaminobenzidine
(Zsbio, China; Cat#ZLI-9018). Detailed information regarding the
antibodies used is provided in Table S1.

2.4 | Single-Cell RNA Sequencing

Testicular samples from C57BL/6 mice were collected at various
developmental time points to profile normal testicular devel-
opment. The data are publicly available in the GEO repository
under accession number GSE211115. Furthermore, we used the
Male Health Atlas (MHA) platform (www. malehealthatlas.cn),
an interactive online resource, to visualize and analyze the
single-cell RNA sequencing data.

2.5 | CUT&Tag Sequencing

In accordance with the manufacturer’s protocol, approximately
10° Leydig cells per group were incubated with ConA beads.
Subsequently, the complexes were incubated with either anti-
H3K4me3 (Cell Signaling Technology, Cat#9751), anti-H3K27me3
(Cell Signaling Technology; Cat#9733), or normal IgG as a
control overnight, followed by hatching secondary antibodies
and pG-Tn5 transposase for tagmentation. The resulting DNA
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fragments were purified, ligated with an adapter, and processed
for library construction. Finally, they were sent to Wuhan Igene-
book Biotechnology Co., Ltd. for sequencing (see “Supplemental
material”). CUT&Tag sequencing data were deposited in the
National Genomics Data Center (NGDC) database with accession
number CRA032246.

2.6 | RT-qPCR

Total RNA was extracted using the E.Z.N.A. Total RNA Kit I
(Vazyme, China), and cDNA was synthesized from the RNA
following the instructions of the PrimeScript RT reagent kit
(Takara, Japan). Amplification was then performed using ChamQ
SYBR qPCR Master Mix (Vazyme) on a real-time PCR instrument.
The primer sequences used in this study are shown in Table S2.

2.7 | RNA Sequencing

Leydig cells isolated from 4- and 8-week-old mice were harvested
and underwent RNA extraction with a total RNA extraction kit.
The RNA samples were then submitted to Majorbio Technology
Co., Ltd. for library construction and sequencing (see “Supple-
mental material”). RNA sequencing data were deposited in the
National Genomics Data Center (NGDC) database with accession
number CRA032246.

3 | Results

3.1 | Stage-Specific H3K4me3 and H3K27me3
Dynamics in Postnatal Leydig Cells

Histone modifications are dynamically regulated by specialized
enzymatic machinery. Histone lysine methyltransferases (KMTs)
serve as “writers” to deposit methyl marks, while lysine demethy-
lases (KDMs) act as “erasers” to remove these modifications.

H3K4me3 is a canonical epigenetic marker of active transcrip-
tion. The KDMS5 subfamily (including KDM5A-D) demethylates
tri-methylated H3K4, whereas the COMPASS-like complex (con-
taining KMT2A-D) deposits this activation mark [15] (Figure 1A).
Through single-cell RNA sequencing of mouse testis tissues
across seven developmental stages (GSE211115), we found a
significant transient upregulation of the methyltransferase Kmt2a
and Kmt2c at PND14 (Figure 1B-D). Additionally, the expression
of demethylases Kdm5a and KdmS5b decreased at PND35 during
the differentiation of progenitor cells into immature Leydig cells
(Figure 1D; Figure S1). Immunohistochemistry further demon-
strated that H3K4me3 levels decreased from early progenitor
Leydig cells (PND14) to late progenitor Leydig cells (PND21) and
subsequently increased during the transition to immature Leydig
cells (Figure 1E).

H3K27me3 is a fundamental epigenetic mark mediating tran-
scriptional repression. The polycomb repressive complex 2
(PRC2) subunits, EZH1 and EZH2, catalyze the deposition
of H3K27me3. Conversely, the Jumonji-domain demethylases,
KDM6A, KDM6B, and UTY, remove this mark to alleviate tran-
scriptional repression [15]. Late-progenitor Leydig cells (PND21)

demonstrated significant H3K27me3 accumulation, concomitant
with upregulation of Ezh2 expression and downregulation of
Kdmé6b expression (Figure 1D-E; Figures S1-S3). It suggested that
H3K27me3 may facilitate the transition from the progenitor to the
committed lineage stages by silencing stemness genes.

3.2 | H3K4me3 Enrichment Profiles in the
Progenitor Leydig Cells and Immature Leydig Cells

To explore H3K4me3-mediated transcriptional reprogramming
during postnatal Leydig cell differentiation, CUT&Tag sequenc-
ing was employed to map the profile genome-wide distribution of
H3K4me3 in purified progenitor (PND14) and immature (PND35)
Leydig cell populations (Figure 2A,B; Figure S2). Approximately
10.87% of promoters exhibited significantly higher H3K4me3
enrichment in progenitor Leydig cells versus immature Leydig
cells (p < 0.01). A larger proportion (21.83%) showed enhanced
occupancy at the immature cells stage, suggesting stage-specific
transcriptional priming (Figure 2C,D).

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis demonstrated that H3K4me3-enriched genes in PND14
progenitor Leydig cells were predominantly associated with the
Hedgehog signaling pathway, the Hippo signaling pathway, and
signaling pathways regulating the pluripotency of stem cells
(Figure 2E). Gene Ontology (GO) analysis further revealed that
H3K4me3-marked genes in progenitor cells were involved in
somatic stem cell maintenance, the kit signaling pathway, and
cell fate commitment. In contrast, in PND35 immature Leydig
cells, H3K4me3 was preferentially associated with testosterone
biosynthesis, spermatogenesis-related processes (including flag-
ellated sperm motility and spermatid nucleus elongation), and
male gonad development (Figure 2F). RT-qPCR also indicated
that the expression of Star, CypI7al, and Hsd17b3 was decreased
following Kmt2c knockdown in PND35 immature Leydig cells
(Figure S4).

Furthermore, genomic visualization using IGV software revealed
distinct H3K4me3 occupancy patterns at critical developmental
loci across the progenitor and the immature Leydig cell stages
(Figure S5). It was observed that there was a progressive loss of
this activation mark at progenitor-specific loci, including core
progenitor markers (Arx, Tcf21, Pdgfra) and Desert hedgehog sig-
naling components (Dhh, Glil/2, Smo). Conversely, steroidogenic
genes (Star, Cypl7al, Hsd17b3) and adult Leydig cell markers
(Insl3, Sultlel, Ptgds) showed stage-dependent acquisition of
H3K4me3.

3.3 | H3K27me3 Enrichment Profiles in the
Progenitor Leydig Cells and Immature Leydig Cells

H3K27me3 also showed strongly correlated occupancy changes at
promoters during the differentiation of Leydig cells (Figure 3A,B).
Quantitative analysis revealed stage-specific enrichment profiles:
12.67% of promoters maintained significantly higher H3K27me3
levels in progenitor cells (p < 0.01), while a larger proportion
(26.07%) showed elevated H3K27me3 deposition in immature
Leydig cells (Figure 3C,D). Notably, H3K27me3-enriched genes
in PND35 immature Leydig cells were significantly associated
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FIGURE 1 | Stage-specific H3K4me3 and H3K27me3 dynamics in postnatal Leydig cells. (A) Schematic depicting methyltransferases
(writers) and demethylases (erasers) controlling dimethyl-to-trimethyl conversion at H3K4 and H3K27 residues. (B, C) UMAP visualization of testicular
single-cell transcriptomes from PND3-PND35 mice. (D) Expression levels of H3K4me3/H3K27me3-modifying enzymes (writers/erasers) visualized by
organ chart across Leydig cell developmental stages. (E) Representative immunohistochemical staining for H3K4me3 and H3K27me3 in progenitor
(PND14,21) and immature (PND28,35) Leydig cells. Scale bar, 50 um. EC: endothelial cells; Immune, immune cell; LC, Leydig cells; PTM: peritubular
myoid cells; SC: Sertoli cells; SMC: vascular smooth muscle cells; SPC, spermatocytes; SPG, spermatogonia; SPT, spermatids/sperms.
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enrichment at transcription start sites of annotated genes. (B) Differentially enriched H3K4me3 peaks between PND14 and PND35 Leydig cells. (C,

D) Upset plots depicting unique sets of H3K4me3-enriched genomic regions in PND14 and PND35 Leydig cells. (E) KEGG pathway enrichment analysis
of genes associated with H3K4me3 peaks in PND14 Leydig cells. (F) GO biological process enrichment analysis of genes associated with H3K4me3 peaks
in PND14 and PND35 Leydig cells.

Andrology, 2025

85U8017 SUOWIWIOD 3A 11810 3|qeoldde ayy Aq peusenof a1e sajole YO ‘SN Jo Sa|NJ 0} AeiqiT 8UlUO /8|1 UO (SUOHIPUOD-PUE-SWLBI 00" A 1M A eI 1[Bul UO//SdNL) SUOTIPUOD pue sWwie 1 84} 88S *[S20z/2T/zz] uo AkeiqiTauliuo A8im * A1sieAlun eape|N uelind - Buopuell uns Aq G9TOL JpUe/TTTT OT/I0p/0d A3 IM AlelqjpuluO//Sdny WOl pepeojumod ‘0 *L262.702



A

PND35 H3K27me3

PND14 H3K27me3

80

70

60
80 50

40
60

30
40

20
20

10

PND14 H3K27me3_1 PND14 H3K27me3_2 PND35 H3K27me3_1 PND35 H3K27me3_2
Lo Lo
-2.0 TSS 2.0 Kb -2.0 TSS 2.0 Kb
genes genes

3000
2639 A intron: 42.14%
intergenic:30.75%
1 Promoter: 12.67%

oxon: 19.6%
five_pr TR: 1.95%
three_prime_UTR: 1.08%|

4000 N
3773 ‘ L ipromoter: 2807
intron: 24.62%
| Mloxon:2083%

intergenic:15.26%
five_prime_UTR: 12.39%
three_primo_UTR: 0.74%)

3000
2000.

2000

Intersection Size
Intersection Size

1000
1000

133221513 4 26 2 1

119100
71 65
0 m L 8520151210 3 1 1 o

lithree_prime_UTR

== 1

3000 2000 1000 O

[three_prime_UTR

=z

I intro
4000300020001600 0

PND14 H3K27me3 > PND35 H3K27me3 ©
PND14 H3K27me3 < PND35 H3K27me3 O

Set Size Set Size
Mucin type O-glycan biosynthesis | °
[PND14 [ PND35
Signaling patthwaysfre ulatinI | N -log, (pvalue)
pluripotency of stem cells cAMP-mediated signalin
10 gnating [
8 stem cell differentiation-
ECM-receptor interaction o
6 germ cell development-
: cell fate specification [l
Ubiquitin mediated proteolysis| A coll fate commitment[f]
class I G 1/ transition of mitotic cell cycle
Cell cycle A * PND14 negative regulation of idylinositol 3-ki protein
4 PND35 _kinase B signal transduction
_SMAD protein signal transduction
Hippo signaling pathway A ‘:’u"t [Blcellular response to platelet-derived growth factor stimulus
25 .
. - ® 50 .Notch receptor processing
Hedgehog signaling pathway+ A ® 5 [l somatic stem cell division
negative ion of gene exp ion via chr |
W CEE isiand methyiation
Notch signaling pathway - A 12 10 7 5 2 0 2 5
-log, (pvalue)

25 5.0 7.5

FIGURE 3 | H3K27me3 enrichment profiles in the progenitor Leydig cells and immature Leydig cells. (A) Heatmap of H3K27me3
enrichment at transcription start sites of annotated genes. (B) Differentially enriched H3K27me3 peaks between PND14 and PND35 Leydig cells. (C, D)
Upset plots depicting unique sets of H3K27me3-enriched genomic regions in PND14 and PND35 Leydig cells. (E) KEGG pathway enrichment analysis
of genes associated with H3K27me3 peaks in PND14 and PND35 Leydig cells. (F) GO biological process enrichment analysis of genes associated with
H3K27me3 peaks in PND14 and PND35 Leydig cells.

6 Andrology, 2025

85U8017 SUOWIWIOD 3A 11810 3|qeoldde ayy Aq peusenof a1e sajole YO ‘SN Jo Sa|NJ 0} AeiqiT 8UlUO /8|1 UO (SUOHIPUOD-PUE-SWLBI 00" A 1M A eI 1[Bul UO//SdNL) SUOTIPUOD pue sWwie 1 84} 88S *[S20z/2T/zz] uo AkeiqiTauliuo A8im * A1sieAlun eape|N uelind - Buopuell uns Aq G9TOL JpUe/TTTT OT/I0p/0d A3 IM AlelqjpuluO//Sdny WOl pepeojumod ‘0 *L262.702



with developmental signaling pathways, including cell cycle and
Notch and Hedgehog signaling pathways (Figure 3E). GO analysis
further revealed their involvement in somatic stem cell division
and Smad protein signal transduction (Figure 3F). These results
indicate an orchestrated epigenetic shift from a pluripotency-
permissive chromatin state toward a differentiation-restricted
configuration during progenitor cell differentiation.

Surprisingly, steroidogenic genes (Star, Hsd3bl, Cypl7al,
Hsd17b3) remained unmarked by H3K27me3 throughout
the differentiation process, suggesting these loci are actively
protected from polycomb-mediated repression to maintain
steroidogenic potential (Figure S6).

3.4 | H3K4me3/H3K27me3-Bivalent Chromatin
Domains in Progenitor Leydig Cell Fate
Determination

The bivalent chromatin domains marked by both H3K4me3 and
H3K27me3, a hallmark of embryonic stem cells, are known to reg-
ulate key developmental genes by maintaining them in a poised
state for either activation or repression. Our analysis revealed
that bivalent promoters account for 24.5% of all promoters in
progenitor Leydig cells (Figure 4A), a proportion comparable to
that reported in testicular tissue by Cui et al. [16], but notably
higher than in embryonic stem cells [17]. Strikingly, we observed
a marked predominance of H3K4me3 monovalent-marked genes
(n = 8583) and bivalent-marked genes (n = 7269) over those with
H3K27me3-only marks (n = 1189).

Notably, critical steroidogenic genes (Star, Hsd3bl, Cypl7al,
Hsd17b3) exhibited exclusive H3K4me3 modification, completely
lacking the repressive H3K27me3 mark (Figure 4B). Intriguingly,
genes with bivalent promoters were predominantly associated
with progenitor cell identity markers (e.g., Arx, Pdgfra, Nr2f2,
Ccna2) and Hedgehog signaling effectors that coordinate Leydig
cell differentiation (e.g., Glil/2, Smo, Ptchl/2).

KEGG pathway analysis revealed a significant enrichment of
bivalent genes in “signaling pathways regulating stem cell
pluripotency” and “Hedgehog signaling pathway” (Figure 4C,D).
Complementary GO analysis further demonstrated their asso-
ciation with biological processes including “sex differentiation”,

“stem cell population maintenance”, “male gonad development”,
and “spermatogenesis” (Figure 4E).

3.5 | H3K4me3 and H3K27me3 in Adult Leydig
Cells Development

Results of immunohistochemistry indicated that H3K4me3 levels
increased progressively from immature Leydig cells (PND 28) to
mature adult Leydig cells (PND 56), whereas H3K27me3 levels
peaked at PND 42 and then slightly declined by PND 56 (Figure
S7). The transition from progenitor cells to immature Leydig cells
and subsequently to mature adult Leydig cells is accompanied
by substantial alterations in H3K4me3 and H3K27me3 modifi-
cations at target genes. These epigenetic dynamics may further
critically influence the functional maturation of adult Leydig
cells.

To elucidate the epigenetic mechanisms governing Leydig
cell development, we performed an integrated analysis of
transcriptional profiles and histone modification patterns
(H3K4me3/H3K27me3) at two critical developmental timepoints:
PND28 and PND56. The coordinated enrichment of H3K4me3
and depletion of H3K27me3 drove the significant upregulation
of 133 genes during adult Leydig cell development (Cluster A)
(Figure 5A). Functional enrichment analysis demonstrated these
genes are involved in essential biological processes, including
“male gonad development”, “testosterone biosynthesis”, and
“cholesterol metabolism” (Figure 5B). Notably, this cluster
contained established markers of mature Leydig cell identity,
such as Hsd17b3, Insl3, and Sultlel (Figure 5C).

Conversely, we identified 903 genes (Cluster B) that were
downregulated during maturation, associated with H3K27me3
enrichment and H3K4me3 depletion (Figure 5D). These genes
were enriched in developmental signaling pathways (such as
Hedgehog signaling and stem cell pluripotency regulation)
(Figure 5E) and cell cycle-related processes (including mitotic
cell cycle, spindle organization, and sister chromatid segregation)
(Figure 5F), suggesting that the suppression of proliferative
capacity accompanies terminal differentiation. Protein—protein
interaction network analysis of Cluster B genes revealed a core
network of 123 targets (Figure 5G). Topological analysis identified
ten hub genes through maximal clique centrality scoring, includ-
ing cell cycle regulators Mki67, Ccna2, and Cdk1 (Figure 5H). This
network architecture highlights the coordinated suppression of
proliferative programs during adult Leydig cell maturation.

Additionally, we identified transcription factors (TFs) in Clusters
A and B, with 13 TFs upregulated and 69 downregulated during
adult Leydig cell development (Figure 6A). Among these, Egrl,
Nrldl, Rorc, and ProxI are established regulators of steroid
metabolism, while Sox4, Gata6, Pgr, Hmg2, Tcf21, Six4, Ybx3,
Smad9, Runxl, and Cebpb were associated with male reproductive
development (Figure 6B). Using the TRRUST dataset, we further
constructed a regulatory network of the TFs (Figure 6C), and
the fold changes of target genes regulated by TFs are shown in
Figure 6D. Target genes were grouped into four clusters based on
functional similarity (Figure 6E). Notably, Cluster 1 (Fgfr4, Pdgfra,
Flt4, Csflr, Erbb2, Ntrkl, Met, Insr), which is enriched for receptor
tyrosine kinases, supports cell stemness maintenance, whereas
Cluster 2 (Ccna2, Ccne2, Ccndl, Ccnd2), comprising cyclins, is
linked to cell proliferation (Figure 6F; Figure S8). The reduced
expression of genes in both clusters was found to impair the self-
renewal capacity of adult Leydig cells. This TF-target regulatory
network expands the molecular framework by which H3K4me3
and H3K27me3 regulate adult Leydig cell development.

4 | Discussion

Histone methylation is an epigenetic mechanism that regu-
lates chromatin structure and gene transcription. Although the
dynamic changes in H3K4 and H3K27 methylation during sper-
matogenesis have been well characterized [18-20], their involve-
ment in the differentiation of testicular somatic cells remains
largely underexplored. In this study, we observed that H3K4me3
levels decreased from early progenitor Leydig cells (PND14) to late
progenitor Leydig cells (PND21), followed by an increase during
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FIGURE 4 | H3K4me3/H3K27me3-bivalent chromatin domains in progenitor Leydig cell fate determination. (A) Genomic distribution

of bivalent domains across chromosomes and functional genomic features. (B) Heatmap showing enrichment profiles of genes marked by unique

H3K4me3, unique H3K27me3, or bivalent domains. (C) KEGG pathway enrichment bubble plot for genes possessing bivalent promoters in progenitor
Leydig cells. (D) Regulatory network of enriched KEGG pathways for genes with bivalent promoters. (E) GO enrichment analysis of biological processes
associated with bivalent promoter-containing genes in progenitor Leydig cells.

the transition to immature Leydig cells. Conversely, H3K27me3
levels exhibited a gradual increase throughout the differentiation
process from progenitor to immature Leydig cells.

4.1 | Chromatin Bivalency Confers
Transcriptional Plasticity in Progenitor Leydig Cells

In the present study, we identified that 24.5% of promoters
exhibited a bivalent chromatin state (characterized by concurrent
H3K4me3 and H3K27me3 modifications) in progenitor Leydig
cells. The predominant enrichment of H3K4me3 over H3K27me3
at progenitor cell markers (e.g., Pdgfra, Arx, Nr2f2, Ccna2)

reflects a competitive “winner-takes-all” dynamics character-
istic of bivalent chromatin resolution. It has been reported
that Pdgfra inactivation in testicular somatic cells results in
an almost complete absence of adult Leydig cells [21, 22].
Similarly, conditional deletion of Nr2f2 during the prepubertal
period prevented the formation of the adult Leydig cell pop-
ulation [23]. Furthermore, progenitor Leydig cells demonstrate
high proliferative capacity, correlating with significantly elevated
expression of Ccna2—a key somatic cell cycle regulator [24].
Collectively, these results position bivalent chromatin resolution
as a critical gatekeeper balancing proliferation and differentiation
commitment of progenitor cells during postnatal Leydig cell
development.
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4.2 | Reciprocal Chromatin State Transitions
From Progenitor Leydig Cells to Immature Leydig
Cells

During the differentiation of progenitor cells into Leydig cells,
we observed that several developmental signaling pathways gov-
erning this process are precisely coordinated through alternating
H3K4me3 activation and H3K27me3 repression: (1) Initially, the
Desert hedgehog signaling pathway was activated by H3K4me3
enrichment during early differentiation, but was subsequently
silenced through H3K27me3 deposition. (2) Later, H3K27me3
further suppressed both the Notch and Smad signaling pathways
to drive Leydig cell formation. This regulatory pattern mirrors
that observed in the differentiation cascade of fetal Leydig
cells, where the Hedgehog and Notch signaling pathways are
sequentially modulated [25].

Interestingly, Leydig cell steroidogenesis was almost exclu-
sively regulated by H3K4me3, with no detectable involvement
of H3K27me3. During the lineage transition from progenitor
Leydig cells to immature Leydig cells, H3K4me3 enrichment
drives enhanced Cypllal and Cypl7al transcription activity
while initiating Hsd17b3 expression, thereby establishing testos-
terone biosynthesis from androstenedione in immature Leydig
cells.

4.3 | Integrated Epigenetic-Transcriptional
Networks Coordinate Terminal Maturation

Integrated analysis of bulk RNA-seq and CUT&Tag-seq revealed
that dynamic remodeling of H3K4me3 and H3K27me3 drives the
upregulation of 13 TFs and downregulation of 69 TFs during adult
Leydig cell maturation. These TFs are functionally implicated in
endocrine system development, male gonad development, cell
fate determination, and steroid biosynthesis. Specifically, Gata6,
Cebpb, and Nrldl have been previously reported to promote
testosterone production in Leydig cells [26-30]. The simultaneous
deletion of Gata4 and Gata6 provokes a more severe testicular
phenotype than Gata4 knockout alone, characterized by Leydig
cell deficiency and aberrant accumulation of adrenal-like cells
in the interstitium [26-28]. NrldI~~ mice showed diminished
fertility in both males and females [31].

Furthermore, the downstream target genes regulated by these
transcription factors can be functionally grouped into four cat-
egories. Fgfr4, Pdgfra, Flt4, Csflr, Erbb2, Ntrkl, Met, and Insr
are involved in stem cell factor receptor activity. Notably, the
expression levels of Fgfr4, Insr, and Flt4 were found to be
upregulated. Neirijnck et al. [32] reported that phospholipase C
(PLC) accumulation is secondary to Insr deletion specifically in
differentiated adult Leydig cells. Lin et al. [33] also suggested
that the Fgf9-Fgfr4 signaling pathway plays a role in postnatal
testicular development and Leydig cell steroidogenesis. More-
over, cyclins such as Ccnel, Ccna2, Cendl, and Ccnd2, which are
transcriptionally regulated by factors including Nfatcl, Proxl, and
Egrl (as predicted by the TRRUST database), exhibit decreased
expression during adult Leydig cell maturation. This decline
ultimately contributes to the loss of proliferative capacity in
mature Leydig cells.

5 | Conclusion

In conclusion, our study identifies the H3K4me3/H3K27me3-
TFs-target gene axis as a central regulatory mechanism governing
postnatal Leydig cell differentiation, thereby elucidating how this
pathway facilitates steroidogenic potential while concurrently
suppressing stemness characteristics. Nevertheless, the potential
synergistic interactions between H3K4me3/H3K27me3 and other
epigenetic modifications (e.g., H3K27ac, DNA methylation) in
regulating Leydig cell differentiation warrant further investiga-
tion.
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Figure S1: Expression levels of H3K4me3/H3K27me3-modifying
enzymes (writers/erasers) visualized by organ chart across Leydig

cell developmental stages. SPG, spermatogonia; SPC, spermatocytes;

SPT, spermatids/sperms; SC: Sertoli cells; LC, Leydig cells; PTM:
peritubular myoid cells; EC: endothelial cells; SMC: vascular smooth
muscle cells; Immune: immune cell. Figure S2: Identification of Leydig
cell subpopulations. (A) Representative immunofluorescence images
showing NR2F2 expression in progenitor Leydig cells. Scale bar, 100 um.
(B) HSD3Bl staining in immature Leydig cells and adult Leydig cells.
Scale bar, 50 um. (C) Representative immunofluorescence images
showing HSD17B3 expression in adult Leydig cells. Scale bar, 50 um.
Figure S3: Representative immunofluorescence images showing the
expression of H3K4me3/H3K27me3-modifying enzymes (writers/erasers)
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in developing Leydig cells. Developmental stages are indicated as: PND14
and PND21, progenitor Leydig cells; PND28 and PND35, immature Leydig
cells. Scale bar, 50 um. Figure S4: The expression of target genes following
H3K4me3 writers/erasers knockdown. (A) Transcript abundance (RNA-
seq read counts) of major H3K4me3 methyltransferases (writers) and
demethylases (erasers) in PND28 immature Leydig cells. (B) The mRNA
expression of Star, Cypl7al, and Hsd17b3 upon Kmt2c knockdown in
immature Leydig cells. (C) The mRNA expression of Star, Cypl7al, and
Hsd17b3 upon Kdm5c knockdown in immature Leydig cells. Student’s
t-test. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Bars indicate
SD. Figure S5:IGV genome browser views of representative H3K4me3
peaks in progenitor (PND14) and immature (PND35) Leydig cells. Figure
S6:IGV genome browser views of representative H3K27me3 peaks

in progenitor (PND14) and immature (PND35) Leydig cells. Figure

S7: Representative immunohistochemical staining for H3K4me3 and
H3K27me3 in immature (PND28, 35) and adult (PND56) Leydig cells. Scale
bar, 50 um. Figure S8: Analysis of gene expression by RT-qPCR in Leydig
cellsat PND28 and PND56. Student’s ¢-test. Significance levels: *p < 0.05,
**p <0.01, ***p < 0.001. Bars indicate SD. RNA sequencing Table S1:
Antibody Information Table S2: Sequence information of primers for
RT-PCR
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