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A B S T R A C T

Spermatogonial stem cells (SSCs) have vast application prospects in livestock and poultry production, genetic
engineering, and medical research. However, the scarcity of SSCs and the complexity of their development limit
the elucidation and verification of the mechanism of SSCs in vitro. Although miRNAs have been identified as
critical players in germ cell development, upstream regulatory mechanisms by which miRNAs regulate SSCs
formation are rarely reported. In this study, miR-1458, which was differentially expressed during SSCs forma-
tion, was selected by transcriptomic sequencing. We found that miR-1458, inhibited in an in vitro SSCs induction
model,
significantly upregulated the expression of germline marker genes (Cvh and integrin β1). Further analysis using

Immunofluorescence and Flow Cytometry confirmed that miR-1458 inhibition promotes the formation of sper-
matogonial stem-like cells (SSCLCs). Immunohistochemical significantly increased the number of SSCs in the
testis in vivo. However, significant upregulation of miR-1458 showed opposite results. High-throughput
sequencing results showed that miR-1458 interacted with TBX6, one of the target genes of miR-1458,
involved in affecting cell differentiation, and dual-luciferase reporter vectors confirmed the targeting relation-
ship between the two. TBX6 overexpression and knockdown in vitro and in vivo have validated its function in
SSCs formation. We found that overexpression of TBX6 promoted SSCs formation. Additionally, we identified
Vitamin B6, a key metabolite affecting SSCs formation, as an upstream regulator of miR-1458 expression. The
results showed that low concentrations of Vitamin B6 led to low expression of miR-1458 by decreasing histone
demethylation levels. Overall, our findings suggest that miR-1458 is involved in SSCs formation, which is
inhibited by low concentrations of Vitamin B6 and subsequently regulates the formation of SSCs by targeting
TBX6, an essential gene involved in embryonic stem cell differentiation. Our study demonstrates the critical role
of the Vitamin B6-miR-1458-TBX6 regulatory axis in spermatogonial stem cell formation in Rugao Yellow
Chicken, providing new insights into the regulatory mechanisms by which miRNAs affect SSCs formation. It
should be noted that most of the germline findings related to miRNAs were obtained by in vitro studies, and in
vivo studies are needed to validate our results for clinical applications.

Introduction

Spermatogonial stem cells (SSCs) serve as the initiating cells of
spermatogenesis, playing a crucial role in determining the quantity and
quality of semen (Kubota and Brinster, 2018). As a result, the function of

SSCs has a direct impact on the intensive production of semen. In
addition to their role in determining the quantity and quality of semen,
SSCs also have the unique ability to stably transmit genetic information
to the next generation. This feature makes them highly valuable in a
variety of applications, including germline transmission, gene editing,
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and regenerative medicine (Diao et al., 2022). Although SSCs are
important, their complex development make it difficult to fully under-
stand the transcriptional regulation and epigenetic basis of germ cell
development. Therefore, there is a critical need to delve deeply into the
molecular mechanisms underlying the formation of SSCs and overcome
these limitations in order to enhance their potential applications.

Currently, research on the molecular mechanisms underlying SSCs
formation primarily focuses on mammals. Previous studies have high-
lighted the significant role of genes such as DDX4, DAZL, STRA8, Lin28
(Hickford et al., 2011; Chen et al., 2014; Endo et al., 2015; Boellaard
et al., 2017; Wang et al., 2017; Li et al., 2019; Samsonova et al., 2021),
signaling pathways such as Hedgehog-Gli1, TGF-Beta, JNK, Jak-Stat,
WNT, PI3K/Akt (Xian et al., 2017; Li et al., 2017; Wang et al., 2018;
Yakhkeshi et al., 2018; Clotaire et al., 2018; Young et al., 2020), and
growth factors such as GDNF, PDGF (Airaksinen and Saarma, 2002;
Tallquist and Kazlauskas, 2004; Parekh et al., 2019) in the formation of
SSCs in mammals. Despite the significant progress made in under-
standing the molecular mechanisms underlying SSCs formation in
mammals, it remains unclear whether these findings apply to chickens
due to species differences. With the emergence of epigenetic and related
regulatory mechanisms, miRNA has emerged as a powerful regulator of
gene expression at the post-transcriptional level (Yang et al., 2013).
Current research on miRNA regulation of SSCs primarily focuses on the
downstream effects of miRNA on target genes to influence cell differ-
entiation. For example, Zhang et al. (2021) discovered that miR-302d
can inhibit the formation of chicken SSCs, while Wang et al. (2017)
demonstrated that gga-miR-218 directly targets SRTA8 to inhibit sper-
matogenesis. However, there is still much to be done in identifying key
miRNAs involved in the process of chicken SSCs formation. According to
reports, Cutting et al. (2012) found that miR-1458 levels promote the
development of intracellular Embryonic stem cell (ESCs) in chicken.
However, the upstream regulators of miRNAs during SSCs development
in chickens are still unknown.

Research has shown that cellular energy metabolism can regulate
miRNAs and impact cell proliferation and differentiation. Specifically,
cell energy metabolism can affect the expression of specific miRNAs,
resulting in changes to the state of cells and even the proliferation,
differentiation, and functional status of cells. This research area holds
great promise (O’Shea and Paul, 2010). Furthermore, key metabolites
represent an important link between intermediate metabolites and
epigenetic modifications (McDonnell et al., 2016). Recent studies have
begun to explore epigenetic modifications, such as histone methylation,
histone phosphorylation, and histone acetylation (Tsogtbaatar et al.,
2020; Zuo et al., 2020), in relation to the formation of SSCs. We,
therefore, speculate that key metabolites may act as upstream regulators
of miRNAs that influence SSCs formation by modulating the epigenetic
landscape. Such an approach may enhance the efficiency of SSCs
formation.

In this study, we aimed to screen critical miRNAs involved in
developing chicken ESCs to SSCs and investigate the impact of miR-1458
on SSCs fate. Building on previous research, we explored the relation-
ship between Vitamin B6 metabolism, the activity of key epigenetic
regulators, and miR-1458 function. Our investigation focused on the
mechanism by which miRNAs exert their effects, and we discovered that
miR-1458 targets and regulates TBX6, a protein involved in cell devel-
opment, to influence the formation of SSCs. Our results provide novel
insights into the molecular mechanism underlying the link between
miR-1458 and Vitamin B6 metabolism and demonstrate that low con-
centrations of Vitamin B6 can mediate early embryonic cell state tran-
sitions and promote germ cell development to enhance the fate
determination of SSCs.

Material and methods

Ethics statement

This experimental protocol complied with the guidelines of the Ac-
ademic Committee of Yangzhou University by the Administrative Mea-
sures for Experimental Animals of Jiangsu Province (Permit No. 45 of
the Jiangsu Provincial Government of China) and the guidelines of the
National Institutes of Health (NIH Pub. No. 85-23, revised in 1996).

Cell isolation and culture

In this experiment, the Rugao yellow chicken provided by the
Poultry Research Institute of Jiangsu Province was used as the animal
model, and the incubation temperature and humidity were 37.8◦C and
60%, respectively. Stage X blastoderms were collected for isolation and
purification of ESCs, genital ridges were isolated on day 4.5 to obtain
PGCs, and testis tissues were isolated to obtain SSCs on day 18.5. The
isolation and culture methods used to obtain ESCs, PGCs, and SSCs were
described in previous studies (Zhang et al., 2016).

All purified ESCs were cultured in standard high-glucose DMEM
medium (Gibco, USA) supplemented with 5 % fetal bovine serum (FBS)
(Gibco, USA), 100 U/mL penicillin-streptomycin combination (Life
Technologies, China), 10-5 mol/L Retinoic acid (RA) (MCE, USA), and 2
% chicken serum (Life Technologies, New Zealand) at 37◦C in a 5 % CO2
incubator (Thermo Fisher Scientific, USA).

Transcriptomic analysis

Library construction and RNA-seq sequencing of three kinds of cells
Total RNA was isolated from ESCs, PGCs, and SSCs using the Total

RNA Isolation Kit (Tiangen, Shanghai, China) following the manufac-
turer’s instructions. Each test sample utilized 3 μg of total RNA for small
RNA sequencing. The RNA samples were evaluated using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Adap-
tors were ligated to the small RNA fractions at the 5′ and 3′ ends. After
amplification, the quantity and quality of the sequences (140-160 bp) in
the ESCs, PGCs, and SSCs cell libraries were measured using a Qubit®
2.0 Fluorometer and Agilent 2100 Bioanalyzer (Agilent Technologies).
Small RNA sequencing was performed on the NovaSeq 6000 platform at
Novagene Zhiyuan Technology Co., Ltd. (Novagene, Beijing, China).

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fast
qc/) was utilized to evaluate the quality of the original and trimmed
sequencing libraries. The resulting data were preprocessed to remove
adaptors, low-quality sequences, repeats, and small RNA sequences,
including rRNA, tRNA, snoRNA, and snRNA to obtain unique sequences.
These sequences were then aligned with miRNA mature sequences in
miR-Base20.0 to identify conserved miRNAs between species. Further-
more, miRNA expression levels were compared among three libraries:
z_4 vs. c_0, z10 vs. c_0, R_4 vs. c_0, and R10 vs. c_0. Differentially
expressed miRNAs were identified in the five comparisons based on |
Log (Fold Change) | ≥ 1.

Differential expression analysis and functional enrichment
Protein interaction analysis (PPI) of TBX6 was performed using the

STRING database (https://www.string-db.org/). The TBX6 node was
selected to examine its "co-expression" information, and Gene Ontology
(GO) functional annotation of TBX6 interacting proteins was conducted.

Broadly targeted metabolomics analysis

Sample preparation and extraction
The freshly fertilized eggs underwent a washing and disinfection

process before isolating ESCs. SSCs were obtained by processing isolated
testes until 18.5 days of hatching. During the ESCs isolation process,
sexing was performed using a single panel harvested from each ESCs and
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subjected to Polymerase Chain Reaction (PCR). The method of identi-
fying male and female ESCs is based on the patented method, patent No.
CN202010868373.6. The steps are as follows: During the process of
isolating ESCs, a single blastocyst is collected and placed in a 96-well cell
culture plate. After the cells were suspended in ESC factor medium, 1 μL
of cell suspension was added into the PCR tube for PCR analysis. The
primers used for sex determination are listed in Table 1, and the PCR
reaction system and reaction protocol are detailed in Tables 2 and 3.

For the extensively targeted metabolomic analysis, three samples
were collected from each group (ESCs male, ESCs female, PGCs male,
PGCs female, testis, and ovary), and these samples were mixed equally,
resulting in 100 individuals in each sample. These mixed samples served
as quality control (QC) samples, with one QC sample inserted every six
formal samples. The samples were transferred to glass vials with pre-
chilled methanol-water (V: V = 4:1) and chloroform was added after
tempering. After subjecting the samples to ice bath sonication, they were
transferred to a centrifuge tube and supplemented with an internal
standard (L-2-chlorophenyl alanine). Further sonication and centrifu-
gation steps were carried out, and 1 mL of the resulting supernatant was
evaporated to dryness in an LC-MS injection vial. The dried sample was
re-constituted with methanol-water (V: V = 1:4), stored at -20◦C for 2
hours, and centrifuged. The resulting supernatant was used for subse-
quent analysis.

UPLC-ESI-QTRAP-MS/MS conditions and data analysis
The analyzed samples underwent ultra-high performance liquid

chromatography-electrospray ionization tandem mass spectrometry
(UPLC-ESI-QTRAP-MS/MS) analysis. The UPLC column used was the
Waters Acquity UPLC HSS T3 C18, and the column temperature was
maintained at 40◦C. The flow rate was set at 0.4 mL/min, and the in-
jection volume was 2 μL. The solvent system used was water (0.1 %
formic acid): acetonitrile (0.1 % formic acid), and the gradient program
was 95:5 v/v at 0 min, 10:90 v/v at 11.0 min, 10:90 v/v at 12.0 min,
95:5 v/v at 12.1 min, and 95:5 v/v at 14.0 min. The triple quadrupole
linear ion trap mass spectrometer (QTRAP) was controlled by Analyst
1.6.3 software (AB SCIEX, Framingham, MA, USA). The ESI source
operating parameters were set to a source temperature of 500◦C, ion
spray voltages of 5500 V (positive) and − 4500 V (negative), ion source
gas I, gas II, and curtain gas were set at 55, 60, and 25.0 psi, respectively,
and collision gas was high. The identification of metabolites was done
using public databases such as HMDB, MassBank, METLIN, and MoTo
DB. A specific set of multiple reactionmonitoring (MRM) transitions was
monitored based on metabolites eluted at each period. The resulting
metabolite mass peaks were integrated by peak area, and the mass peaks
of metabolites in different samples were analyzed. QC samples were
prepared by mixing sample extracts to monitor the repeatability of
samples analyzed under the same treatment.

For the comprehensive targeted metabolomics analysis, we
compared repeated measurements between the ESCs and PGCs groups
using t-tests in SPSS software (version 25.0, SPSS, Chicago, IL, USA),
with a significance level set at P < 0.05. The data were presented as
mean ± standard error (X ± SEM). The identified differential metabo-
lites were annotated using the KEGG and genomic data available at http
://www.kegg.jp/kegg/compound/. Pearson correlation analysis was
investigated the relationship between different metabolites in distinct
cell types. Principal component analysis (PCA) and correlation analysis
were initially performed on the sequencing data, followed by differential
metabolite screening using cluster analysis.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Fluorescence quantitation of miRNAs
The cell or tissue samples were collected, and RNA was extracted

using the miRcute miRNA extraction and isolation kit (TIANGEN, Bei-
jing, China) (Cat. No. DP501), following the manufacturer’s in-
structions. The cDNA was synthesized by reverse transcription using the
miRcute enhanced miRNA cDNA first-strand synthesis kit (Cat. No.
KR211). The reactions were prepared according to the instructions of the
miRcute Enhanced miRNA Fluorescent Assay Kit (TIANGEN, Beijing,
China) (Catalog No. FP411). The upstream quantitative primer sequence
of miRNA-1458 was TTCCTGTGATGCTCATGAGAA, and the down-
stream primers were provided in the kit. The miRNA reverse transcrip-
tion system is shown in Table 4. Real-time PCR assays were performed
using a 7500 System fluorescence quantification instrument (Applied
Biosystems, Carlsbad, California, USA). The miRNA fluorescence quan-
titative PCR system is shown in Table 5. The relative ex-pression was
calculated using Microsoft Excel software’s 2 − ΔΔCt relative quantifi-
cation method.

Quantitative polymerase chain reaction (qRT-PCR)
Total RNA was extracted using the Trizol method and then reverse

transcribed into cDNA, which was subsequently used as a template for
qRT-PCR. The real-time PCR assay was performed using the SuperReal
color fluorescence quantitative pre-mixed reagent (SYBR Green, Tian-
gen, fp215-02) following the manufacturer’s instructions. The SYBR
fluorescence reagent and 7500 System fluorescence quantitative in-
strument were used for the assay. Finally, the test data were analyzed
using Microsoft Excel software’s 2 − ΔΔCt relative quantification method.
The sequences of PCR primers can be found in Tables 6 and 7. Test the
efficiencies of primers by following: Select the target DNA or cDNA
samples with known concentration, set up the qPCR reaction system and
run the program. The samples were amplified in a qPCR instrument, and
both the melting curve and the amplification curve were collected and
recorded. A single, narrow, and sharp peak in the melting curve, along
with an "S"-shaped amplification curve, indicate that the primers are
specific and have high amplification efficiency.

Table 1
The sequences of CHD-W primer.

Gene Primer sequence

CHD-W F:5′-CTGCGAGAACGTGGCAACAGAGT -3′
R:5′-ATTGAAATGATCCAGTGCTTG -3′

Table 2
PCR reaction systems.

Reagent Volume

2 × Mighty Amp Buffer Ver.2 10 μL
Forward primer (F) 1 μL
Reverse primer (R) 1 μL
cDNA template 1 μL
Mighty Amp DNA Polymerase 0.4 μL
ddH2O To 20 μL

Table 3
PCR reaction procedures (30 cycles).

Temperature Time

98 ◦C 2 min
98 ◦C 10 s
60 ◦C 15 s
68 ◦C 40 s

Table 4
miRNA reverse transcription systems.

Reagent Volume/quality

Total RNA 1μg-1.5 μg
2 × miRNA RT Reaction Buffer 10 μL
miRNA RT EnzymeMix 2 μL
ddH2O To 20 μL
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Cell transfection

miR-1458-NC, miR-1458 mimics and inhibitor purchased from
Jimon Biotechnology (Shanghai) Co., Ltd. were transfected into ESCs
using Fugene HD transfection re-agent (Roche, 4709705001). The
transfection condition is Fugene (V): Vector (M)= 3:1. Using Fugene HD
transfection reagent (Roche, 4709705001), TBX6-OE and TBX6-SH
constructed and preserved in our laboratory were transfected into
ESCs respectively. The transfection condition is Fugene (V): vector (M)
= 3:1.

Immunofluorescence (IF)

On day 10 of the RA induction model, cells were collected and
treated with different interventions. The cells were washed thrice with
pre-chilled PBS and then fixed in 1 % paraformaldehyde at room tem-
perature for 20 minutes. Next, the cells were permeabilized with 0.5%
Triton X-100 (Solarbio, China, vT8200) for 15 minutes at room tem-
perature and then blocked with 10% FBS-PBS (Gibco, USA, 10099141)
for 2 hours at room temperature. The primary antibody, Integrin β1
(anti-mouse, 0.1 μg/ml, BD Biosciences, RRID: 568995), was added and
incubated overnight at 4◦C. Subsequently, the cells were incubated with
the corresponding fluorescent secondary antibody (FITC-labeled, goat
anti-mouse, 2.5 μg/ml, HUABIO, HA1003) for 2 hours at 37◦C, followed
by staining with 200 µL of DAPI (Beyotime, China, C1002) for 15 mi-
nutes. Finally, fluorescence was observed and captured using a
fluorescence-inverted microscope (Olympus, Japan, FV1200).

Flow cytometry (FC)

Cell populations were collected on days 4 and 10 of in vitro induction
under various treatment conditions. The collected cell pellets were
resuspended in primary antibody dilutions of Integrin β1 (anti-mouse,
0.1 μg/ml, BD Biosciences, RRID: 568995, USA) by centrifugation at 300

g for 6 min and incubated at 37◦C for two hours. Following this, the cells
were again centrifuged at 300 g for 6 min, and the resulting cell pellet
was washed and resuspended in PBST three times. The cell suspension
was then incubated with a fluorescent secondary antibody (FITC)
labeled with Goat anti-mouse (FITC-labeled, goat anti-mouse, 2.5 μg/
ml, HUABIO, HA1003) for two hours at 37◦C. Finally, the positive cell
rate was analyzed by flow cy-tometry (BD).

Luciferase reporter assay

DF-1 cells were transfected with either miR-1458 mimics, miR-1458
inhibitor or negative control (NC) and additionally with pGL3-basic or
Basic-miR-1458. After 48 hours, the cells were collected, 70 μL of lysis
solution was added, resuspended, and lysed, and then added to 96-well
microtiter plates to detect dual-luciferase activity according to the in-
structions of the Dual-Luciferase® Reporter Assay System kit. During the
determination, 70 μL of Luciferase Substrate was added to each well, and
a rapid running program in the dark read the firefly fluorescence. Then,
a Stop solution was added to read the Renilla fluorescence value and
complete the recording of the data. Finally, the relative fluorescence
activity was calculated by dividing the firefly fluorescence value by the
Renilla fluorescence value, and the experiment was repeated three
times.

Assay detects vitamin B6 concentration

The concentration of Vitamin B6 in ESCs and SSCs was assessed using
a Vitamin B6 assay kit (Solarbio, SV8110). A standard curve was pre-
pared using the standard, and the cells were collected, and 0.3 mL of
extract was added. The cells were then disrupted by ultrasonic waves in
an ice bath set at a power of 300 W, with ultrasonic waves applied for 3
seconds and intervals of 7 seconds, for a total time of 3 min. 0.4 mL of
distilled water was added, and the solution was mixed well before being
centrifuged at 16,000 rpm for 10 min at 25◦C. The supernatant was then
collected to determine the absorbance value (ΔA). ΔA was then used to
determine the corresponding X value using the standard equation Y
value. The concentration of Vitamin B6 in each cell was calculated as
follows: Vitamin B6 (mg/104 cell) = X × V extraction ÷ cell number
(10,000) = X ÷ cell number (10,000). The experiment was repeated
three times.

CCK-8 ,EdU tests and JC-1 tests

To assess the impact of Vitamin B6 on cell viability, DF-1 cells were
seeded in 96-well microplates at a density of 5000 cells per well.
Following treatment, CCK-8 solution (C0042, Beyotime, Nantong,
China) was added to each well (10 μL CCK-8/100 μL medium) and
incubated at 37◦C for 2 hours. The absorbance of each well was
measured using a microplate reader at a measurement wavelength of
450 nm with a reference wavelength. Cell proliferation was evaluated
using an EdU kit (C0085S, Beyotime, Nantong, China), while apoptosis
was assessed using the JC-1 kit (C2005, Beyotime, Nantong, China). DF-
1 cells were cultured in 6-well plates at a density of 2 × 105 cells per
well. The assays were conducted according to the manufacturer’s in-
structions. The experiment was repeated three times, and the experi-
mental group-to-control group ratio was employed for statistical
comparison.

Immunohistochemical (IHC)

The testes, which had hatched at 18.5 days, were washed twice with
PBS. Other tissues, such as epididymides, were removed under a mi-
croscope. The testes were then fixed in Bouin’s fixative for 24 hours and
sent to Seville Bio for paraffin sectioning. After dehydration, the sections
were sequentially placed in xylene I for 10 min, xylene II for 10 min,
absolute ethanol I for 5 min, absolute ethanol II for 5 min, and 95 %, 90

Table 5
miRNA qRT-PCR systems.

Reagent Volume

miRNA first strand cDNA 1 μL
miRcute Plus miRNA PreMix(SYBR&ROX) 10 μL 10 μL
Forward primer (F) 0.6 μL
Reverse primer (R) 0.6μL
ddH2O 7.8 μL

Table 6
Real-time quantitative PCR primer information table.

Gene Primer sequence

miR-1458 F: 5′-TTCC TGTGATGCTC ATGAGAA-3′
U6 F: 5′-GTCACTTCTGGTGGCGGTAA -3′

R: 5′-GTTCAGTAGAGGGTCAAA -3′
TBX6 F: 5′-TTTCATCAGATAGGGACG -3′

R: 5′-GGACATAGGTGCGACAA-3′
Cvh F:5′-AGGAGGACTGGGACACG -3′

R:5′-GCCTCTTGATGCTACCG -3′
integrin β1 F:5′-TGTTTGTGGGGACCAGATTG -3′

R:5′-CCAGGTGACATTTCCCATCA -3′
β-actin F:5′-ACCAACTGGGATGATATGGAGAA -3′

R:5′-TTGGCTTTGGGGTTCAGG -3′

Table 7
miR-1458 promoter region amplification primers.

Gene Primer sequence

miR-1458 F:5′-atttctctatcgataggtacAGCGGGCCTGGTTCGGTG-3′
R:5′-ccaacagtaccggaatgccaGCCCTGAACGCGCCGGAC -3′
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%, 80 %, and 70 % alcohol for 5 min each. Finally, the sections were
rinsed in distilled water. The sections were then stained with hema-
toxylin for 10 min and eosin staining solution for 1-3 min. After
mounting in neutral gum, the sections were observed and photographed
using a microscope (Nikon).

Western blotting

Cell populations induced for 10 days with different concentrations of
Vitamin B6 were collected and lysed using RIPA buffer (Solarbio,
R0010) to extract proteins. The protein concentration was determined,
and 20 μg of total cellular protein was mixed with 5 μL of sample buffer
and boiled for 3-5 minutes to denature the protein. The protein was then
separated by a precast gel (Vazyme, E304-01) from 12% Sure PAGETM,
transferred to nitrocellulose membranes, semi-dried, and blocked with
5% skimmed milk at room temperature for 2 hours. Primary antibodies
against H3K4me2 (0.2825 μg/ml, Abcam, ab32356) and H3 (0.5μg/ml,
Abcam, ab1791) were added to the membranes, which were incubated
over-night at 4◦C. After washing with PBST, Goat Anti-Rabbit IgG H&L
(HRP) (0.4 μg /ml, Abcam, ab6721) was added and incubated at 37◦C

for 2 hours. The membranes were then imaged and photographed using
an imager (BIO-RAD, 733BR2897).

Data analysis

qRT-PCR, luciferase reporter assay, FC, and IF were each repeated
three times. Data analysis was performed using Student’s t-test with the
SPSS 26.0 software package. Graphs were created using GraphPad Prism
6. The principle of randomization was followed throughout the experi-
ment. All data are presented as mean ± standard error (X ± SEM).

Results

miR-1458 presents dynamic changes during the formation of SSCs

To identify key miRNAs, we established an in vitro SSCs induction
model (Fig. 1A). We collected ESCs (c_0), self-differentiated cells at 4
days (z_4) and 10 days (z_10), and RA-induced cells at 4 days (R_4) and
10 days (R_10) for transcriptome sequencing. We identified a total of
671 miRNAs (Table S1), out of which 101 miRNAs were significantly

Fig. 1. miR-1458 affects the production of spermatogonial stem cells. (A)Schematic diagram of induced SSCs. (B)The expression profiles of seven miRNAs were
analyzed in five different comparisons using miRNA microarray with |log2(fold change)|>8. Hierarchical clustering was performed to visualize the similarity of
miRNA expression patterns. The colors used in the visualization indicate increased expression (red) and decreased expression (green) relative to the mean expression
levels. (C)Three-point clustering visualization of miRNA expression patterns by three-point clustering of 7 miRNAs screened by miRNA microarray with |log2(fold
change)|>8. (D)Venn analysis of differentially expressed miRNAs in five comparisons. (E)Taking the expression level of miRNAs in c_0 as a control, and limited by |
log2(fold change)|>8, miR-1458 was expressed in ESCs (c_0), self-differentiation 4d (z-4), self-differentiation 10d (z10), TPM values in RA induction 4d (R4), RA
induction 10d (R10).
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upregulated and 105 miRNAs were significantly downregulated (P <

0.01) during the transition from ESCs to SSCs (Tables S2 and S3). To
determine the key miRNAs in SSCs development, we focused on |log2
(fold change)|>8 differential miRNAs and performed cluster analysis on
them (Fig. 1B). The volcano plot results showed that miR-1458 had the
most significant difference in the formation of RA-induced SSCs
(Fig. 1C). We performed Wayne analysis on the differential miRNAs,
revealing two differentially expressed miRNAs during the differentiation
of ESCs to SSCs, namely miR-1458 andmiR-6670-5p (Fig. 1D). The RNA-
seq results revealed that miR-1458 expression was exclusive to ESCs
(Fig. 1E and Table S4), our previous quantitative results are consistent
with the sequencing data (Geng et al., 2023). In addition, we have
previously demonstrated that the target genes of miR-1458 are associ-
ated with (Geng et al., 2023) . Based on these observations, we further
investigated the role of miR-1458 in SSCs development.

Inhibiting the expression of miR-1458 promotes the formation of SSCs

In order to confirm the hypothesis that miR-1458 plays a crucial role
in SSCs formation, we utilized the previously established in vitro in-
duction model of embryonic stem cells (ESCs) to differentiate into SSCs
using RA. We successfully transfected miR-1458 mimics and inhibitor
and conducted morphological observations. The results showed that
transfection with miR-1458 inhibitor in the presence of RA resulted in a
higher number of embryoid bodies (EBs) on day six and an increased
number of Spermatogonial stem cell-like cells (SSCLCs) on day ten. In
contrast, miR-1458 mimics delayed the emergence of EBs until day four
of culture and showed fewer SSCLCs on day ten (Fig. 2A). Gene
expression analysis demonstrated that interfering with the expression of
miR-1458 resulted in significantly up-regulated expression levels of the
germ cell marker gene Cvh and the SSCs marker gene integrin β1
compared to the normal RA induction process (P < 0.05) (Fig. 2B).
Conversely, overexpressing miR-1458 presented utterly opposite results.
IF and flow FC showed that inhibiting the expression of miR-1458 pro-
moted the formation of SSCs (P < 0.01) (Fig. 2C and D). In order to
further elucidate the role of miR-1458 in the formation of SSCs, we
injected miR-1458 inhibitor and miR-1458 mimics into the testes of
chicken embryos at 10 days. Then we incubated them until 18.5 days to
collect differently treated chicken embryos. Paraffin slices were pre-
pared, and IHC assays using integrin β1 antibody were performed
(Fig. 2E). The results showed that the number of SSCs in the testis
collected after miR-1458 interference was significantly reduced
compared with the average incubation process (P < 0.01). All of these
results indicate that inhibiting the expression of miR-1458 promotes the
formation of SSCs.

TBX6 is a downstream target gene of miR-1458 in the formation of SSCs

In our previous study, we designed mutation sites in the 3′ UTR re-
gion of miR-1458 and TBX6, demonstrating that miR-1458 mimics can
enhance the activity of miR-1458, thereby increasing the transcriptional
regulation of TBX6 (Geng et al., 2023). To further elucidate the bio-
logical functions of TBX6, we conducted a PPI analysis. The results
indicated that TBX6 exhibits significant interactions and co-expression
with proteins such as Fibroblast Growth Factor 8 (FGF8), SOX2, and
WNT3A (Fig. 3A and B). GO analysis of TBX6 function indicated sig-
nificant enrichment in pathways related to Somitogenesis, cell fate
commitment, and embryo development (Fig. 3C). Subsequently, we
employed a miR-1458 inhibitor and inhibitor NC to further validate the
targeting relationship between miR-1458 and TBX6. Dual-luciferase
reporter assays showed that, compared to the 3′ UTR-WT +

mimics-NC group, co-transfection of 3′ UTR-WT + miR-1458 mimics
resulted in a significant decrease in luciferase activity (P < 0.05). In
contrast, when co-transfecting 3′ UTR-WT with the miR-1458 inhibitor,
luciferase activity significantly increased compared to the 3′UTR-WT +

inhibitor-NC group (P < 0.05). Additionally, co-transfection of 3′

UTR-MUT + miR-1458 mimics and 3′ UTR-MT + miR-1458 inhibitor
showed no significant differences in luciferase activity compared to the
3′ UTR-MUT + mimics-NC and 3′ UTR-MT + inhibitor-NC groups,
respectively (Fig. 3D). Therefore, we infer that TBX6, as a downstream
target gene of miR-1458, may play a role in the differentiation process
from ESCs to SSCs.

TBX6 plays an opposite role to miR-1458 in Spermatogonial stem cell fate
determination

To investigate the role of TBX6 in the formation of SSCs, we gener-
ated active overexpression (OE) and interference [short hairpin (SH)]
vectors of TBX6, designated as TBX6-OE and TBX6-SH, respectively.
These vectors were transfected into ESCs in vitro, and their effects on
SSCs formation were evaluated using the RA induction system.
Throughout the induction process, observations of cell morphology
revealed that embryoid bodies (EBs) appeared on day four after RA
induction (Fig. 4A), and EBs began to rupture by day eight after RA
induction. After transfection with TBX6-SH, the number of EBs that
appeared during the induction process was significantly lower than that
of control. We then analyzed the mRNA expression levels of germ cell
line-age-specific biomarkers upon differentiation induction, including
Cvh and integrin β1. The depletion of TBX6 expression was accompanied
by a significant decrease in the genes mentioned above (P < 0.01)
(Fig. 4B). To elucidate the effect of TBX6 on the formation of SSCs, cells
after 10 days of induction were collected and analyzed by IF and FC
(Fig. 4C and D). The results demonstrate that the number of integrin β1+
cells significantly decreased after TBX6 interference compared with
routine RA induction (P < 0.01).

To further understand the function of TBX6 during the formation of
SSCs, TBX6-OE, and TBX6-SH were injected into the testis of chicken
embryos (10 days) and incubated until 18.5 days for IHC using an
integrin β1 antibody. The analysis showed that the number of integrin
β1+ cells in the testis significantly increased after TBX6 overexpression
compared with the control group (P < 0.05) (Fig. 4E). In summary, this
study suggests that the downstream target gene TBX6 of miR-1458 can
promote the formation of SSCs both in vivo and in vitro.

Screening of differential metabolites during SSCs formation

Cellular energy metabolites can act as upstream miRNA regulators
and participate in miRNA’s transcriptional regulation. On the other
hand, miRNA can regulate the expression of metabolic enzymes and
regulate cellular energy metabolism (Jin and Wei, 2014). In order to
screen differential metabolites, this study utilized PCA to analyze the
sequencing data, reflecting the variability between sample groups and
within groups at the overall level. By observing the PCA statistical
analysis results between the ESCs Male and SSCs groups, significant
differences were observed between the two cells (Fig. 5A). Then, we
performed correlation analysis on the sequencing data and found that
the Pearson coefficients between the ESCs Male group and SSCs were
more outstanding than 0.95 (Fig. 5B). Next, we performed cluster
analysis on the sequencing data and found that Vitamin B6 has different
expression patterns in ESCs and SSCs (Fig. 5C). After analyzing the
functions and effects of these metabolites on metabolic pathways, we
detected the concentration of Vitamin B6 in ESCs and SSCs. The results
showed that the expression level of Vitamin B6 in ESCs was significantly
higher than that in SSCs (P < 0.01) (Fig. 5D). Therefore, Vitamin B6 was
identified as a critical candidate metabolite for further investigation.

Vitamin B6 suppressed the lineage specification of SSCLCs

To investigate the effect of vitamin B6 on the fate of SSCs, different
concentrations of vitamin B6 were added in vitro to determine the for-
mation efficiency of SSCs using the RA-induced differentiation model.
To eliminate the potential effect of cell proliferation on the formation
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Fig. 2. miR-1458 regulates spermatogonia stem cell generation. (A) Morphological observation of embryoid number in vitro induction model of SSCs following miR-
1458 significant upregulation and interference. RA induction served as a control. Scale bar: 60 µm (n = 3 independent experiments). (B) Expression of the repro-
ductive marker gene (Cvh) and SSCs marker gene (integrin β1) in SSCLC was detected by qRT-PCR after significant upregulation and interference of miR-1458 in vitro
(data shown as mean ± SEM, n = 3 independent experiments, *P < 0.05, **P < 0.01, ns, not significant, one-way ANOVA). (C) The efficiency of SSCs differentiation
was tested by IF using integrin β1 antibody at 10 days post-induction. Scale bar: 200 µm (n = 3 independent experiments). (D) SSCs formation efficiency following
miR-1458 significant upregulation or interference was tested in vitro and assessed by flow cytometry using integrin β1 antibody (data shown as mean ± SEM, n = 3
independent experiments, *P < 0.05, **P < 0.01, ns, not significant, one-way ANOVA). (E) The results of HE examination using integrin β1 showed that interference
of miR-1458 increased SSCs number in the testis, while significant upregulation of miR-1458 decreased SSCs number in the testis. The segmentation module of the
Image J software counted the number of SSCs. Scale bars: 200 μm (upper row), 40 μm (lower row) (data shown as mean ± SEM, n = 3 independent experiments, *P <

0.05, **P < 0.01, ns, not significant, one-way ANOVA).
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efficiency of SSCLCs when adding Vitamin B6, the concentration of
Vitamin B6 that does not affect the proliferation of ESCs was screened
through EDU and JC-1 assays, and the optimal concentration of Vitamin
B6 was determined to be 20 μM (Fig. S1A–C). Following the addition of
Vitamin B6, cell morphology observation showed that the number of EBs
throughout the process was significantly lower than that of the control
group (Fig. 6A). Additionally, the key SSCs regulators Cvh and integrinβ1
were significantly reduced in the Vitamin B6 group (P < 0.01) (Fig. 6B).
IF and FC analyses also showed similar results (Fig. 6B and C). Compared
with normal RA induction, the number of integrin β1+ cells were
significantly decreased after adding Vitamin B6 (P < 0.01) (Fig. 6C and
D).

We next investigated whether there is a regulatory relationship be-
tween Vitamin B6 and miR-1458. By adding Vitamin B6 to the RA in-
duction medium, we found that the expression of miR-1458 in the
Vitamin B6 group was significantly higher than that in the control group
(P < 0.01) (Fig. 6E). A dual luciferase reporter assay showed that
compared with pGL3-basic, the luciferase activity of Basic-miR-1458
was significantly up-regulated (P < 0.01). Compared to transfecting
Basic-miR-1458 alone, co transfection with Vitamin B6 resulted in a
significant increase in dual luciferase activity (P < 0.01) (Fig. 6F). In
order to investigate whether Vitamin B6 is involved in intracellular
epigenetic modification, we detected the level of histone H3K4me2 at
different concentrations of Vitamin B6 using Western blot analysis. The

results showed that the level of histone H3K4me2 varied under different
concentrations of Vitamin B6, indicating that Vitamin B6 can participate
in the methylation modification of histone H3K4me2 in cells (Fig. 6G).
Therefore, we preliminarily verified that Vitamin B6 can regulate the
expression of miR-1458 by changing the epigenetic modification of the
miR-1458 promoter region, thereby affecting the formation efficiency of
SSCs.

Discussion

The formation of SSCs is regulated by a complex network of various
factors, with miRNAs playing a significant role in their development
(Wang et al., 2019; Xu et al., 2020; Chen et al., 2022). Multiple studies
have shown that miRNAs are crucial regulators in the proliferation,
differentiation, individual development, and maintenance of homeo-
stasis in almost all cell types (McIver et al., 2012; Luo et al., 2015;
Noveski et al., 2016; Tuysuz et al., 2021; Nazri et al., 2023). Therefore,
we hypothesize that there may also be key miRNAs involved in the
formation of SSCs. By comparing the expression of miRNAs during the
developmental stages of ESCs and SSCs, we identified seven differen-
tially expressed miRNAs. Thus, we infer that miRNAs may have poten-
tial functions in the formation of germ cells, a finding consistent with
existing literature (McDonnell et al., 2016). Additionally, we have pre-
viously demonstrated that the expression level of miR-1458 significantly

Fig. 3. TBX6 is a Target Gene of miR-1458. (A) Protein-protein interaction analysis of TBX6. (B) Co-expression of TBX6 with interacting proteins. (C) GO functional
enrichment analysis of TBX6 interacting proteins. (D) Relative luciferase expression of TBX6 after co-transfection with miR-1458 mimics, mimics-NC, miR-1458
inhibitor, and inhibitor-NC in chicken DF-1 cells. (Data shown as mean ± SEM, n = 3 independent experiments, *P < 0.05, **P < 0.01, ns, not significant, one-
way ANOVA).

Q. Geng et al. Poultry Science 104 (2025) 104583 

8 



Fig. 4. TBX6 promotes fate determination in Spermatogonial stem cells. (A) Morphological observation of embryoid number in an in vitro SSCs induction model
following TBX6 overexpression and interference; TBX6-OE indicates overexpression of TBX6; TBX6-SH indicates interference of TBX6; RA induction served as a
control. Scale bar: 200 µm (n = 3 independent experiments). (B) Expression of the reproductive marker gene (Cvh) and SSCs marker gene (integrin β1) in SSCLC was
detected by qRT-PCR after overexpression and interference with TBX6 in vitro (data shown as mean ± SEM, n = 3 independent experiments, *P < 0.05, **P < 0.01,
ns, not significant, one-way ANOVA). (C) The efficiency of SSCs differentiation was tested by IF using integrin β1 antibody at 10 days post-induction. Scale bar: 200
µm (n = 3 independent experiments). (D) SSCs formation efficiency following TBX6 overexpression or interference was tested in vitro and assessed by flow cytometry
using integrin β1 antibody (data shown as mean ± SEM, n = 3 independent experiments, *P < 0.05, **P < 0.01, ns, not significant, one-way ANOVA). (E) The results
of IHC using integrin β1 antibody showed that interference with TBX6 increased SSCs numbers in testes, whereas overexpression of TBX6 decreased SSCs numbers in
testes. The segmentation module of the Image J software counted the number of SSCs. Scale bars: 200 μm (upper row), 40 μm (lower row) (data shown as mean ±

SEM, n = 3 independent experiments, *P < 0.05, **P < 0.01, ns, not significant, one-way ANOVA).
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decreases during the differentiation process from ESCs to SSCs, with its
downstream target genes enriched in pathways related to germ cell
differentiation, such as the TGF-beta signaling pathway (Geng et al.,
2023). Through the transfection of miR-1458 mimics and inhibitors, we
found that the inhibition of miR-1458 expression promotes the forma-
tion of SSCs. This result further supports Cutting’s assertion regarding
the role of miR-1458 in the differentiation of ESCs (Cutting et al., 2012).
However, the upstream regulatory mechanisms of miR-1458 and its role
in regulating the lineage specification of SSCs remain to be further
investigated.

An important finding of this study is that TBX6, as a downstream
target gene of miR-1458, is associated with the lineage specification of
SSCs, further expanding our previous research on the regulation of TBX6
by miR-1458 (Geng et al., 2023). Existing literature indicates that TBX6,
a T-box transcription factor, is primarily enriched in the para-
xial/prechordal mesoderm and is closely related to somatic cell forma-
tion (Nohe et al., 2004; Sadahiro et al., 2018). Although the role of TBX6
in somatic development is well recognized, its functions in other

mesodermal or germ cells remain unclear. Notably, Yakhkeshi et al.
(2018) demonstrated that TBX6 can directly induce the differentiation
of fibroblasts and pluripotent stem cells from mice and humans into
cardiac mesodermal cells upon injection. Additionally, Chapman (2019)
found that reduced expression levels of Tbx6 lead to impaired inter-
mediate formation in mouse embryos. This finding suggests that TBX6
not only plays a crucial role in somatic cell formation but may also be
involved in the differentiation process. In our experiments, we observed
that TBX6, as a downstream target gene of miR-1458, promotes the
lineage specification of SSCs. This indicates that, although the mecha-
nisms of TBX6 function in germ cells are not fully understood, it simi-
larly plays an important role in regulating the differentiation of SSCs.
Furthermore, combining our functional validation results for miR-1458,
we found that TBX6′s role contradicts that of miR-1458, as it is targeted
and regulated by miR-1458 in the context of SSC fate. Our results pro-
vide further evidence of the significant role of TBX6 in cell differentia-
tion, consistent with previous studies.

The process by which cells transition from pluripotency to terminally

Fig. 5. Screening of Vitamin B6, a differential metabolite, during the formation of SSCs. (A) Unsupervised principal component analysis (PCA) of ESCs male and SSCs
with six biological replicates. (B) Pearson correlation coefficient analysis of differential metabolites in ESCs male and SSCs. (C) Heatmap reveals metabolite
expression patterns in ESCs and SSCs. Metabolites with P-values for differential metabolites in the first 80 samples were analyzed. Red corresponds to upregulation;
Blue corresponds to downregulation. (D) Analysis of Vitamin B6 concentrations in ESCs and SSCs (data shown as mean ± SEM, n = 3 independent experiments, *P <

0.05, **P < 0.01, ns, not significant, one-way ANOVA).
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differentiated cells with distinct functions is accompanied by changes in
metabolic patterns and the epigenetic landscape (Kinnaird et al., 2016;
D’Aniello et al., 2019; Moreno-Yruela et al., 2022). Previous studies
have shown that intracellular metabolites can directly participate in the
epigenetic dynamics regulating gene expression by providing specific
metabolic pathways that produce enzymes, cofactors, or substrates,
thereby facilitating or amplifying the differentiation signals of pluripo-
tent stem cells (Moussaieff et al., 2015; Chantranupong et al., 2015; Reid
et al., 2017). Stegen et al. (2022) found that glutamine regulates the
expression of chondrogenic genes through histone acetylation mediated
by glutamate dehydrogenase, promoting the formation of chondrocytes.
Similarly, Sim et al. (2022) demonstrated that methionine deficiency
leads to a reduction in intracellular S-adenosylmethionine (SAM), trig-
gering the transition of pluripotent stem cells (PSCs) to a differentiated
state. Thus, we hypothesize that certain metabolites may act as upstream
regulatory factors of miR-1458, participating in the regulation of SSC
lineage specification. Our results reveal that Vitamin B6 is expressed at
significantly higher levels in ESCs compared to SSCs, and that low levels
of Vitamin B6 specifically promote the formation of SSCs, underscoring
its important role in regulating the germ lineage. Fayomi and Orwig
(2018) also demonstrated that elevated levels of Vitamin B6 in mice
delay spermatogenesis, reduce sperm counts, and impair spermmotility,
which is consistent with our findings. Notably, we observed that low
levels of Vitamin B6 can suppress intracellular miR-1458 expression,
contradicting the functional validation results for miR-1458. Therefore,
we speculate that low levels of Vitamin B6 may influence SSCs fate
determination as an upstream regulatory factor of miR-1458.

Histone modification, as one of the important regulatory mecha-
nisms in epigenetics, alters chromatin structure and regulates gene
expression through at least eight modification methods, including his-
tone methylation, acetylation, phosphorylation, and ubiquitination
(Tyurin-Kuzmin et al., 2020). Zuo et al. (2021) found that the deme-
thylation of H3K4me3 to H3K4me2 affects the development of germ
cells. Vitamin B6 has been shown to influence the differentiation of
pluripotent cells. Its mechanism of action involves providing methyl
donors in one-carbon metabolism, participating in DNA and histone
methylation, and thereby regulating the pluripotent state of cells
(Tischler et al., 2019). In this study, we demonstrate that low levels of
Vitamin B6 can reduce the level of H3K4me2 modification in chicken
germ cells, thereby inhibiting the transcription of miR-1458 and
participating in the formation of SSCs. We identify Vitamin B6 as an
upstream regulatory factor involved in the transcriptional process of
miR-1458, further expanding the significance of metabolites and their
mediating epigenetic modifications in the lineage specification of germ
cells.

In conclusion, this study demonstrates that low levels of Vitamin B6
inhibit the transcriptional activity of miR-1458 by reducing intracellular
H3K4me2 levels, thereby increasing the expression of the downstream
target gene TBX6 and ultimately promoting the formation of SSCs. We
have constructed a regulatory network involving Vitamin B6-
H3K4me2- miR-1458- TBX6 in the process of SSCs formation, revealing
how keymiRNAs serve as a bridge between epigenetic modifications and
cell fate determination. However, it is essential to note that most of the

miRNA-related germline findings were obtained through in vitro
studies. Therefore, in vivo, studies are needed to validate these findings
and potentially translate them into clinical applications.

Conclusions

Low levels of the cellular metabolite Vitamin B6 can inhibit
H3K4me2 in the miR-1458 promoter region, thereby suppressing the
transcription of miR-1458, which leads to increased expression of its
downstream target gene TBX6 and promotes the formation of SSCs.
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