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Abstract 

Spermatogonial stem cells (SSCs) play crucial roles in the preservation of male fertility. Ho w e v er, successful e x viv o e xpansion of authentic 
human SSCs remains elusive due to the inadequate understanding of SSC homeostasis regulation. Using rhesus monk e y s ( Macaca mulatta ) 
as a representativ e model, w e characteriz ed SSCs and progenitor subsets through single-cell RNA sequencing using a cell-specific network 
approach. We also profiled chromatin status and major histone modifications (H3K4me1, H3K4me3, H3K27ac, H3K27me3 and H3K9me3), 
and subsequently mapped promoters and active enhancers in TSPAN33 + putative SSCs. Comparing the epigenetic changes between fresh 
TSPAN33 + cells and cultured TSPAN33 + cells (resembling progenitors), we identified the regulatory elements with higher activity in SSCs, 
and the potential transcription factors and signaling pathways implicated in SSC regulation. Specifically, TGF- β signaling is activated in monkey 
putativ e SSCs. We pro vided e vidence supporting its role in promoting self-rene w al of monk e y SSCs in cult ure. Overall, this st udy outlines the 
epigenetic landscapes of monk e y SSCs and provides clues for optimization of the culture condition for primate SSCs expansion. 
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Introduction 

Spermatogonial stem cells (SSCs), which localize to the mem-
brane basement of seminiferous tubules, are instrumental for
life-long spermatogenesis post-puberty, achieving a balance
in self-renewal and differentiation (homeostasis) to continu-
ously generate mature sperms. Pre-puberty, spermatogenesis
halts at the meiosis phase, with testicular structure resem-
bling that of the early post-natal stage ( 1 ,2 ). Given the lack
of sperm production in childhood, SSC transplantation holds
great promise in fertility preservation for pediatric male pa-
tients undergoing gonadotoxic treatments (e.g. radiotherapy
and chemotherapy). With childhood cancer survival rates now
exceeding 80% at 5 years ( 3 ), and disease and treatments often
depleting germ cells and causing infertility ( 4 ), SSC expansion
and transplantation are of paramount importance for preserv-
ing fertility in these patients. Despite recent advancements in
in vitro expansion of human undifferentiated spermatogonia
( 5 ,6 ), the regenerative potential of these cells remains uncer-
tain. Consequently, successful long-term ex vivo expansion of
authentic SSCs has not yet been achieved in humans or non-
human primates, impacted by insufficient understanding of
the regulatory networks governing SSC self-renewal and dif-
ferentiation. 

Several recent studies have explored the continuum of the
cellular and molecular landscapes of spermatogenesis in hu-
mans ( 2 ,7–10 ) and monkeys ( 11 ,12 ) using high-throughput
single-cell RNA sequencing (scRNA-seq). The purification of
human undifferentiated (including SSCs and progenitor sper-
matogonia) and differentiated spermatogonia via specific cell
surface markers (e.g. SSEA4 and PLPPR3 for undifferentiated
spermatogonia, and KIT for differentiated spermatogonia)
and subsequent bulk RNA-seq and A T AC-seq have further
enriched our understanding of gene expression and molecu-
lar regulation in such cells ( 13 ,14 ). Notably, several undiffer-
entiation states of spermatogonia with specific gene expres-
sion signatures were identified in humans and monkeys, re-
flecting high plasticity and metastable behavior ( 8 , 11 , 12 ). In
addition, the FGF and BMP signaling pathways have been
implicated in regulating human undifferentiated spermato-
gonia ( 7 ), while the AKT activation was proposed to in-
duce spermatogonia differentiation ( 14 ). Various transcrip-
tion factors (TFs), including CTCF , CTCFL, DMRT1, NFY ,
SO X3, SO X9, FO XP1 and FO XA2, have also been pre-
dicted to function in human undifferentiated spermatogonia
( 13 ). 

Epigenetic modifications are pivotal in governing gene
expression and stem cell differentiation and development
( 15 ,16 ). While epigenetic regulation of SSC homeostasis has
been intensively studied in mice ( 17 ), research on DNA methy-
lation and histone modification in SSC homeostasis in hu-
mans and non-human primates remains limited due to a
lack of testicular samples. One study has assessed the DNA
methylome of human SSEA4 

+ cells (enriched for undifferen-
tiated spermatogonia) in relation to mature sperms, finding
no markedly alterations in DNA methylation, with further ex-
ploration using A T AC-seq revealing intricate open chromatin
regions and specific TFs potentially binding to these regions
( 13 ). Most recently, one study investigated the chromatin ac-
cessibility, DNA methylome and transcriptome landscapes in
1097 human testicular cells throughout the spermatogenesis
by using single-cell multi-omics sequencing ( 10 ). To the best
of our knowledge, no study has reported on histone modifi-
cations relevant to undifferentiated spermatogonia in humans
or monkeys, which is critical for understanding the properties 
and development of SSCs. 

Highlighting the parallels in spermatogenesis regulation be- 
tween monkeys and humans ( 11 ,12 ), this study used a cell- 
specific network (CSN) approach to characterize SSC and 

progenitor subsets by scRNA-seq. Using a membrane pro- 
tein TSPAN33, putative rhesus monkey ( Macaca mulatta ) 
SSCs were enriched and, after 5 days of culture, initiated 

differentiation to molecularly resemble progenitors. Compre- 
hensive RNA expression (RNA-seq), chromatin accessibil- 
ity (A T AC-seq) and major histone modification (H3K4me3,
H3K27me3, H3K9me3, H3K27ac and H3K4me1) analyses 
were conducted for the two cell populations. Through the in- 
tegration of multi-omics analyses, the epigenetic landscapes of 
rhesus monkey putative SSCs were revealed. Importantly, we 
uncovered that TGF- β signaling was active in monkey SSCs 
and inclusion of TGF- β in culture stimulated the in vitro ex- 
pansion of monkey SSCs. 

Materials and methods 

Key resources table 

The antibodies and primer pairs used in this study were pre- 
sented in Supplementary Key Resources Table. 

Collection and digestion of testis tissues from 

rhesus monkey 

Testis samples from adult male rhesus monkeys (9–14 years 
old) were donated from the National Resource Center for 
Non-Human Primates, National Science & Technology In- 
frastructure of China ( http://nhp.kiz.ac.cn ). Monkey testis 
single-cell suspensions were prepared as previously reported 

( 18 ), with some modifications. In brief, testis samples were 
washed five times with phosphate-buffered saline (PBS) con- 
taining penicillin and streptomycin solution (Thermo Fisher 
Scientific, 15140–122). After cutting into small pieces, the 
testes were digested in a solution containing 2 mg / mL collage- 
nase (Gibco, 17104–019) and 0.4 mg / mL DNase (Sigma, DN- 
25) at 37 

◦C for 30 min. After washing with PBS three times,
the cells were digested in solution containing 0.05% trypsin 

(Thermo Fisher Scientific, 25200–072) and 0.2 mg / mL DNase 
for 10 min. The digestion reaction was then terminated by the 
addition of 10% fetal bovine serum (FBS, Thermo Fisher Sci- 
entific, 10091–148). The digested cell suspension was filtered 

through a 70- μm cell strainer (BD, 352350) to obtain the final 
single-cell suspension for subsequent experiments. 

Smart-seq2 sequencing 

Primary testis single-cell suspensions were subjected to two 

rounds of differential cell adhesion (each for 6 h) in cul- 
ture medium to remove somatic cells. The obtained single- 
cell suspensions, or cells under in vitro culture for one or 
two weeks, were washed three times in PBS containing 0.1% 

bovine serum albumin (BSA, Macklin, B824162). Cells with a 
diameter of 10–15 μm were manually selected and added to 

lysis buffer containing ERCC spike-in ( 19 ). Single-cell cDNA 

was prepared using Smart-seq2 ( 20 ) as previously described 

( 21 ), with some modifications. In brief, full-length poly(A)- 
tailed RNAs of each single cell were reverse-transcribed and 

amplified with 23 PCR cycles to increase cDNA amount.
PCR analysis was performed to detect the mRNA expression 

of ZBTB16 (marker gene for undifferentiated spermatogo- 

http://nhp.kiz.ac.cn
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ia) in cDNA libraries. Libraries positive ( ∼60%) or nega-
ive ( ∼40%) for ZBTB16 mRNA expression were subjected
o smart-seq2 sequencing. Sequencing was performed using
he Illumina X Ten platform with 150-bp paired-end reads. 

mart-seq2 single-cell raw data processing 

MI-tool ( https:// github.com/ CGATOxford/ UMI-tools ) deal-
ng with unique molecular identifiers (UMIs) and scRNA-
eq cell barcodes ( 22 ), was applied to process raw FASTQ
les and generate a gene-cell UMI matrix, using Macaca mu-
atta Mmul_8.0.1.92 as a reference genome. The output ma-
rix was then imported into the Seurat (v4.0.2) R toolkit
or quality control and downstream analysis. For each cell,
ene counts, UMIs and mitochondrial gene expression pro-
ortions were quantified. Cells meeting the following criteria
ere used for further analysis: detection threshold of 2000–
0 000 genes, 10 000–100 000 UMIs and mitochondrial gene
ercentage < 10%. Finally, 713 single cells were retained for
urther analysis. 

SN method and unsupervised clustering analysis 

he CSN method ( 23 ) was used to transform the initial gene
xpression matrix into a network degree matrix before clus-
ering analysis. The network degree matrix can obtain better
lustering performance based on dynamic theory. An unsuper-
ised graph-based clustering algorithm implemented in Seurat
 (v4.0.2) was then used to cluster all single cells based on
heir network degree ( 24 ). The FindNeighbors and FindClus-
ers functions across 30 principal components (PCs) at a reso-
ution of 0.5 were used to cluster all single cells. Five clusters
ere obtained, i.e. c1, c2, c3, c4 and c5. 

imensionality reduction and visualization using 

 -distributed stochastic neighbor embedding and 

niform manifold approximation and projection 

or dimension reduction and visualization, the RunPCA func-
ion in Seurat was used to perform principal component anal-
sis (PCA) of the normalized gene expression matrix, which
ielded 30 PCs. The RunTSNE and RunUMAP functions were
hen used to perform t -distributed stochastic neighbor em-
edding ( t -SNE) and uniform manifold approximation and
rojection (UMAP) analyses of the 30 PCs, followed by two-
imensional visualization. 

seudo-trajectory inference 

iffusion pseudotime (DPT), a diffusion mapping method,
as used to perform pseudo-trajectory inference ( 25 ). This
ethod can measure transitions between cells using diffusion-

ike random walks and robustly estimate cell order. The MAT-
AB package DPT (v1.0) was used to perform analysis, with

he top 30 PCs from PCA used as input data. The DPT param-
ters were: transition matrix construction method = ‘nearest
eighbors’, knn = 20, gstatmin = 1.01, nsig = 10. 

etwork flow entropy analysis 

he network flow entropy (NFE) approach was used to esti-
ate the differentiation potency of each cell ( 26 ). NFE was

alculated based on a gene-gene association network and il-
ustrated the lineage dynamics of cell differentiation by quan-
ifying the differentiation potency of the single cells. Undiffer-
ntiated cells exhibit higher differentiation potency and higher
entropy values, while differentiated cells exhibit lower entropy
values. The undifferentiated spermatogonia were then identi-
fied using NFE analysis. 

Identification of DEGs in different cell clusters 

Differentially expressed genes (DEGs) were identified based
on the Wilcoxon rank-sum test implemented using the Find-
Mar k er s and FindAllMar k er s functions in the Seurat package.
Unless noted otherwise, DEGs were selected based on the fol-
lowing criteria: P < 0.001, absolute log2 fold-change (after
Laplace transformation) > 0.5 and minimum fraction > 0.1.
The DEGs were further classified into several groups. For gene
x , the five clusters were sorted in descending order based on
average gene expressions, e.g. c1 > c2 > c3 > c4 > c5. If the
difference between c1 / c2 was not significant, but the differ-
ences between c2 / c3 and between c1c2 / c3c4c5 were signifi-
cant, the gene was considered to be highly expressed in both
c1 and c2, rather than just highly expressed in c1. 

Enrichment analysis of DEGs 

The Database for Annotation, Visualization and Integrated
Discovery (DAVID, https://david.ncifcrf.gov ) was used to per-
form Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses of DEGs ( 27 ,28 ).
DAVID provides a comprehensive set of functional annotation
tools to understand the biological meaning behind large lists
of genes. Metascape (v3.5, https://metascape.org ) was also
used to perform enrichment analysis of multiple gene lists ( 29 ).

Enrichment of TSPAN33 

+ cells 

After two rounds of differential cell adhesion to remove the
testicular somatic cells, TSPAN33 

+ cells were enriched by
magnetic activated cell sorting (MACS) or fluorescence acti-
vated cell sorting (FACS). For MACS, cells were re-suspended
in MACS buffer [PBS containing 0.5% BSA and 2 mM
ethylenediaminetetraacetic acid (EDTA)], then incubated with
TSPAN33 antibodies (1:50 volume ratio of antibody / cell sus-
pension, ABclonal, A5222) at 4 

◦C for 30 min. After washing
with MACS buffer three times, cells were incubated with anti-
rabbit IgG MicroBeads (Miltenyi, 130–048–602) (1:4 volume
ratio of beads / cell suspension) at 4 

◦C for 15 min. After wash-
ing with MACS buffer three times, the TSPAN33 

+ cells were
enriched and obtained using LS Separation columns (Miltenyi,
130–042–401) combined with a MidiMASC Separator (Mil-
tenyi, 130–042–302). For FACS, cells were re-suspended in
FACS buffer (PBS containing 3% FBS and 10 mM EDTA),
then incubated with TSPAN33 antibodies (1:50 volume ra-
tio of antibody / cell suspension, ABclonal, A5222) at 4 

◦C for
30 min. After washing with FACS buffer three times, the
cells were incubated with goat anti-rabbit secondary antibod-
ies (Thermo Fisher Scientific, A11034) labeled with green-
fluorescent dye at 4 

◦C for 15 min. The TSPAN33 

+ cells were
obtained using flow cytometry (BD, Influx, USA). Antibody in-
formation is listed in the Supplementary Key Resources Table .

Cell culture 

TSPAN33 

+ cells obtained by MACS were maintained in cul-
ture medium, as previously described ( 18 ). In brief, cells
were cultured in StemPro-34 SFM with StemPro supplement
(Thermo Fisher Scientific, 10639–011), supplemented with
10% FBS (Thermo Fisher Scientific, 10091–148), 40 ng / mL

https://github.com/CGATOxford/UMI-tools
https://david.ncifcrf.gov
https://metascape.org
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
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recombinant human glial cell line-derived neurotrophic factor
(GDNF, R&D, Lot# VQ3222081), 10 ng / mL human epider-
mal growth factor (EGF, Thermo Fisher Scientific, PHG0311),
1000 U human leukemia inhibitory factor (LIF, Millipore,
LIF1050), 2 ng / mL human basic fibroblast growth factor
(bFGF, Millipore, GF003), 5 ng / mL recombinant human
Wnt3a (R&D, 5036-WN-010), 2 mM L-glutamine (Sigma,
56–85–9), 1 mM β-mercaptoethanol (Sigma, M3148), 1 mM
sodium pyruvate (Gibco, 11360–070), 1% Modified Eagle
Medium (MEM) non-essential amino acid solution (Gibco,
11140–050) and 60 μM putrescine (Sigma, V900377). Tree
shrew Sertoli cells, treated with 10 μg / mL mitomycin C
(Sigma, M4287), were used as feeder cells. Cells were cultured
in 24-well plates (Corning, 3524) and passaged every 7 days.
The culture medium was changed every other day. The culture
was maintained at 37 

◦C and 5% CO 2 atmosphere. For TGF- β
treatment, 1 ng / mL of TGF- β (R&D, 7754-BH-005 / CF) was
added to the culture medium. 

Immunofluorescence staining 

Testes were fixed in 4% paraformaldehyde (Sigma, 158127–
500G), sequentially dehydrated with 15% and 30% sucrose
(A502792-0500), embedded in optimal cutting temperature
compound (OCT, 4583), sectioned (10 μm) and subjected to
immunofluorescence staining. In brief, testicular sections were
washed three times in PBS, followed by permeabilization with
0.25% Triton X-100 (Sigma, Lot# SLBW6818) for 15 min
at room temperature. For cell immunofluorescence staining,
cultured cells were fixed in 4% paraformaldehyde for 15 min,
and permeabilized with 0.2% Triton X-100 in PBS for 15 min
at room temperature. 

Testis sections and cells were blocked with 5% BSA for 1
h at room temperature and stained with primary antibodies
diluted in 1% BSA at 4 

◦C overnight. The cells and sections
were washed three times with PBS, then stained with Alexa
Fluor conjugated secondary antibodies for 1 h at room tem-
perature. The nuclei were counterstained with 4 

′ ,6-diamidino-
2-phenylindole (Sigma–Aldrich, D9542). The cells and sec-
tions were sealed with 80% glycerin (Solarbio, G8190) and
photographed using confocal laser microscope (FV1000) or
high-resolution fluorescence microscopy system (LSM880).
Antibody information is listed in the Supplementary Key 
Resources Table . 

Immunofluorescence staining was quantified by counting
the positively stained cells in field of views (for sorted cells),
and cell colonies (for cultured cells, colonies containing > 4
cells were included in the analysis). The numbers of positively
stained cells are indicated in the respective figure legends. 

Immunohistochemistry analysis 

Testes were fixed in 4% paraformaldehyde for 24 ∼72 h, and
were dehydrated in a series wash of ethanol at different con-
centrations (50%, 75%, 95% and 100%). Tissues were then
embedded in paraffin blocks, and were sectioned at 6 μm
thickness. The sections were deparaffinized three times in xy-
lene (each for 20 min), and were rehydrated in a descend-
ing ethanol series and water. Heat-induced epitope retrieval
was performed using a water bath (95 

◦C) in 1 M EDTA
buffer (pH 8.0) for 20 min. The sections were then incubated
with 3% hydrogen peroxide in PBS for 10 min to quench the
endogenous peroxidase activity. Sections were blocked using
2.5% BSA and 5% donkey serum in PBS for 60 min at room
temperature, followed by incubation with the primary anti- 
body against TSPAN33 (Abclonal, A5222, 1:100) overnight at 
4 

◦C. After washing three times with tris-buffered saline with 

0.1% Tween 20 (Roche, 11332465001) (TBST), the sections 
were incubated with streptavidin-conjugated HRP-IgG goat 
anti-rabbit secondary antibody for 60 min at room tempera- 
ture. The sections were further visualized with the 3,3-diam- 
inobenzidine solution, followed by a counterstaining of nuclei 
with hematoxylin. The sections were then dehydrated in a se- 
ries wash of ethanol at different concentrations (50%, 75%,
95% and 100%, each for 5 min), and were immersed in xy- 
lene two times (each for 10 min). The sections were viewed 

with OLYMPUS VS120 microscope. 

Quantitative RT-PCR 

Total cell RNA was extracted using TRNzol reagent (Tian- 
gen, DP424). Reverse transcription was performed using a 
PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa,
RR047B). Quantitative R T-PCR (qR T-PCR) was performed 

using a TB Green™ Premix Ex Taq™ II Kit (Takara, RR820A) 
and CFX96TM-Real Time System (Bio-Rad, CFX96Touch).
The expression level of each gene was normalized by 
GAPDH . The primers for analyzed genes are provided in the 
Supplementary Key Resources Table . 

Bulk RNA sequencing 

RNA sequencing (RNA-seq) of the primary and cultured 

TSPAN33 

+ germ cells with or without TGF- β treatment was 
performed. Two independent biological samples were pre- 
pared. Total RNA was extracted and subjected to RNA-seq 

using the NovaSeq 6000 platform. Bulk RNA-seq data were 
aligned to the RheMac10 genome reference by STAR ( 30 ).
Gene expression was calculated according to the ENSEMBL 

database using htseq-count. Read counts were used as input 
in the DESeq2 (v1.36.0) ( 31 ) package for differential expres- 
sion analysis. DEGs between different conditions were de- 
fined based on adjusted P < 0.05 and fold-change > 1.5.
GO term and KEGG pathway enrichment analyses of DEGs 
were performed using DAVID web-tools ( https://david.ncifcrf. 
gov/tools.jsp ). Heatmaps were drawn using the R package 
(v4.2.1), ggplot2 (v3.4.2) and pheatmap (v1.0.12, https:// 
github.com/ raivokolde/ pheatmap ), with transcripts per mil- 
lion (TPM) instead of raw counts shown. 

A T AC-seq library construction 

The A T AC-seq libraries of primary and cultured cells were 
prepared using the TruePrep 

® DNA Library Prep Kit (Vazyme,
TD501) following the manufacturer’s instructions. Briefly,
1 × 10 

4 cells were lysed in 50 μL of cold lysis buffer (Sigma–
Aldrich, NUC101) to generate nuclei, followed by centrifu- 
gation at 500 relative centrifugal force for 10 min at 4 

◦C to 

remove the supernatant. The nuclear pellet was subjected to 

transposition reaction with Tn5 transposase at 37 

◦C for 30 

min and purified using KAPA Pure Beads (KAPA Biosystems,
ks8002). The transposed DNA fragments were amplified by 
the following procedure: 72 

◦C for 5 min, 98 

◦C for 1 min, and 

22 cycles (each cycle: 98 

◦C for 15 s, 60 

◦C for 30 s and 72 

◦C
for 1 min). The amplified PCR products were purified using 
the KAPA Pure Beads to obtain the A T AC-seq libraries and 

were sequenced on the NovaSeq 6000 platform to generate 
150-bp paired-end reads. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://david.ncifcrf.gov/tools.jsp
https://github.com/raivokolde/pheatmap
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UT&Tag library construction 

he CUT&Tag histone modification libraries (H3K4me1,
3K4me3, H3K27ac, H3K27me3 and H3K9me3) of primary

nd cultured cells were prepared using a Hyperactive Univer-
al CUT&Tag Assay Kit (Vazyme, TD904) following the man-
facturer’s instructions. Briefly, 1 × 10 

4 cells were incubated
ith ConA Beads at room temperature for 10 min. The cell-
ead complex was collected on a magnetic rack. Pre-chilled
ntibody buffer (50 μL) containing 1 μg of primary antibody
see the Supplementary Key Resources Table ) was added to
ach sample. The samples were gently mixed and incubated
t 4 

◦C overnight. The cell-bead complex was collected using
 magnetic rack, then incubated with secondary antibodies at
oom temperature for 1 h. After twice washing with washing
uffer, the cell-bead complex was incubated with Tn5 trans-
osase at room temperature for 1 h, then subjected to frag-
entation at 37 

◦C for 1 h. The reaction was terminated by the
ddition of 1 μL of 10% sodium dodecyl sulfate (SDS) and in-
ubated at 55 

◦C for 10 min. The products were then purified
ith DNA extract beads. The extracted DNA was amplified
sing the following procedure: 72 

◦C for 3 min, 98 

◦C for 30 s,
2 cycles (each cycle: 98 

◦C for 15 s, 60 

◦C for 20 s and 72 

◦C
or 10 s) and maintenance at 72 

◦C for 2 min. The amplified
CR products were purified using DNA Clean Beads to obtain
he CUT&Tag libraries and sequenced on the NovaSeq 6000
latform to generate 150-bp paired-end reads. 

 T AC-seq and CUT&Tag sequencing analysis 

eads from A T AC-seq and CUT&Tag datasets were mapped
o the RheMac10 reference genome using Bowtie2 (v2.3.1)
 32 ). Multiple mapped reads and PCR duplicates of A T AC-
eq were removed using the Sambamba (v0.6.6) ( 33 ) markdup
ommand. Peaks were called by MACS2 ( 34 ) with P < 0.01.
uplicates in the CUT&Tag datasets were removed using

he Picard MarkDuplicates (v2.26.10, https://broadinstitute.
ithub.io/ picard/ ) command. MACS2 was used for peak call-
ng. After removing the duplicates, the reads were normal-
zed by bamCoverage (v1.5.11) ( 35 ) to calculate reads per
enome coverage. The consistency of replications was calcu-
ated with the Spearman correlation analysis using plotCor-
elation (v3.5.1) ( 35 ). The WashU Epigenome Browser ( http:
/ epigenomegateway.wustl.edu/ browser/ ), R package ggplot2
v3.4.2) and heatmaply (v1.4.0) ( 36 ) were used to visualize the
ormalized data. The R package Diffbind (v3.6.5) was used to
dentify differential peaks between the primary and cultured
ells ( P < 0.05; fold-change > 1.5). ChIPseeker (v1.32.1)
 37 ) was used to annotate peaks to their nearest genes and
orresponding genomic regions. GO term and KEGG path-
ay enrichment analyses were performed using DAVID web-

ools ( https:// david.ncifcrf.gov/ tools.jsp ). Promoters were de-
ned as regions with strong H3K4me3 signal and ± 3 kb
rom the transcription start sites (TSS). Active enhancers
ere defined as regions simultaneously positive for H3K4me1

nd H3K27ac modifications, but negative for H3K4me3
odification. 

dentification of bivalent promoters 

hIPseqSpikeInFree ( 38 ) was used to normalize the enrich-
ent of H3K4me3 and H3K27me3 in the promoter regions

 ±3 kb from the TSS region). Inactive genes (TPM < 5) show-
ng > 80% overlap of H3K4me3 and H3K27me3 peaks in
romoter regions were identified as bivalent genes. Promoters
were identified as strongly bivalent based on the following:
(1) H3K4me3 and H3K27me3 levels in the promoter region
exceeded average levels found in housekeeping genes; and (2)
RNA expression of related genes was low (TPM < 5). House-
keeping genes were identified using CHIPIN ( 39 ). By analyz-
ing the mean and standard deviation (SD) of the TPM val-
ues for each gene from RNA-seq dataset, the least variable
genes with the smallest SD values between primary and cul-
tured cells were obtained, classified as housekeeping genes. 

TF motif analysis 

The ‘ findMotifsGenome.pl ’ script in HOMER ( 40 ) was used
to identify potential TF motifs in specific regions. The protein–
protein association network and functional enrichment of the
identified TFs were analyzed using the STRING database ( 41 ).
Gene regions with potential SMAD3-binding motifs were pre-
dicted using the ‘ scanMotifGenomeWide.pl ’ script. 

Immunoblotting analysis 

The TSPAN33 

+ germ cells were collected by MACS. Pri-
mary and 5 day cultured TSPAN33 

+ cells were lysed in RIPA
buffer (Beyotime, P0013J) supplemented with proteinase in-
hibitor (Beyotime, P1006) and phosphatase inhibitor (Be-
yotime, P1082). Protein concentration was determined us-
ing a BCA Protein Assay Kit (Beyotime, P0012). The pro-
tein lysate was separated using 12% SDS-polyacrylamide gel
electrophoresis and transferred to a polyvinylidene difluo-
ride membrane (Bio-Rad, 162–0177). After blocking with 5%
( w / v ) non-fat dry milk in TBST for 2 h at room tempera-
ture, the membrane was incubated with respective primary
antibodies overnight at 4 

◦C, followed by incubation with the
corresponding HRP-conjugated secondary antibodies for 1 h
at room temperature. After washing with TBST buffer three
times, bands were detected using the ECL reagent (Beyotime,
P0018FS) from the ProteinSimple FluorChem system (protein
simple, Fluorchem M FM0561). All antibody information is
listed in the Supplementary Key Resources Table . 

Statistical analysis 

Differences in mRNA and protein expression levels between
primary and cultured cells, or in cells under TGF- β treatment,
were analyzed using GraphPad Prism v8 (GraphPad Software,
La Jolla, C A, US A) through the two-tailed Student’s t -test.
P < 0.05 was considered significant, with all data provided
as mean ± SD. 

Results 

Characterization of undifferentiated spermatogonia 

cell types in rhesus monkeys by scRNA-seq 

analysis based on a CSN approach 

To elucidate the molecular characteristics of undifferentiated
and differentiated spermatogonia cells, a single-cell suspen-
sion was prepared from adult rhesus monkey testes. After re-
moving most somatic cells, single germ cells with a diameter of
10–15 μm were manually collected, and cDNA was amplified
using the Smart-seq2 protocol ( 20 ). Upon examining ampli-
fied cDNA via conventional PCR, germ cells either expressing
or lacking ZBTB16 (also called PLZF ), a conserved marker of
undifferentiated spermatogonia, were subjected to scRNA-seq
(Figure 1 A). In total, 713 cell samples exhibited high sequenc-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://broadinstitute.github.io/picard/
http://epigenomegateway.wustl.edu/browser/
https://david.ncifcrf.gov/tools.jsp
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
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Figure 1. Characterization of spermatogonia cell types by scRNA-seq analysis in rhesus monkeys based on a CSN method. ( A ) Experimental workflow. 
( B ) t -SNE analysis of single-cell transcriptome identified five cell clusters (c1–c5) by the CSN method. ( C ) DPT analysis was used to infer 
pseudo-trajectories of the five cell clusters. ( D ) Entropy of each cell was estimated based on NFE analysis. Cells in c1 sho w ed the highest entropy, while 
cells in c5 sho w ed the lo w est entrop y. ( E ) DEGs w ere identified b y pairwise comparison of gene e xpression across all clusters [ P < 0.001, log 2 
(fold-change) > 0.5, minimum fraction > 0.1], and were clustered into 11 groups. Enriched GO terms and KEGG pathways for each group of DEGs were 
shown. ( F ) Expression heatmap of marker genes for different cell clusters. ( G ) Immunohistochemistry analysis of TSPAN33 in testicular sections of adult 
monk e y. T he triangles indicate TSPAN33 positiv e cells. Scale bar, 50 μm. ( H ) Immunofluorescence staining of testicular sections of adult monk e y s with 
indicated antibodies: FMR1 (in red), TSPAN33 (in red), UCHL1 (a broad marker for undifferentiated spermatogonia), UTF1 and LIN7B (markers for 
undifferentiated spermatogonia). Scale bar, 50 μm. Dashed line outlines the boundary of seminiferous tubules. Partial enlarged views were shown here, 
and the whole staining sections were seen in Supplementary Figure S2 . Also see Supplementary Figure S1 and S2 . 
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ng quality ( ∼5000 genes / cell) were used for downstream data
nalysis. In our previous work, a CSN method was formulated
o analyze scRNA-seq data ( 23 ), whereby a distinct network is
onstructed for each cell, with cell clustering and downstream
nalyses performed based on these single-cell networks ( 23 ).
ompared to conventional gene expression-based computa-

ional methodologies, the CSN approach transforms the data
rom an ‘unstable’ gene expression form to a ‘stable’ network
orm, which is more reliable for characterizing cellular state.
he CSN method can also identify important network hub
enes that are often ignored by traditional differential gene
xpression analyses ( 23 ). Through the application of CSN-
ased single-cell analysis, we identified five cell clusters (c1–
5) with distinct transcriptional states (Figure 1 B). Most of the
ells ( > 97%) expressed germ cell genes DAZL and / or DDX4
 Supplementary Figure S1 A and B), confirming their germ cell
dentity. Pseudotime ordering showed a developmental trajec-
ory from c1 to c5 (Figure 1 C). Consistently, estimation of
ellular NFE in each cluster revealed a continuous decrease in
ntropy from c1 to c5 (Figure 1 D). These findings suggest that
1 cells, with the highest differentiation potency, may be the
utative SSCs. 
To better understand the developmental phase of each cell

luster and the variations in gene expression throughout germ
ell development, a pairwise comparison of gene expression
mong clusters was performed. In total, 3836 DEGs either
nique to one of the five cell clusters or shared by adja-
ent cell clusters along pseudotime were yielded. These DEGs
ere clustered into 11 groups (Figure 1 E and Supplementary 
ata 1 ), and the representative pathways enriched for each

roup were identified. Notably, genes highly expressed in c5
2380 genes, cluster 5 group) were enriched in cilium as-
embly, flagellated sperm motility and spermatogenesis (Fig-
re 1 E and Supplementary Data 1 ). Specifically, meiosis-
pecific markers, including SYCP2 / 3 and SYCE , were pre-
ominantly detected in c5, but not in the c1–c4 cells (Fig-
re 1 F). Marker genes ( PSMA8 , PIWIL1 , CCNA1 , PRM2 )
or mouse pachytene spermatocytes to spermatids ( 42 ) were
lso highly expressed in c5 ( Supplementary Figure S1 C). In
ontrast, the pan undifferentiated spermatogonia markers in-
luding ZBTB16, UCHL1 and LIN7B were expressed in c1–
4 ( Supplementary Figure S1 D–G). These observations sug-
ested that c1–c4 cells were undifferentiated spermatogonia,
hereas c5 cells likely initiated meiosis. Of note, KIT , a well-

stablished marker for differentiated spermatogonia in hu-
ans and mice ( 11 ), showed no enriched expression pattern

n any of the cell clusters ( Supplementary Figure S1 H). KIT -
xpressing spermatogonia accounted for about 0.1% of the
tarting cell preparation ( Supplementary Figure S1 I). We rea-
oned that KIT 

+ spermatogonia were not picked for analysis,
nd lack of KIT 

+ germ cell population might partly account
or the uncontinuity between c4 and c5 cells in the develop-
ental trajectory. 
Based on further analysis of the c1–c4 undifferentiated

permatogonia cells, we found that the expression of mark-
rs indicative of early progenitor spermatogonia L1TD1 and
SB9 ( 12 ) was initiated in c3 cells and persisted in c4 cells,
hereas late progenitor spermatogonia markers ( NANOS3

nd GCNA ) and cell proliferation markers (e.g. PCNA and
KI67 ) peaked in the c4 cells (Figure 1 F). In contrast, the

on-canonical putative SSC markers, including TSPAN33 ,
IWIL4 , MSL3 , FMR1 and MORC1 , were dominantly ex-
ressed in the c1–c2 cells (Figure 1 F). These patterns sug-
gested that c1–c2 cells were potential SSCs, whereas c3 and
c4 cells were early and late progenitor spermatogonia, re-
spectively. These findings are consistent with previous reports
demonstrating the existence of different SSC states in hu-
mans ( 8 ). In line with the higher entropy value, c1 cells ex-
pressed higher levels of putative SSC markers (e.g. TSPAN33 ,
MSL3 , ZBTB43 , FMR1 , MORC1 , PIWIL4 and PHGDH )
( 8 ,11 ) compared to c2 cells (Figure 1 F and Supplementary 
Figure S1 J–P). In contrast, compared to c1 cells, a small part of
c2 cells initiated expression of early progenitor markers (e.g.
L1TD1 and ASB9 ) ( 9 ) (Figure 1 F). Thus, we concluded that
c1 cells were more primitive than c2 cells. Similarly, previous
studies in humans ( 8 ) and monkeys ( 11 ,12 ) have also reported
higher expression of these genes in a specific SSC subtype, con-
sidered as the earliest / most naïve SSCs. Overall, we identified
four subtypes of undifferentiated spermatogonia (c1–c4). The
transition from c1 to c4 represents a progressive differentia-
tion process from primitive SSCs to late progenitors. 

We next explored the potential molecular events facilitat-
ing the c1–c4 transition. Notably, c1 primitive SSCs were en-
riched in the MAPK, cell adhesion and phosphatidylinositol
3-kinase (PI3K) signaling pathways (Figure 1 E). Mitochon-
drial inner-membrane and metabolic pathways were enriched
in c3–c4 cells (progenitors) (Figure 1 E), suggesting a potential
metabolic pattern shift from glycolysis to oxidative phospho-
rylation upon early SSC differentiation. The gradual changes
in gene expression during c1 (primitive SSCs) to c3 (early pro-
genitors) transition were also assessed ( Supplementary Data 
2 ). Comparison between the c1 and c2 cells identified 533
DEGs, including 272 that were specifically or highly expressed
in c1 cells. In total, 747 DEGs were identified between c2 and
c3. Intriguingly, GO terms associated with genes that were
upregulated during c1 to c3 transition were enriched in mi-
tochondrial and metabolic processes ( Supplementary Figure 
S1 Q), supporting the significant role of metabolism in regu-
lating SSC homeostasis. 

TSPAN33 

+ undifferentiated spermatogonia are 

enriched for putative SSCs 

This and other studies consistently revealed that in mon-
keys and humans, the potential SSCs highly transcribed a list
of non-canonical marker genes including TSPAN33, FMR1,
MORC1 and PIWIL4 ( Supplementary Figure S1 J, M, N and
O) ( 8 ,11 ). The protein expressions of these genes were de-
tected in a subset of human spermatogonia which express un-
differentiated spermatogonia markers UTF1, UCHL1, but not
differentiated spermatogonia marker KIT ( 8 , 9 , 11 , 13 ). Thus,
the putative human SSCs are enriched in the undifferenti-
ated spermatogonia expressing these non-canonical marker
proteins. Because FMR1 and especially TSPAN33 were pre-
dominantly transcribed in putative monkey SSCs (c1 and c2
cells) ( Supplementary Figure S1 J and M), we examined the
identity of spermatogonia expressing the two proteins. In tes-
ticular sections of rhesus monkey, cells expressing TSPAN33
or FMR1 were located in the basal compartment of testis
tubules (Figure 1 G and H, and Supplementary Figure S2 ).
Moreover, cells expressing FMR1 / TSPAN33 also expressed
undifferentiated spermatogonia markers UTF1, UCHL1 and
LIN7B [LIN7B was identified as a marker of human SSCs
( 9 )] (Figure 1 H and Supplementary Figure S2 ). These observa-
tions suggested that germ cells expressing TSPAN33 / FMR1
were undifferentiated spermatogonia and enriched for puta-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
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tive SSCs in monkeys. Autologous transplantation or xeno-
transplantation into recipient immunodeficient mouse testis
is required for functional assessment of SSCs ( 43 ). In xeno-
transplantation experiments, putative SSCs can migrate and
colonize the basement membrane of the seminiferous tubules,
where they proliferate and survive for months but do not initi-
ate differentiation ( 43 ). In humans, TSPAN33 

+ spermatogonia
were capable of colonizing the basement membrane of sem-
iniferous tubules after xenotransplantation, indicating that
TSPAN33 

+ population is enriched for transplantable SSCs
( 11 ). Of note, TSPAN33 

− human testicular cells also displayed
colonization potential ( 11 ). This observation reconciles to the
two states of SSCs with distinct TSPAN33 expression pat-
terns. Similar to human SSCs, monkey putative SSCs (c1–c2)
also displayed heterogeneity in TSPAN33 expression. We pro-
pose that monkey TSPAN33 

+ population is enriched for trans-
plantable SSCs, even though it does not capture the entire pop-
ulation due to the heterogeneity of SSCs. It should be men-
tioned that monkey functional SSCs can only be validated by
autologous transplantation. However, due to the large amount
of cells (about 5–8 × 10 

7 cells) required for transplantation
into recipient monkeys ( 44 ), it is impractical to evaluate the
in vivo spermatogenesis potential of monkey TSP AN33 

+ sper -
matogonia by conducting autologous transplantation. 

Analyses of chromatin open status of TSPAN33 

+ 

spermatogonia identified the potential TFs 

implicated in putative SSCs regulation 

TSPAN33 is a membrane protein and TSPAN33-expressing
spermatogonia are enriched for potential SSCs. We then purify
the TSPAN33 

+ spermatogonia by FACS or MACS in order to
explore their epigenetic properties. Because TSPAN33 mRNA
expression was also detected in two types of testicular somatic
cells including macrophage and peritubular cells ( 45 ,46 ), we
conducted rounds of differential cell adhesion to remove the
testicular somatic cells before cell purification. Immunofluo-
rescence staining with TSPAN33, UCHL1, LIN7B and DDX4
on the sorted cell samples ( Supplementary Figure S3 A) re-
vealed that > 80% cells expressed DDX4, UCHL1 and LIN7B
( Supplementary Figure S3 B and C), indicating that these pu-
rified cells were predominantly SSCs. In addition, RNA-seq
analysis of purified TSPAN33 

+ cells revealed that differentia-
tion genes, including L1TD1 , GCNA , MKI67 , NANOS3 , KIT
and SYCP2 were barely expressed ( Supplementary Figure 
S3 D), further supporting that TSPAN33 labels a population
of SSCs. 

To understand the epigenetic properties of TSP AN33 

+ sper -
matogonia (enriched for putative SSCs), we considered to in-
clude the in vitro differentiating spermatogonia for compari-
son because there was no strategy to purify the early in vivo
differentiating progenitors (c3 and c4). To this end, we first
investigated whether cultured spermatogonia could resemble
the state of differentiating spermatogonia. Germ cells were
cultured in a medium optimized for the long-term expansion
of SSCs from tree shrews ( 18 ,47 ), a species phylogenetically
proximate to primates ( 48–50 ). The tree shrew SSC culture
medium with mouse LIF replaced by human LIF supported the
growth of undifferentiated monkey spermatogonia for around
1 month ( Supplementary Figure S3 E). After culture for about
1 week, undifferentiated spermatogonia formed small colonies
containing 2–4 cells. These cells were manually picked and
subject to same scRNA-seq after culture for one or two weeks.
Intriguingly, all cultured cells were homogenous and aligned 

to c3 and c4 (Figure 2 A), suggesting that cultured cells were 
molecularly similar and close to in vivo differentiating pro- 
genitors. Indeed, these cultured cells retained the expression of 
UCHL1 and ZBTB1 6, two markers of undifferentiated sper- 
matogonia ( Supplementary Figure S3 F and G). To further un- 
derstand the differences between in vivo progenitors (c3&c4) 
and in vitro cultured spermatogonia, we compared their gene 
expression profiles. Of note, only 580 DEGs were identified 

between c3&c4 and cultured cells ( Supplementary Data 3 ).
Genes decreased in cultured cells (252 genes) were preva- 
lently related to cell cycle regulation, probably reflecting the 
cellular responses to culture conditions. Genes upregulated 

in cultured cells (328 genes) were enriched in RNA splic- 
ing, DSB repair and oxidative phosphorylation (Figure 2 B 

and Supplementary Data 3 ). We also investigated the com- 
mon genes which showed down- or up-regulation during in 

vivo and in vitro differentiation. Compared to in vivo c1&c2 

SSCs, 261 common genes, including SSC signature genes (e.g.
TSPAN33 , MSL3 , PIWIL4 , MORC1 , ZBTB43 , PPP1R36 ),
were downregulated in both c3&c4 progenitors and in vitro 

cultured spermatogonia (Figure 2 C, Supplementary Figure 
S3 H and Supplementary Data 3 ). These downregulated genes 
participate in the processes including ATP metabolism, cell 
proliferation and PI3K-AKT signaling. Meanwhile, 188 com- 
mon genes (e.g. L1TD1 , NANOS3 , ASB9 ) were upregu- 
lated and involved in the key processes of SSC differentia- 
tion (e.g. mitochondrial respiratory chain complex I assembly 
and aerobic respiration) (Figure 2 C, Supplementary Figure 
S3 H and Supplementary Data 3 ). Taken together, these anal- 
yses supported that short-term culture of undifferentiated 

spermatogonia could largely mimic the in vivo progenitor 
state. 

Therefore, we cultured TSPAN33 

+ cells for 5 days to cap- 
ture the early differentiation (progenitor-like) state. Changes 
in gene expression of putative SSC markers ( TSPAN33 ,
ZBTB43 , FMR1 and MSL3 ) and differentiation markers 
( DNMT1 and MKI67 ) indicated that 5-day culture induced 

the initiation of SSC differentiation ( Supplementary Figure 
S3 I). Furthermore, bulk RNA-seq of primary and cultured 

TSPAN33 

+ cells was compared (Figure 2 D). Specifically, a 
panel of putative SSC and progenitor markers identified 

by scRNA-seq were respectively downregulated and upreg- 
ulated after culture (Figure 2 E). Pearson correlation anal- 
ysis confirmed that the cultured TSPAN33 

+ cells showed 

the highest similarity to the in vivo c3 (early progeni- 
tors) and c4 cells (late progenitors) ( Supplementary Figure 
S3 J). These findings again demonstrated that TSPAN33 

+ 

cells cultured for 5 days showed high resemblance to in 

vivo progenitor cells. Comparing the molecular properties of 
TSPAN33 

+ cells prior to and after 5 days of culture could 

help understand the epigenetic characteristics of putative 
SSCs. 

Gene expression profile comparisons between monkey 
primary and cultured TSPAN33 

+ cells identified 7725 DEGs 
[3499 genes higher in primary cells and 4226 genes higher 
in cultured cells (adjusted P < 0.05, fold-change ≥ 1.5)] 
( Supplementary Figure S3 K and Supplementary Data 4 ). GO 

term analysis revealed that genes showing higher expression 

in primary cells were involved in processes such as immune 
response, cell adhesion and ERK cascade, whereas genes with 

higher expression in cultured cells were enriched in processes 
related to translation, cell cycle, DNA replication and mito- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1013#supplementary-data


Nucleic Acids Research , 2024 9 

Figure 2. Analyses of chromatin open status of undifferentiated spermatogonia identified the potential TFs for stem cell maintenance. ( A ) scRNA-seq 
analy sis sho w ed that in vitro cultured cells w ere close to in viv o c3 and c4 cells. ( B ) DEGs and enriched GO terms / KEGG pathw a y s betw een in viv o 
c3&c4 cells and in vitro cultured cells. ( C ) DEGs and enriched GO terms / KEGG pathw a y s among in vivo c1&c2, c3&c4 cells and in vitro cultured cells. ( D ) 
Experimental w orkflo w. ( E ) Expression changes of mark er genes of spermatogonia in TSPAN33 + germ cells bef ore and after 5 da y s of culture. ( F ) GO 

terms and KEGG pathw a y s enriched in DEGs between primary and cultured TSPAN33 + cells. ( G ) Heatmap of differential open chromatin signals in 
promoter regions and associated gene expression levels. Enriched GO terms and KEGG pathways for DEGs are shown. ( H ) TFs identified by motif 
enrichment analysis of differential open chromatin regions in primary and cultured TSP AN33 + cells, respectively . Also see Supplementary Figures S3 –S5 . 
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chondrial electron transport, which were highly relevant to
spermatogonia differentiation (Figure 2 F and Supplementary 
Data 4 ). Notably, IL6 , IL6R , LIF and LIFR were
highly expressed in primary cells (Figure 2 E), suggesting
that the signals evoked by IL6 and LIF were more active in
primary TSPAN33 

+ cells (enriched for SSCs). 
A T AC-seq was then conducted to profile open chromatin.

On average, 53 806 and 42 826 peaks with an open chro-
matin signal were identified in primary and cultured sper-
matogonia, respectively ( Supplementary Figure S4 A). Most
peaks ( > 80%) were distributed at the distal intergenic re-
gions, while 15% peaks were located at the promoter re-
gion ( Supplementary Figure S4 A). In total, 11 877 differen-
tial peaks were identified between the primary and cultured
TSPAN33 

+ spermatogonia (2689 peaks with a stronger sig-
nal in primary cells, and 9188 peaks with a stronger signal
in cultured cells, P < 0.05, fold-change > 1.5). Among these
differential peaks, about 40% were in the promoter regions,
30% were in the distal intergenic regions and 20% were in
the intron regions ( Supplementary Figure S4 B). 

We next focused on the differential open chromatin peaks
located in the promoter regions ( ± 3 kb from the TSS)
and associated with DEGs. In total, 796 and 1436 chro-
matin regions predominantly opened in the primary and cul-
tured TSPAN33 

+ cells, respectively . Intriguingly , the open re-
gions in the primary cells regulated genes involved in tu-
mor necrosis factor (TNF) signaling, immune responses, IL6
production, MAPK signaling and ERK cascades (Figure 2 G
and Supplementary Data 5 ). The immune responses, such
as IL-6 and IL-1 β signaling, have been shown to play crit-
ical role in reprograming and protect stem cells from cyto-
toxic stress ( 51 ,52 ). Motif enrichment analysis of the spe-
cific open regions in primary TSPAN33 

+ cells identified vari-
ous TFs including SMAD2 / 3 (Figure 2 H and Supplementary 
Data 5 ). The genome browser snapshots of A T AC-seq re-
sults for several genes ( RELT , NCF2 , MFNG, SLC43A3 ) con-
taining SMAD2 / 3 binding motifs at promoter regions were
shown ( Supplementary Figure S5 A–D). Notably, GO term and
KEGG pathway analyses of the TFs identified several poten-
tially active pathways, including TGF- β and MAPK, in the pri-
mary cells ( Supplementary Figure S5 E). For instance, SMAD2,
TGIF1, SMAD4, SMAD3 and SP1 are key components of
TGF- β signaling, while ELK1, ELK4, A TF2, A TF4 and FOS
are involved in MAPK signaling ( Supplementary Figure S5 E
and Supplementary Data 5 ). 

We then went on to investigate whether some of
these regulators were preferentially expressed or acti-
vated in subset of putative monkey SSCs in vivo . Co-
immunofluorescent staining showed that phosphorylated
SMAD2 / 3 (p-SMAD2 / 3), which bind to DNA, were widely
detected in germ cells. However, some UCHL1-expressing
cells showed stronger p-SMAD2 / 3 signal ( Supplementary 
Figure S5 F). LIN7B is another marker of c1–c4 un-
differentiated spermatogonia ( Supplementary Figure S1 G)
and encodes a membrane protein (Figure 1 H). We en-
riched two subtypes of undifferentiated spermatogonia,
LIN7B 

+ TSPAN33 

+ and LIN7B 

+ TSPAN33 

−. Immunoblot-
ting analysis revealed that LIN7B 

+ TSPAN33 

+ spermato-
gonia, which is more primitive than LIN7B 

+ TSPAN33 

−

cells ( Supplementary Figure S1 G and J), contained higher
level of p-SMAD2 / 3 and FOS ( Supplementary Figure S5 G).
These observations suggested that some of the identified
regulators, for instance p-SMAD2 / 3 and FOS, were in-
deed preferentially expressed in primitive undifferentiated 

spermatogonia. 

Primary TSPAN33 

+ spermatogonia enriched for 
SSCs contain high levels of active histone 

modifications and low levels of repressive histone 

modifications 

Gene expression is regulated by epigenetic modifications to 

DNA and histones. To elucidate the landscapes of major hi- 
stone H3 modifications in monkey putative SSCs and iden- 
tify the epigenetic characteristics relevant to stem cell iden- 
tity, CUT&Tag sequencing was used to analyze H3K4me1,
H3K4me3, H3K27me3, H3K27ac and H3K9me3 modifi- 
cations in primary and cultured TSPAN33 

+ spermatogonia 
( Supplementary Figure S6 A). The profiles of histone mod- 
ifications, with the exception of H3K9me3, exhibited high 

consistency across two biological replicates ( Supplementary 
Figure S6 B). The distribution patterns of each histone mod- 
ification in both primary and cultured cells were summa- 
rized ( Supplementary Figure S6 C). Most peaks of H3K4me3,
which is indicative of active gene transcription ( 53 ), were 
located in the promoter regions, accounting for > 60% in 

primary cells and > 30% in cultured cells ( Supplementary 
Figure S6 C). Most peaks for H3K4me1 and H3K27ac, which 

are indicative of enhancer regions ( 54 ), were identified in 

the distal intergenic (H3K4me1 and H3K27ac) and intronic 
regions (H3K27ac) ( Supplementary Figure S6 C). Although 

H3K27me3 and H3K9me3 act to silence genes ( 53 ), they dis- 
played distinct genomic distribution patterns ( Supplementary 
Figure S6 C). 

Upon comparing global histone modification between pri- 
mary and cultured TSPAN33 

+ spermatogonia, we found that 
primary cells contained higher levels of active histone mod- 
ifications (H3K27ac, H3K4me1 and H3K4me3) and lower 
levels of repressive histone modifications (H3K9me3 and 

H3K27me3). Notably, the levels of H3K4me1, H3K4me3 

and H3K27me3 differed significantly (Figure 3 A). The 
KMT2A / B / C / D enzymes catalyze methyl transfer at histone 
H3K4 at promoters (KMT2A / B) or enhancers (KMT2C / D),
while the KDM5A / B enzymes facilitate rapid demethylation 

of H3K4me3. Polycomb repressive complex 2 (PRC2) is a 
writer of H3K27me3 ( 16 ). In line with the histone modifica- 
tion change patterns, RNA-seq data revealed that KMT2C / D 

showed relatively higher expression in primary TSPAN33 

+ 

cells than in cultured cells, whereas KDM5A / B showed much 

lower expression in primary than in cultured cells. Addition- 
ally, an increase in the expression of EZH2, the catalytic sub- 
unit of PRC2, was observed after culture (Figure 3 B). The ex- 
pression changes of KMT2D , KDM5B and EZH2 were vali- 
dated by qRT-PCR analysis (Figure 3 C). Intriguingly, analysis 
using scRNA-seq data also showed that KDM5B and EZH2 

expression increased during the transition from c1 (putative 
SSCs) to c5 ( Supplementary Figure S7 ). These findings suggest 
that similar patterns of histone modification changes may oc- 
cur during in vivo SSC differentiation. To test this hypothesis,
we performed co-immunostaining on monkey testicular sec- 
tions. Intriguingly, H3K4me3 was detected in UCHL1 

+ cells,
and the intensity of UCHL1 and H3K4me3 exhibited positive 
correlation (Figure 3 D). While H3K27me3 signal was barely 
detected in UTF1 

+ cells, obvious staining was seen in differen- 
tiated germ cells including KIT 

+ cells and sertoli cells (Figure 
3 E). These results support the notion that monkey SSC differ- 
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Figure 3. Histone modification changes between primary and cultured monkey TSPAN33 + cells. ( A ) Comparison of overall histone modification levels 
between primary and cultured monkey TSPAN33 + cells. Scale factor was counted by ChIPseqSpikeInFree. ( B ) Expression levels of key genes regulating 
histone modifications in primary and cultured monk e y TSPAN33 + cells. ( C ) qRT-PCR analysis of genes regulating histone modifications in primary and 
5-day cultured TSPAN33 + cells. The relative expression levels of each gene were normalized by GAPDH . ( D ) Immunofluorescence staining of testicular 
sections of adult monk e y s with H3K4me3 and UCHL1 (a broad marker for undifferentiated spermatogonia). Scale bars, 50 μm. ( E ) Immunofluorescence 
staining of testicular sections of adult monk e y s with H3K27me3, UTF1 (marker for undifferentiated spermatogonia) and KIT (marker for differentiated 
spermatogonia). Scale bars, 50 μm. ( F ) Heatmap of differential H3K4me3 signals (fold-change > 1.5, P < 0.05) at promoter regions between primary and 
cultured monk e y TSPAN33 + cells. R elated c hromatin open status and gene-enric hed GO / KEGG pathw a y s are sho wn. ( G ) Immunoblotting analy sis 
re v ealed that AMPK phosphorylation (p-AMPK) was higher in primary TSPAN33 + germ cells than in cultured TSPAN33 + germ cells. Left panel shows 
images, right panel shows quantification of p-AMPK level normalized to GAPDH. ( H ) TFs enriched in differential H3K4me3 promoter regions in primary 
and cultured TSP AN33 + cells, respectively . ( I ) Heatmap of active enhancer regions in primary and cultured monk e y TSPAN33 + cells. GO / KEGG pathw a y s 
enriched in enhancer-associated genes. ( J ) Immunoblotting analysis revealed that AKT phosphorylation (p-AKT) level was higher in primary TSPAN33 + 

germ cells than in cultured TSPAN33 + germ cells. Left panel shows image, right panel shows quantification of p-AKT le v el normaliz ed to G APDH. ( K ) TFs 
enriched in specific enhancers of primary and cultured TSPAN33 + cells, respectively. In panels (C), (G) and (J), data are shown as mean ± SD from three 
independent replicates. * P < 0.05; ** P < 0.01; *** P < 0.001; ns, not significant; t wo-t ailed Student’s t -test. Also see Supplementary Figures S6 –S8 . 
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entiation is accompanied by the loss of H3K4me3 and gain
of H3K27me3 modification. In sharp contrast, H3K27me3
displays global loss during spermatogonia differentiation in
mice. H3K27me3 is an epigenetic hallmark of mouse SSCs
and maintains the self-renewal state by suppressing the dif-
ferentiation program ( 55 ). The different change patterns of
H3K27me3 between primates and rodents highlight the dis-
tinct regulatory mechanisms of spermatogonia differentia-
tion. Future studies should be performed to illustrate whether
H3K27me3 regulates spermatogonia differentiation by sup-
pressing self-renewal program in primates. 

Promoter s, acti ve enhancer s and potential 
regulators in putative SSCs 

H3K4me3 at promoter regions is instrumental in the regu-
lation of RNA polymerase II pause-release, ensuring tran-
scription elongation and output ( 56 ). Moreover, H3K4me3
counteracts DNA methylation and other repressive histone
modifications, such as H3K9me3 ( 57 ,58 ). Thus, H3K4me3
modification at the promoter regions was closely investigated.
In total, 9740 promoter regions showed significantly different
H3K4me3 levels between primary and cultured TSPAN33 

+

cells (fold-change > 1.5, P < 0.05). Among these regions,
7526 promoters (corresponding to 6288 genes) with higher
levels of H3K4me3 were detected in the primary cells (Figure
3 F, Supplementary Figure S8 A and Supplementary Data 6 ).
These promoters were associated with genes involved in vari-
ous biological processes, including autophagy, FOXO, AMPK
and MAPK signaling and insulin resistance pathways (Figure
3 F and Supplementary Data 6 ). Some of these processes are
enriched in undifferentiated spermatogonia ( 7 ). Specifically,
AMPK is a central regulator of metabolic homeostasis by
promoting catabolic pathways (e.g. autophagy) ( 59 ). Im-
munoblotting analysis validated that AMPK activity was
higher in primary TSPAN33 

+ spermatogonia than in cultured
spermatogonia (Figure 3 G), suggesting that in vivo putative
SSCs might possess higher AMPK activity compared to
germ cells at advanced developmental stages. Intriguingly, al-
though these promoter regions contained differential level of
H3K4me3 between primary and cultured cells, they showed
similar open chromatin status (Figure 3 F), indicating that
loss of H3K4me3 modification may be an early event driving
gene expression changes and SSC differentiation. Compared
to primary cells, 2214 promoters (corresponding to 1417
genes) exhibiting high levels of H3K4me3 were identified in
the cultured cells (Figure 3 F, Supplementary Figure S8 A and
Supplementary Data 6 ). These promoters are associated with
genes involved in synaptic transmission and axon guidance
(Figure 3 F and Supplementary Data 6 ). Subsequent motif
enrichment analysis of these differentially modified promoter
regions identified a list of potential motifs and binding TFs in
the primary and cultured cells, respectively (Figure 3 H and
Supplementary Data 6 ). Interestingly, TFs enriched in primary
cells were predicted to participate in TGF- β signaling, mi-
tophagy and JAK-ST A T cascades ( Supplementary Figure S8 B).
For instance, SP1 transcriptional activity can be modulated by
a wide range of signaling pathways, including MAPK / ERK,
MAPK / p38, JAK / ST A T and PI3K / AKT ( 60 ,61 ), while
ST A T3 is an integral component of the JAK-ST A T
pathway. 

Enhancers are pivotal for the regulation of gene expres-
sion and can function at long distance. Active enhancers can
be distinguished by the combined presence of H3K4me1 and 

H3K27ac modifications. Here, 13 633 and 8955 active en- 
hancers (enhancers hereafter) were identified in the primary 
and cultured cells, respectively (Figure 3 I, Supplementary 
Figure S8 C and Supplementary Data 7 ). As no 3D–chromatin 

interaction data are currently available for undifferenti- 
ated spermatogonia of rhesus monkeys, we preliminarily de- 
fined nearby genes ( ±150 kb) as potential target genes of 
these enhancers, yielding 5067 and 3647 associated genes 
in the primary and cultured TSPAN33 

+ cells, respectively 
( Supplementary Data 7 ). The associated genes in the primary 
cells were involved in PI3K signaling, inflammatory response,
IL6 and IL17 production, autophagy and TGF- β signaling 
(Figure 3 I and Supplementary Data 7 ). Among these signals,
we validated that PI3K activity, monitored by the phospho- 
rylation of its effector AKT (p-AKT), was higher in primary 
TSPAN33 

+ spermatogonia than in cultured cells (Figure 3 J).
The associated genes in the cultured cells were enriched in 

axon guidance, MAPK signaling, cell differentiation, VEGF 

pathway and mTOR signaling (Figure 3 I and Supplementary 
Data 7 ). Of note, elevated mTOR signaling is known to in- 
duce SSC differentiation in mice ( 62 ). We then performed mo- 
tif enrichment analysis and identified potential binding TFs 
on these enhancers in primary and cultured cells (Figure 3 K 

and Supplementary Data 7 ). Notably, RUNX1, which is ex- 
pressed in primary TSPAN33 

+ cells and the transcription level 
decreased after culture ( Supplementary Figure S8 D), was sig- 
nificantly enriched in enhancers of primary cells (Figure 3 K).
RUNX1 binds to enhancers and fine-tunes the balance among 
cell proliferation, differentiation and cell cycle exit in mul- 
tiple tissue stem cells, including hematopoietic, hair follicle,
mammary, gastric and neural crest stem cells ( 63 ). Thus, we 
speculated that RUNX1 may also play roles in controlling the 
behavior of monkey putative SSCs. Taken together, our study 
elucidated the landscape of several key histone modifications 
and identified promoters and active enhancers in rhesus mon- 
key putative SSCs. Importantly, we predicted potential TFs 
and signaling pathways that may play essential roles in sus- 
taining putative SSC identities. 

Bivalent modification of stem cell regulators during 

early -stage dif ferentiation 

Bivalency refers to the co-occurrence of H3K4me3 and 

H3K27me3 at the promoters of developmental genes charac- 
terized by low expression, and is a key feature of germline 
cells, embryonic stem cells and other tissue stem and progen- 
itor cells ( 64 ,65 ). Bivalent modification of promoters primes 
key regulatory genes for future activation or repression, serv- 
ing as a mechanism to maintain epigenetic plasticity ( 64 ,65 ).
Here, we analyzed bivalent modifications in primary and cul- 
tured TSPAN33 

+ cells. Bivalent promoters were determined 

based on the following criteria: (1) Over 80% overlap of 
H3K4me3 and H3K27me3 peaks within the promoter region 

( ±3 kb from the TSS region); and (2) Low RNA expression 

level of related genes (TPM < 5). A total of 1530 and 4850 

regions (corresponding to 1514 and 4686 genes) were catego- 
rized as bivalent promoters in the primary and cultured cells,
respectively (Figure 4 A and Supplementary Data 8 ). An in- 
depth examination of the strong bivalent modifications was 
conducted, focusing on signals surpassing the average peaks 
of H3K4me3 and H3K27me3 in housekeeping genes ( 66 ). A 

total of 124 and 634 promoter regions (corresponding to 124 
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Figure 4. Bivalent modification of stem cell regulators during early differentiation. ( A ) Plots of H3K4me3 and H3K27me3 levels for bivalent genes 
identified in primary and cultured monk e y TSPAN33 + cells. Highlighted spots represent genes with strong bivalent modification. ( B ) Pathways enriched 
in strong bivalent genes in primary and cultured monkey TSPAN33 + cells. ( C ) Heatmap of H3K27me3, H3K4me3 and RNA expression levels for strong 
bivalent genes exhibiting bivalency status change (H3K27me3 fold-change > 1.5) between primary and cultured TSPAN33 + cells. GO / KEGG pathways 
enriched in corresponding genes are shown. ( D–G ) Snapshots of genome browser showing distributions of histone modifications and RNA levels of 
genes including TFEB ( D ), PPARG ( E ), LCK ( F ) and HCK ( G ). Genome browser view scales were adjusted based on global data range. Cul, cultured cells; 
Pri, primary cells. * P < 0.05; *** P < 0.001, from RNA-seq data sho w ed in Supplementary Data 4 . 
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and 632 genes) with strong bivalent modification were iden-
tified in the primary and cultured cells, respectively (Figure
4 A and Supplementary Data 8 ). The strong bivalent genes
identified in the primary TSPAN33 

+ cells were involved in de-
velopmental events and H3K9 methylation, while those iden-
tified in the cultured cells were enriched in calcium, Wnt,
mTOR, Hippo, Notch, insulin and BMP signaling (Figure 4 B
and Supplementary Data 8 ). 

Within the cohort of strong bivalent genes, genes with alter-
ations in bivalency status (H3K27me3 fold-change > 1.5) be-
tween primary and cultured cells were further assessed. Specif-
ically, 11 genes presented a decline in H3K27me3 modifica-
tion and a corresponding increase in RNA expression fol-
lowing culture (Figure 4 C), with several implicated in dif-
ferentiation events. For instance, MAP1B is a key regulator
of axon guidance and neuronal differentiation ( 67 ), PI4KA
is a key regulator of erythroid cell differentiation ( 68 ) and
MVK is a primary modulator of keratinocyte differentia-
tion ( 69 ). Thus, bivalency appears to repress the expres-
sion of differentiation genes in monkey undifferentiated sper-
matogonia enriched for SSCs. In contrast, 107 genes dis-
played an increase in H3K27me3 modification and a de-
crease in RNA expression following culture (Figure 4 C and
Supplementary Data 8 ). Intriguingly, several biological pro-
cesses significantly represented in primary cells (e.g. inflam-
matory response, calcium and PPAR signaling) were also en-
riched in these genes (Figure 4 C and Supplementary Data 8 ).
Specifically, c1 cell (putative SSCs)-prevalent genes TFEB and
PPARG ( Supplementary Data 1 ), which regulate lysosomal
function and metabolism ( 70 ,71 ), exhibited increased bivalent
modification post-culture (Figure 4 D, E). TFEB is a major ef-
fector of AMPK ( 59 ), whose activity was high in TSPAN33 

+

undifferentiated spermatogonia (Figure 3 G). Previous studies
on hematopoietic stem cells have underscored the critical roles
of TFEB and PPARG in preserving stem cell identity and pro-
moting stem cell self-renewal ( 70 ,71 ). Moreover, genes in the
Src family, including LCK and HCK , also showed increased
bivalent modification post-culture (Figure 4 F and G). Src fam-
ily kinases were shown to be activated by GDNF, and played
roles in self-renewal of mouse SSCs ( 72 ). These observations
suggest that bivalency functions as a means to repress stem cell
maintenance regulators and pathways in a reversible manner
during early differentiation, potentially granting early progen-
itor cells with plasticity to de-differentiate and revert to a stem
cell state. 

Key TFs regulating signature gene expression in 

putative SSCs 

Using in vitro cultured TSP AN33 

+ cells (progenitor -like cells)
for comparison, we identified a list of TFs and signaling path-
ways implicated in regulation of putative SSCs. In vivo scRNA
expression data were also used to elucidate the regulators of
SSCs. ScRNA-seq identified 545 signature genes in c1 cells
(primitive SSCs) ( Supplementary Data 1 ). Signature genes are
highly relevant to cell identity and their upstream regulators
may provide insights into cell identity regulation. Thus, the
promoters and enhancers of the 545 signature genes of c1
cells were investigated using the H3K4me3, H3K4me1 and
H3K27ac profiling data obtained from fresh TSP AN33 

+ sper -
matogonia (primary cells). 

H3K4me3 peaks at promoter regions were detected in 456
of the 545 c1 signature genes ( Supplementary Data 9 ). Mo-
tif enrichment analysis identified 24 motifs and TFs in these 
regions ( Supplementary Data 9 ). Of interest, the motif for 
peroxisome proliferator -activated receptor - α (PP ARA) ranked 

the highest (Figure 5 A). PPARA, along with PPARG, belongs 
to the PPAR family and regulates the transcription of genes 
involved in lipid and glucose metabolism ( 73 ). It also acti- 
vates autophagy by directly binding to and regulating the tran- 
scription of core autophagy machinery gene loci ( 74 ). For in- 
stance, TFEB, a master regulator of lysosomal biogenesis, is a 
direct target of PPARA ( 75 ). To further understand the regu- 
latory modules of primitive undifferentiated spermatogonia, a 
protein–protein network was constructed for these TFs using 
the STRING database ( 41 ). Functional enrichment analysis of 
the network indicated that the TFs participated in metabolic 
processes, SMAD binding and cell fate commitment (Figure 
5 B). Similarly, active enhancers were detected for 185 of the 
545 c1 signature genes ( Supplementary Data 9 ), with subse- 
quent motif enrichment analysis identifying 68 motifs and TFs 
( Supplementary Data 9 ). The most significantly enriched TFs,
including HOXA2, FOSL2, JUN, FOS, JUNB and NFKB1 

(Figure 5 C), were also hub factors in the protein–protein reg- 
ulatory network, with predominant enrichment in metabolic 
processes (Figure 5 D). 

Overlapping the regulatory TFs in putative SSCs enriched 

by using in vitro cultured TSPAN33 

+ cells for comparison or 
by analyzing the signature genes of c1 cells, 7 and 24 com- 
mon regulatory TFs were identified to potentially bind to the 
promoter or enhancer regions of monkey putative SSCs, re- 
spectively (Figure 5 E). Subsequent protein–protein network 

construction and functional enrichment analysis revealed that 
hub TFs, including FOS, ETS1, JUNB, ATF3 and SMAD4,
were significantly enriched in the TGF- β signaling pathway 
(Figure 5 F). 

Multi-omics analyses reveal activation of TGF- β
signaling in monkey putative SSCs 

Among the TFs identified through motif enrichment anal- 
yses, SMAD2 / 3 / 4, key components of the TGF- β signal- 
ing pathway, were consistently and predominantly enriched 

in putative SSCs (Figures 2 H, 3H , 5B and 5F), suggesting 
that TGF- β signaling may be active in monkey SSCs. Simi- 
larly, in humans, primitive SSCs exhibit elevated expression 

of TGF- β receptors ( TGFBR1 and TGFBR2 ) ( 14 ), whereas,
in mice, TGF- β receptors are detected in differentiated sper- 
matogonia preparing for meiotic entry ( 11 ). These differen- 
tial expression patterns suggest diverse functions of TGF- 
β signaling in spermatogenesis in rodents and primates. To 

further characterize TGF- β signaling, we analyzed scRNA- 
seq data and showed that TGFBR1 expression was high- 
est in the c1 cells (putative SSCs) compared to the other 
cell clusters (Figure 6 A). Multi-omics analysis of primary 
versus cultured monkey TSPAN33 

+ spermatogonia also sug- 
gested the active expression of TGFBR1 in primary cells 
(Figure 6 B), as validated by qRT-PCR (Figure 6 C) and im- 
munoblotting (Figure 6 D). The TGF- β pathway activation 

can be monitored through SMAD2 / 3 phosphorylation (p- 
SMAD2 / 3) ( 76 ). Indeed, the phosphorylation of SMAD2 / 3 

(p-SMAD2 / 3) was higher in primary TSPAN33 

+ cells than in 

cultured cells (Figure 6 D). Altogether, these lines of evidence 
support the activation of TGF- β signaling in monkey putative 
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Figure 5. K e y TFs regulating signature gene e xpression in primitiv e undifferentiated spermatogonia (c1 cells) in monk e y s. ( A ) Top TFs enriched in 
promoters of c1 signature genes. ( B ) Protein–protein association and functional enrichment analyses of TFs potentially enriched at the c1 signature gene 
promoters. Value of false discovery rate (FDR) is shown for pathways. ( C ) Top TFs enriched in active enhancers of c1 signature genes. ( D ) 
Protein–protein association and functional enrichment analyses of TFs identified at active enhancers of c1 signature genes. FDR is indicated for 
pathw a y s. ( E ) Venn diagram of TFs. In vivo , TFs identified at promoters / enhancers of c1 signature genes; in vitro , TFs enriched in specific 
promoters / enhancers of primary TSPAN33 + cells compared with cultured TSPAN33 + cells. ( F ) Protein–protein association and functional enrichment 
analyses of common regulatory TFs identified in ( E ). FDR is shown for enriched pathways. 
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Figure 6. TGF- β signaling promotes the in vitro expansion of undifferentiated spermatogonia. ( A ) Expression plots of TGFBR1 in five cell clusters. 
Expression data were from our scRNA-seq. ( B ) Snapshots of genome browser showing distributions of histone modifications, chromatin open status 
and RNA le v els of TGFBR1 in primary (Pri) and cultured (Cul) monk e y TSPAN33 + cells. Genome bro wser vie w scales w ere adjusted based on global data 
range. ( C ) qRT-PCR analysis of relative TGFBR1 expression (normalized by GAPDH ) in primary and 5-day cultured TSPAN33 + cells. ( D ) Immunoblotting 
analysis of TGFBR1 and phosphorylated SMAD2 / 3 levels in primary TSPAN33 + germ cells and cultured TSPAN33 + germ cells. Upper panel shows 
image and lo w er panel shows quantification normalized to GAPDH. ( E ) Expression changes of spermatogonia markers in TSPAN33 + cells cultured for 13 
da y s with or without TGF- β treatment (1 ng / mL). ( F ) PCA of primary TSPAN33 + cells, TSPAN33 + cells cultured for 5 days and TSPAN33 + cells cultured 
for 13 days with or without TGF- β treatment. ( G ) DEGs among three cell groups (primary TSPAN33 + cells, TSPAN33 + cells cultured for 13 days with or 
without TGF- β treatment) were classified into six clusters (c1–c6). ( H ) GO terms / KEGG pathways enriched in DEGs in c1-c3. ( I ) Bright views of cells 
cultured with or without TGF- β treatment. Scale bars, 50 μm. ( J, K ) TGF- β treatment increased spermatogonia proliferation in culture. Cell numbers ( J ) 
and cell number fold changes between groups with or without TGF- β treatment ( K ) were shown. ( L ) Immunofluorescence staining of FMR1 protein in 
germ cells cultured with or without TGF- β for 29 days ( left ). The numbers and the percentages of FMR1 + cells in colonies (14 cell colonies for each 
culture condition) were analyzed ( right ). Scale bars, 50 μm. ( M ) Heatmap of RNA expression levels of TGF- β target genes. GO terms and KEGG 

pathw a y s enriched in TGF- β up or downregulated targets. In panels (C), (D), (J), (K) and (L), data are shown as mean ± SD from three independent 
replicates. * P < 0.05; ** P < 0.01; *** P < 0.001; t wo-t ailed Student’s t -test. Also see Supplementary Figure S9 . 
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GF- β signaling promotes the in vitro expansion of 
utative SSCs 

o clarify the function of TGF- β signaling in monkey pu-
ative SSCs, TGF- β was added in the culture medium, with
ts impacts on gene expression and spermatogonia prolif-
ration then examined. TSPAN33 

+ spermatogonia were en-
iched by magnetic beads and cultured in medium supple-
ented with or without 1 ng / mL TGF- β. Cells were har-

ested after 5 and 13 days in culture, respectively, for down-
tream examination. Based on qRT-PCR analysis, supplement-
ng TGF- β for 13 days significantly increased the transcrip-
ion of undifferentiated spermatogonia marker genes, includ-
ng TSPAN33 and MSL3 ( Supplementary Figure S9 A). RNA-
eq was further conducted to compare the gene expression
rofiles of cells cultured for 13 days with or without TGF-
treatment. In total, 1622 DEGs were identified, including

76 downregulated genes and 946 upregulated genes in the
resence of TGF- β (adjusted P < 0.05, fold-change > 1.5)
 Supplementary Figure S9 B and Supplementary Data 10 ).
pecifically, TGF- β treatment increased the expression of mul-
iple markers of undifferentiated spermatogonia (Figure 6 E).

KI67 , a marker of cell proliferation, was also increased by
GF- β treatment (Figure 6 E). Genes upregulated by TGF- β
ere involved in phagocytosis, IL6 and TNF production, ERK

ascade and immune response ( Supplementary Figure S9 B
nd Supplementary Data 10 ). To better understand the ef-
ect of TGF- β on culture, we included the RNA-seq of pri-
ary TSPAN33 

+ cells for comparison. PCA showed that com-
ared to cultured cells without TGF- β treatment, cells cul-
ured with TGF- β were closer to primary cells (Figure 6 F).
EGs among the three groups were classified into six clus-

ers (Figure 6 G and Supplementary Data 11 ). Compared to
rimary TSPAN33 

+ cells, culture for 13 days without TGF-
induced the expression changes of 16 088 genes (c1–c5).
f note, supplying TGF- β in culture could completely (c1)
r partially (c2, c3) reverse the expression changes of 47%
ffected genes (c1–c3). Specifically, c3 genes involved in bi-
logical processes including IL6 and TNF production, lyso-
ome, JAK-ST A T signal, PI3K and PPAR pathways, were
ighly expressed in primary TSPAN33 

+ spermatogonia and
ctivated by TGF- β (Figure 6 H). These lines of evidence sug-
ested that TGF- β signal might play beneficial role on monkey
SCs. 

We then assessed the effect of TGF- β signal on the prolif-
ration of monkey undifferentiated spermatogonia in culture.

agnetic beads enriched TSPAN33 

+ cells were cultured with
r without 1 ng / mL TGF- β, and cell counts were analyzed at
ays 5, 13 and 29. Cell division and colonies were observed
t about day 8, and active cell proliferation could be observed
uring days 5–15 (Figure 6 I–K). At days 13 and 29, the ad-
ition of TGF- β led to an increase in total cell number when
ompared to culture without TGF- β at each time-point (Fig-
re 6 J and K). The cultured TSPAN33 

+ cells were all positive
or DDX4 at day 29 ( Supplementary Figure S9 C). Moreover,
he numbers and proportions of FMR1 

+ undifferentiated sper-
atogonia in colonies were significantly increased by treat-
ent with TGF- β (Figure 6 L). Consistently, TGF- β treatment

or 29 days resulted in an increase in the mRNA expression
evels of undifferentiated spermatogonia markers ( TSPAN33,
BTB43 and MSL3 ) ( Supplementary Figure S9 D). Taken to-
ether, these findings demonstrate that TGF- β signaling stimu-
ates the self-renewal of monkey undifferentiated spermatogo-
ia. With addition of TGF- β, monkey spermatogonia colonies
could be seen after 8–9 weeks of culture. However, few
colonies were observed after 5–6 weeks of culture without
TGF- β. 

The TGF- β signaling pathway is mediated by SMAD2 / 3 / 4.
We identified 1512 potential SMAD2 / 3 / 4 target genes, which
contained either one of the SMAD2 / 3 / 4 binding motifs in
the promoter region and displayed altered expression upon
TGF- β treatment in culture (Figure 6 M and Supplementary 
Data 10 ). Among the targets, 907 genes were upregulated by
TGF- β and were enriched in phagocytosis, TNF production,
MAPK activity, lysosome, PPAR signaling and PI3K activity
(Figure 6 M and Supplementary Data 10 ). Notably, these bi-
ological processes were also highly represented in TSPAN33 

+

undifferentiated spermatogonia (Figure 2 F). Conversely, 605
potential target genes were downregulated by TGF- β and en-
riched in Hippo signaling, glutathione metabolism, axon guid-
ance, cell migration, calcium signaling and cell differentiation
(Figure 6 M). Taken together, these results suggest that TGF- β
might function by activating and suppressing numerous gene
expressions to regulate self-renewal of monkey SSCs. 

Discussion 

Due to the scarcity of human testicular samples, studies on
the regulation of human SSC homeostasis are very limited.
Although several recent studies have depicted gene expres-
sion changes during the whole spermatogenesis process in hu-
mans and monkeys ( 7–9 , 11 , 12 ), little is known regarding epi-
genetic characteristics in human or monkey SSCs, despite sim-
ilarities in the properties and spermatogenesis processes of
SSCs between these species ( 10–12 ). In this study, the open
chromatin status, major histone modifications (H3K4me1,
H3K4me3, H3K27me3, H3K27ac and H3K9me3) and dis-
tribution of genome-wide promoters and active enhancers in
rhesus monkey putative SSCs were explored. Epigenetic differ-
ences between primary TSPAN33 

+ cells (enriched for putative
SSCs) and cultured cells (resembling differentiating progeni-
tors) were assessed, as were the regulatory elements of mon-
key putative SSC signature genes. Results identified a list of
TFs and signaling pathways (e.g. PI3K-AKT, JAK-ST A T and
TGF- β signaling pathways) potentially implicated in regulat-
ing SSC self-renewal. Notably, the activation of TGF- β sig-
naling in monkey SSCs was confirmed. Evidence supporting
its role in promoting self-renewal of monkey SSCs was also
provided. Taken together, our study generated comprehensive
information on the regulation of monkey SSC homeostasis, of-
fering critical insights into the optimization of culture condi-
tions for long-term expansion of human SSCs. In addition, we
identified the distinct role of H3K27me3 in regulating sper-
matogenesis in monkey and mouse. During spermatogonia
differentiation, H3K27me3 level is decreased in mouse, but
increased in monkey. H3K27me3 is an epigenetic hallmark of
mouse SSCs and maintains the self-renewal state by suppress-
ing the differentiation program ( 55 ). However, H3K27me3 is
low in monkey SSCs and might play roles in differentiation. 

After 5 days of culture, TSPAN33 

+ cells lost their stem cell
properties, instead resembling in vivo progenitor cells. These
progenitor-like cells underwent several rounds of prolifera-
tion in culture. Comparing putative SSCs to these progenitor-
like cells, rather than KIT 

+ differentiated spermatogonia, re-
vealed the immediate changes that occurred during early dif-
ferentiation of SSCs, resulting in the following observations:
(i) The early differentiation stage exhibited marked epigenetic
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changes, consistent with the dynamic epigenetic programming
observed between SSCs and progenitors freshly isolated from
mouse testes ( 77 ). Notably, the primary TSPAN33 

+ cells ob-
tained from monkeys exhibited higher levels of active histone
modifications and lower levels of repressive histone modifi-
cations compared to cultured cells, suggesting that putative
SSCs possess relatively open chromatin that compacts upon
differentiation. This was validated by immunostaining of
monkey testicular sections with H3K27me3 and H3K4me3.
H3K4me3 undergoes rapid turnover, dependent on KDM5
( 56 ), while H3K27me3 is catalyzed by the PRC2 complex
( 53 ). Consistent with the global changes in H3K4me3 and
H3K27me3 in cultured cells, KDM5A / B and EZH2 expres-
sion were elevated during culture. Based on these observa-
tions, we speculated that suppressing the activities of KDM5
and EZH2 by inhibitors may facilitate the maintenance of epi-
genetic status and SSC identity in culture. (ii) Certain stem
cell-prevalent genes were silenced in cultured TSPAN33 

+ cells
(progenitor-like cells) through bivalency, which is intriguing
as bivalent modification often occurs in developmental regu-
lators. Bivalency is plastic and gene expression can be reversed
by suitable cues ( 64 ,65 ). Bivalency can also prevent inappro-
priate and irreversible silencing of genes by DNA methylation
or heterochromatin formation ( 65 ). Therefore, we hypothe-
sized that bivalent modification of stem cell genes may serve
as a mechanism to render progenitor cells with developmental
plasticity. 

Multi-omics analysis identified several signaling pathways
implicated in the regulation of monkey putative SSCs. Both
scRNA-seq and active enhancer analysis identified enrich-
ment of PI3K-AKT signaling in putative SSCs, a finding sup-
ported by the prevalent PI3K activation observed in primary
TSPAN33 

+ cells. However, Tan et al. ( 14 ) reported increased
AKT activation in human KIT 

+ differentiated spermatogonia
compared to primitive SSCs, noting that AKT signaling in-
hibition promoted in vitro expansion of human undifferenti-
ated SSCs. In mice, PI3K activation occurs in a specific subset
of SSCs to drive the cell cycle, and the PI3K-AKT-mTORC1
axis plays a critical role in mouse SSC self-renewal and differ-
entiation ( 62 ). Although SSCs can be categorized into mul-
tiple subsets, the specific subset of primate SSCs in which
the PI3K pathway is activated remains undetermined. Beyond
AKT, PI3K regulates other downstream targets and executes
distinct functions ( 78 ). For instance, ex vivo expansion of hu-
man hematopoietic stem cells requires PI3K but not AKT ac-
tivation ( 79 ). Although AKT activation drives SSC differenti-
ation ( 14 ,62 ), whether PI3K activation is essential for primate
SSC self-renewal warrants further investigation. 

The TFs SMAD2 / 3 / 4 are core components of TGF- β sig-
naling, binding to DNA to regulate target gene expression
upon pathway activation ( 80 ,81 ). Multi-omics analysis re-
vealed that the binding motifs for SMAD2 / 3 / 4 were repeat-
edly enriched in primary TSPAN33 

+ cells, especially within
open chromatin, promoter and enhancer regions. In addi-
tion, the TGF- β receptor TGFBR1 exhibited higher expres-
sion in primary TSPAN33 

+ cells than in cultured progenitor-
like cells. Higher expression of TGF- β receptors TGFBR1 and
TGFBR2 in SSCs compared to differentiated KIT 

+ spermato-
gonia has also been reported in humans ( 14 ). Further exper-
iments were performed to examine the activation and func-
tion of TGF- β signaling in monkey putative SSCs, which in-
dicated that the TGF- β pathway stimulated the self-renewal
of monkey SSCs. Conversely, in mice, the TGF- β receptors
are expressed in differentiated spermatogonia ( 11 ). This sug- 
gests that species-specific differences in TGF- β functionality 
and SSC homeostasis regulation exist between rodents and 

primates. Although TGF- β signaling plays beneficial role in 

promoting self-renewal of monkey SSCs, it is not sufficient to 

support their long-term expansion. Additional factors are re- 
quired to achieve the successful long-term expansion of mon- 
key SSCs in vitro . 

Our data also suggested the involvement of other signal- 
ing pathways, including MAPK and JAK-ST A T, in regulat- 
ing monkey SSCs. Similarly, these pathways have been impli- 
cated to function in human SSCs ( 13 ,14 ). Of note, cytokines,
such as FGF2, LIF , EGF , BMP and TGF- β, are reported to 

modulate MAPK, JAK-ST A T and PI3K-AKT ( 82 ,83 ). Thus,
the effects of these cytokines on monkey SSC expansion war- 
rant further examination. In addition, analyses of differential 
promoters and enhancers revealed significant enrichment in 

autophagy and AMPK signaling in the primary TSPAN33 

+ 

cells versus cultured cells. Moreover, several TFs, including 
PP ARG, PP ARA and TFEB, which regulate autophagy, were 
highly expressed / enriched in primary TSPAN33 

+ cells. The 
AMPK signaling pathway is a central metabolic regulator and 

plays critical roles in modulating autophagy and glucose and 

lipid metabolism ( 59 ). These observations suggest that mon- 
key SSCs may exhibit a high level of catabolism. In alveo- 
lar stem cells, AMPK signaling is required for alveolar re- 
generation, and stimulating AMPK activation in aged alve- 
olar stem cells can promote alveolar regeneration and repair 
( 84 ). Hence, evaluating the role of AMPK in the long-term ex- 
pansion of monkey SSCs would be a constructive avenue for 
future research. 
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(A) DAZL and (B) DDX4 were expressed in c1 to c5 cells. (C) Expression comparison of marker 

genes for differential stage of spermatogenesis between monkey and mouse. A1, type A1 

spermatogonia; In, intermediate spermatogonia; BS, S phase type B spermatogonia; BG2, G2/M 

phase type B spermatogonia; G1, G1 phase preleptotene; ePL, early S phase preleptotene; mPL,  

middle S phase preleptotene; lPL, late S phase preleptotene; L, leptotene; Z, zygotene; eP, early 

pachytene; mP, middle pachytene; lP, late pachytene; D, diplotene; MI, metaphase I; MII 

metaphase II; RS, round spermatids. (D) ZBTB16 was predominantly expressed in c1 to c4 cells. 

(E) Percentages of ZBTB16-expressing cells in each cell cluster. (F) UCHL1 and (G) LIN7B were 

prevalently expressed in c1-c4 cells. (H) KIT showed no enriched expression pattern. (I) FACS 

showed the KIT-expressing spermatogonia accounted for about 0.1% of the starting cell 

preparation. (J-P) Expression profiles of TSPAN33 (J), MSL3 (K), ZBTB43 (L), FMR1 (M), 

MORC1 (N), PIWIL4 (O), and PHGDH (P). (Q) Pathway enrichment of DEGs between c1 vs. c2, 

and c2 vs. c3. 
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marking SSCs and spermatogonia differentiation were shown. (E) Spermatogonia cultured for 36 

days in tree shrew culture medium. Scale bars, 50 μm. (F, G) Cultured germ cells (one or two 

weeks in culture) expressed pan undifferentiated spermatogonia markers ZBTB16 (F) and UCHL1 

(G). (H) Venn diagram showing common genes down-regulated or up-regulated during in vivo or 

in vitro spermatogonia differentiation. (I) Relative expression level of marker genes in TSPAN33+ 

cells prior to and after culture for 5 days. Gene expression was normalized with GAPDH. Bars are 

mean ± SD; *, P < 0.05; ***, P < 0.001; ns, not significant; two-tailed Student’s t-test. (J) Pearson 

correlation analysis was performed to compare the similarity between five-day cultured 

TSPAN33+ cells and in vivo c1-c5 cells. (K) Volcano plot showing DEGs between TSPAN33+ 

germ cells before and after 5 days of culture.  
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Supplementary Key Resources Table 
Reagent or Resource    

Antibodies RRID Source Dilution 
(Application) 

TSPAN33 Rabbit pAb AB_2766065 Abclonal, 
Cat#A5222, 

1:100 (IF);  
1:50 (IHC);  
1:50 
(FACS/MACS) 

LIN7B monoclonal antibody  Abmart, 
Cat#MG261554S 

1:100 (IF); 
1:100 (MACS) 

TGF beta Receptor I (TGFBR1) Rabbit pAb AB_2757355 
 

Abclonal, 
Cat#A0708 

1:1000 (IB) 

Phospho-Smad2-S465/467 
+Smad3-S423/425 Rabbit pAb 

AB_2771541 Abclonal, 
Cat#AP0548 

1:1000 (IB); 
1:100 (IF) 

Phospho-AKT1-S473 Rabbit pAb AB_2770900 Abclonal, 
Cat#AP0140 

1:1000 (IB) 

Phospho-AMPKa1-T183/AMPKa2-T172 
Rabbit pAb 

AB_2771454 Abclonal, 
Cat#AP0432 

1:1000 (IB) 

Anti-UTF-1 Antibody, clone 5G10.2 AB_827541 Millipore, 
Cat#MAB4337 

1:100 (IF) 

Anti-DDX4/MVH antibody AB_443012 Abcam, 
Cat#AB13840 

1:100 (IF) 

GAPDH (14C10) Rabbit mAb AB_561053 Cell Signaling 
Technology, 
Cat#2118S 

1:1000 (IB) 

Human CD117/C-KIT Antibody AB_355302 R&D system, 
Cat#AF332 

1:50 (FACS) 
1:100 (IF) 

FMRP (Alias: FMR1) Rabbit pAb AB_2766744 Abclonal, 
Cat#A6092 

1:100 (IF) 

Anti-PGP9.5 antibody [13C4 / I3C4] 
(antibody for UCHL1) 

AB_306343 Abcam, 
Cat#AB8189 

1:100 (IF) 

Mono-Methyl-Histone H3 (Lys4) (D1A9) 
XP® Rabbit mAb (antibody for H3K4me1) 

AB_10695148 Cell Signaling 
Technology, 
Cat#5326T 

1:50 
(CUT&Tag) 

Tri-Methyl-Histone H3 (Lys4) (C42D8) 
Rabbit mAb (antibody for H3K4me3) 

AB_2616028 Cell Signaling 
Technology, 
Cat#9751T 

1:50 
(CUT&Tag); 
1:500 (IF) 

Histone H3K27ac antibody (pAb) AB_2722569 Active Motif, 
Cat#39034 

1:50 
(CUT&Tag) 

Histone H3K27me3 antibody (pAb) AB_2561020 Active Motif, 
Cat#39055 

1:50 
(CUT&Tag); 
1:500 (IF) 

Histone H3K9me3 antibody (pAb) AB_2532132 Active Motif, 
Cat#39062 

1:50 
(CUT&Tag) 

Mouse IgG Isotype Control AB_10959891 Thermo Fisher, 
Cat#31903 

1:500 (IF) 

Rabbit IgG Isotype Control AB_243593 Thermo Fisher, 
Cat#31235 

1:1000 (IF);  
1:500 (IHC);  
1:500 (FACS) 

Goat anti-Rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor 488 

AB_2576217 Thermo Fisher, 
Cat#A11034 

1:1000 (FACS) 

Goat anti-Mouse IgG (H+L) Secondary 
Antibody, HRP 

AB_228307 Thermo Fisher, 
Cat#31430 

1:10000 (IB) 

Goat anti-Rabbit IgG (H+L) Secondary 
Antibody, HRP 

AB_228341 Thermo Fisher, 
Cat#31460 

1:10000 (IB) 

Donkey anti-Goat IgG (H+L) Secondary 
Antibody, Alexa Fluor™ 555 

AB_141788 Thermo Fisher, 
Cat#A-21432 

1:500 (IF) 
1:1000 (FACS) 



Donkey anti-mouse IgG (H+L) Secondary 
Antibody, Alexa Fluor 488 

AB_141607 Thermo Fisher, 
Cat#A-21202 

1:500 (IF) 

Donkey anti-rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor 555 

AB_162543 Thermo Fisher, 
Cat#A-31572 

1:500 (IF) 

Oligonucleotides      

RT-PCR Primers    Gene (for 
RT-PCR) 

5’-GGGAAACAGCAGTTGCACAG-3’  Forward TSPAN33 
5’-TGGTATCATGCCAACCGGAC-3’  Reverse  
5’-TGGCGTCTGCGGTAAGAAAT-3’  Forward ZBTB43 
5’-TCAGCCTTTGCAGCTTCGTA-3’  Reverse  
5’-TGCCAAAGAGTCGGCACATA-3’  Forward FMR1 
5’-TTAGTGCGCAGACTCCGAAA-3’  Reverse  
5’-CTGTGGGCATGAAGTCAGAGA-3’  Forward ZBTB16 
5’-CGCTGAATGAGCCAGTAAGTG-3’  Reverse  
5’-ACCCTCCCAAGTGCATTCAG-3’  Forward DNMT1 
5’-GCAAGTCAGTTTGTGCTGGG-3’  Reverse  
5’-TTAAACGGTTGCAGGCGTAGC-3’  Forward PCNA 
5’-GGAAGGAGGAAAGTCTAGCCG-3’  Reverse  
5’-GGTTGGAACAGAAGCTGGGATA-3’  Forward MSL3 
5’-TTCAGTGGGGAGGCCTTTTA-3’  Reverse  
5’-CAGTATCAGTGCCGGAGTCG-3’  Forward NANOS3 
5’-CAGAAAGAGCACAGGCGTTC-3’  Reverse  
5’-ACTGCATGCCAAGCACATTC-3’  Forward ASB9 
5’-GCTGGAAAATCCTGCCTCGAT-3’  Reverse  
5’-CAACAGACTCGGATGGCAGT-3’  Forward DUSP6 
5’-TGGGGGTGACGTTCAAGATG-3’  Reverse  
5’-GCAACCTGTAAAGCGGAAGC-3’  Forward MKI67 
5’-AAGCTATCAGCAGCACCGTT-3’  Reverse  
5’-GGACTCAGCTCTGGTTGGTG-3’  Forward TGFBR1 
5’-TGAGCAATGGCTGGCTTTC-3’  Reverse  
5’-ACAACTCCAGGCAAAGGGTG-3’  Forward KMT2A 
5’-GATTCTCACATTTGGAATGGACC-3’  Reverse  
5’-GGAAGAAAGTCCTGGGCTCC-3’  Forward KMT2B 
5’-ATCTGGGGATGGAGGCTCTT-3’  Reverse  
5’-CCCACTTGAAACAGCAGCTC-3’  Forward KMT2C 
5’-GAAACCCCTTCCAGGGTAGC-3’  Reverse  
5’-CTGCCTGCTACAACTTGGGA-3’  Forward KMT2D 
5’-TTCTTAGGCTCAGTGCCTGC-3’  Reverse  
5’-AAAGTGGGTAGTCGCTTGGG-3’  Forward KDM5A 
5’-CTGCACACCCATAAGGCTCA-3’  Reverse  
5’-GACGTGTGCCAGTTTTGGAC-3’  Forward KDM5B 
5’-TCGAGGACACAGCACCTCTA-3’  Reverse  
5’-ACAACTTAAACGGCTTCAGGC-3’  Forward EZH1 
5’-TGGTACAAGGCTTCATCGAC-3’  Reverse  
5’-TCCTTTTCATGCAACACCCA-3’  Forward EZH2 
5’-TTTGGTGGGGTCTTGATCCG-3’  Reverse  
5’-CTTCACAAACCCACCGCAAG-3’  Forward RUNX1 
5’-TCGGAAAAGGACAAGCTCCC-3’  Reverse  
5’-CTCCTGTTCGAGAGTCAGCC-3’  Forward GAPDH 
5’-GCCCAATACGACCAAATCCG-3’  Reverse   
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