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ABSTRACT

Meiosis is a highly complex process significantly
influenced by transcriptional regulation. However, studies
on the mechanisms that govern transcriptomic changes
during meiosis, especially in prophase |, are limited. Here,
we performed single-cell ATAC-seq of human testis
tissues and observed reprogramming during the transition
from zygotene to pachytene spermatocytes. This event,
conserved in mice, involved the deactivation of genes
associated with meiosis after reprogramming and the
activation of those related to spermatogenesis before their
functional onset. Furthermore, we identified 282
transcriptional regulators (TRs) that underwent activation
or deactivation subsequent to this process. Evidence
suggested that physical contact signals from Sertoli cells
may regulate these TRs in spermatocytes, while secreted
ENHO signals may alter metabolic patterns in these cells.
Our results further indicated that defective transcriptional
reprogramming may be associated with non-obstructive
azoospermia (NOA). This study revealed the importance of
both physical contact and secreted signals between Sertoli
cells and germ cells in meiotic progression.
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INTRODUCTION

Spermatogenesis is the process by which male germ cells
develop into mature sperm. It involves the self-renewal and
differentiation of spermatogonial stem cells (SSCs) into
spermatogonia, initiation and completion of meiosis, and
maturation of haploid sperm cells (Oatley & Brinster, 2012).
The successful completion of spermatogenesis requires
strictly ~ orchestrated transcriptional regulation  within
spermatogenic cells and the coordination of the reproductive
microenvironment. Despite the critical importance of
spermatogenesis, our limited understanding of its underlying
mechanisms impedes the management of male factor
infertility, which is implicated in approximately 50% of infertility
cases (Dabaja & Schlegel, 2013; Fakhro etal., 2018), with
non-obstructive azoospermia (NOA) due to prophase | arrest
accounting for about 35% of such cases (Soderstrom &
Suominen, 1980).

Prophase |, constituting about 37% of total
spermatogenesis, occurs strictly in chromosomal behaviors
and specialized transcriptional regulation (Bolcun-Filas &
Handel, 2018; Cohen etal., 2006). In mice, homologous
chromosomes from parents are spatially identified and brought
together to form the synaptonemal complex (SC) at leptotene
(L), followed by DNA double-strand breaks (DSBs) induced by
Spo11 at zygotene (Z) and pachytene (P) (Cole et al., 2010;
Inagaki et al., 2010; Zickler & Kleckner, 2016). As a result of
these breaks, transcriptional activity is low in the early
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prophase stages (leptotene, zygotene, and early pachytene),
but resumes at the mid-pachytene stage (Monesi, 1964; Page
etal., 2012). Subsequent research has shown that after the
early pachytene stage, there is a significant down-regulation of
genes associated with meiosis and an up-regulation of genes
critical to spermiogenesis (Da Cruz et al., 2016). Additionally,
various transcriptional regulators (TRs) have been identified
as drivers of meiosis completion and fate determination of
spermatocytes (Blendy etal.,, 1996; Don & Stelzer, 2002;
Nantel etal., 1996; Wu etal.,, 2009). For example, Yy1
knockout in mouse testes leads to pachytene spermatocyte
arrest due to abnormal heterochromatin status and reduced
global H3K9me3 levels (Wu et al., 2009). Furthermore, Crem
knockout in mouse testes results in apoptosis of round
spermatids as Crem regulates the transcription of protamine
and other transition proteins specifically at pachytene, which
are translated in spermatids (Blendy etal., 1996). These
findings highlight crucial transcriptional reprogramming in
pachytene spermatocytes in mice; however, how this
reprogramming is regulated remains largely unknown.

In mammals, the physiological blood-testis barrier (BTB)
helps prevent autoimmunity and provides a conducive
microenvironment for spermatogenesis. Composed of three
specialized cell junctions formed by adjacent Sertoli cells,
including occluding junctions, anchoring junctions, and gap
junctions, the BTB functionally segregates the seminiferous
tubules into the basal and apical compartments (Cheng &
Mruk, 2012; Gilula et al., 1976; Mruk & Cheng, 2004). In mice,
syncytial spermatocytes at the pre-leptotene stage move from
the basal to apical compartment, forming a temporary junction
composed of Cldn3 near the basal membrane, which is
subsequently replaced by Cldn11 to establish a new BTB,
while the old junction is removed, releasing zygotene
spermatocytes into the lumen side of the BTB (Smith & Braun,
2012). The BTB also restricts the paracellular flow of
substances, including nutrients, hormones, and cellular
signals (Cheng & Mruk, 2012). While the selectivity of the BTB
can change the metabolic characteristics and cell fates of
spermatogenic cells, its relationship with transcriptional
reprogramming during meiosis has not been reported in detail.

To explore transcriptional reprogramming during meiosis,
we performed single-cell ATAC-seq (scATACseq) on testicular
biopsies from three healthy males aged 31, 33, and 36 years
(see Materials and Methods). We also collected single-cell
RNA-seq (scRNAseq) datasets of spermatogenesis from
public databases (Chen et al., 2018; Guo et al., 2018; Wang
etal.,, 2018). Our analysis revealed that this reprogramming
process during prophase | was conserved across humans and
mice and was modulated by notable changes in the activity of
a series of TRs. These TRs may be regulated by cell-cell
contact and secreted signals from Sertoli cells. Our results
elucidated the transcriptional reprogramming and its
underlying mechanisms in mammalian spermatogenesis.

MATERIALS AND METHODS

Ethics approval

The patients in this study provided their consent for the
research (IRB Approved Protocol: TDLS-2020-36) titled
“Deciphering the mechanism of chromatin and RNA
alterations in male infertility”, conducted at the Male Clinic of
Nantong University Medical School (Nantong, China).
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Human testis sample collection and scATAC-seq library
preparation

The scATAC-seq datasets were derived from samples
published in our previous study (Wu etal., 2022). In brief,
tissue samples from three healthy adult males (donor #1: 31
years old; donor #2: 33 years old; donor #3: 36 years old)
were collected for scATAC-seq.

These individuals, alongside their wives, visited the hospital
for a fertility assessment. Comprehensive examinations
confirmed that these men had normal spermatogenesis and
were free from abnormal karyotypes, Y chromosome micro-
deletions, and any genetic anomalies linked to male infertility
or sub-fertility. Furthermore, they did not suffer from chronic
diseases or hypogonadotropic hypogonadism, nor had they
been exposed to adjuvant hormonal therapy. The biopsies
were obtained under local anesthesia, with a 0.5 cm incision
made in the testicular capsule to secure a tissue sample
measuring approximately 3 mmx 3 mmx 3 mm in size. This
approach ensured minimal discomfort for the participants and
was performed with the highest ethical standards and medical
care (Wu et al., 2022).

Initially, the testicular tissue was digested into a suspension
state. Cell nuclei were then extracted and prepared for
sequencing based on the 10X Genomics Chromium scATAC-
seq solution protocol (Cusanovich etal.,, 2018). For each
sample, the target was to capture 15 000 nuclei. The scATAC-
seq libraries were prepared according to the protocols
provided by 10X Genomics and sequenced on the lllumina
NovaSeq platform using PE150 sequencing. Data analysis
was conducted using Cell Ranger ATAC (v.1.2.0) (Zheng
et al., 2017), employing the GRCh38 genome for analysis.

Clustering, dimensionality reduction, and
construction for scATAC-seq data

ArchR (v.1.0.1) (Granja etal., 2021) was employed for
sCATAC-seq clustering analysis, beginning with the
identification of a robust set of peak regions, succeeded by
iterative latent semantic indexing (LSI) dimensionality
reduction. The Harmony package (v.0.1.0) (Korsunsky et al.,
2019) was applied to correct for batch effects. Clustering was
subsequently performed using Seurat (v.4.1.1) (Hao etal,
2021) with the FindClusters function (v.2.3) on the balanced
LS| dimensions.

Cell types within each cluster were identified using gene
activity scores derived from the correlation between chromatin
accessibility at the gene body, promoter, and distal regulatory
elements, and gene expression. ArchR calculates these gene
activity scores utilizing a distance-weighted accessibility model
that amalgamates the accessibility signal located within the
gene body and nearby genomic regions.

To mitigate noise resulting from scATAC-seq data sparsity,
we imputed the inferred gene activity scores using MAGIC85
(v.2.0.3) and conducted trajectory analysis using the
addTrajectory function based on the gene activity score
matrix.

trajectory

ChromVAR deviation calculation and identification of
positive TRs

The addDeviationsMatrix function was employed to calculate
the deviations of each TR moitif in every cell. These deviations
provide a bias-corrected measure of how much the per-cell
accessibility of a given feature (i.e., motif) deviates from its
expected accessibility, based on the average across all cells
or samples. Additionally, Z-scores, also known as deviation


www.zoores.ac.cn

scores, were calculated for further analysis.

Subsequently, ATAC-seq and RNA-seq were applied to
identify TRs whose gene expression levels were positively
correlated with changes in the accessibility of their
corresponding motifs, designated as “positive regulators”.
Specifically, ArchR was used to identify TRs where the
inferred gene scores were correlated with their chromVAR
(Schep et al., 2017) TR deviation Z-scores. Positive regulators
were identified as those TRs with a correlation between motif
and gene score (or gene expression) greater than 0.1, P-value
less than 0.05, and maximum inter-cluster difference in
deviation Z-score within the top quartile.

Sing cell RNA-seq data pre-processing

The scRNA-seq datasets used in our study were derived from
the Gene Expression Omnibus (GEO) database (GSE107644,
GSE120508 and GSE106487). To maintain consistency and
accuracy, all datasets underwent uniform processing using the
R programming language. Initially, a filter was applied to
exclude any cells that contained fewer than 500 read counts to
ensure data validity. Next, the count data were normalized via
size factor adjustment. Logarithmic transformations on the
normalized data were conducted to smooth the scale of
variation and enable easier comprehension. Next, Variance
Stabilizing Transformation (VST) was applied to extract the
top 2 000 highly variable features (HVGs). The data were then
scaled based on these 2 000 HVGs, followed by
dimensionality reduction and clustering analysis using the
Seurat package.

To further characterize the clusters, the FindAllMarkers
function, which utilizes the Wilcoxon Rank Sum test, was
employed. Marker genes were identified as significant based
on log-fold change (log,FC)>0.5 and adjusted P-value<0.05
criteria.

Homologous gene conversion between species

To ensure compatibility between human and mouse data, the
biomaRt package (v.2.50.3) (Durinck etal., 2009) was
employed for homologous gene transformations, thereby
enabling cross-species data comparability. Initially, the
useMart function was used to access Ensembl’s Asian mirror
site. Subsequently, the getLDS function was employed to
convert mouse gene identifiers into their corresponding human
homologs.

Pagoda2 analysis

To elucidate the biological state of each cell, the Pagoda2
package (v.1.0.10) (Fan et al., 2016) was used to assess gene
set activity levels. The gene sets utilized in this process
originated from the biological process gene sets available in
the Molecular Signatures Database (MsigDB) (Subramanian
et al., 2005). Initially, the expression of each gene within each
cell was modeled using a mixed model that combined
negative binomial and Poisson distributions, effectively
handling the frequent zeros and over-dispersion encountered
in scRNA-seq data. The over-dispersion of each gene was
then evaluated, followed by the over-dispersion of each
pathway using weighted principal component analysis (PCA).
The resulting values were considered as the gene set scores
for each cell.

Monocle analysis

The Monocle (v.2.22.0) R package (Trapnell et al., 2014) was
used to construct single-cell trajectories. Initially, unique
molecular identifier (UMI) counts were modeled using a

negative binomial distribution. Subsequently, the previously
identified HVGs were used as ordering genes to facilitate
dimensionality reduction using the DDRTree algorithm, which
preserves both the local and global structure of the data for
accurate trajectory construction.

SCENIC analysis

The single-cell regulatory network inference and clustering
(SCENIC) (v1.2.4) algorithm (Aibar et al., 2017) was used to
elucidate the status of regulons within each cell, enabling
construction of hypothetical gene regulatory networks and the
definition of stable cell states. Initially, the GENIE3 algorithm
was applied to predict potential regulatory networks intrinsic to
each cell, focusing specifically on gene-gene interactions.
Subsequently, gene regulators were identified, followed by
comprehensive motif analysis using the RcisTarget package.
This analysis facilitated the construction of a comprehensive
network of regulons, forming a regulatory framework of TRs
and their target genes. Finally, individual regulon activity within
each cell was quantified using the AUCell package. This step
assesses the likelihood of a particular regulon being active in
a single cell, providing insight into the complex regulatory
landscape of cellular states.

Cell-cell communication analysis

The R package CellChat (v.1.1.3) (Jin et al., 2021) was used
to characterize cell-to-cell interactions. Following the
established workflow, normalized counts were uploaded into
CellChat, with standard preprocessing conducted using the
identifyOverExpressedGenes, identifyOverExpressedin-
teractions, and projectData functions with specific parameters.
Potential ligand-receptor interactions were then calculated
using the computeCommunProb, computeCommun-
ProbPathway, and aggregateNet functions with standard
parameters.

Acquisition of metabolic gene sets and solute carrier
transporters

Metabolic gene sets and solute carrier transporters were
obtained from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) website (Kanehisa & Goto, 2000).
Specifically, the download.kegg function in the ClusterProfiler
package was used to download metabolic gene sets for both
humans and mice. The solute carrier (SLC) molecule lists
were downloaded for both humans (available at: https://
www.genome.jp/kegg-bin/download_htext?htext=hsa02000
&format=htext&filedir=kegg/brite/hsa) and mice (available at:
https://www.genome.jp/kegg-bin/download_htext?htext=
mmu02000&format=htext&filedir=kegg/brite/mmu). The
AUCell algorithm was then applied to compute the activity
levels of these gene sets, and the pheatmap package was
used to generate heatmaps.

Functional enrichment analysis

The ClusterProfiler package (v.4.2.2) (Wu etal., 2021) was
used for comprehensive functional enrichment analyses,
including KEGG, Gene Ontology (GO), and Gene Set
Enrichment Analysis (GSEA). This powerful tool facilitates the
interpretation of biological themes among gene clusters,
offering deep insights into their respective functional profiles.

RESULTS

Transcriptomic reprogramming during spermatogenesis
To elucidate the reprogramming process  during
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spermatogenesis in the testis, testicular tissues were collected
from three healthy males and subjected to scATAC-seq using
the 10X Genomics platform, as detailed in our prior publication
(Wu etal., 2022) (Figure 1A; Supplementary Figure S1A).
Cells with transcription start site (TSS) enrichment of less than
4 or unique fragments less than 1 000 were excluded, with the
remaining cells used for subsequent analysis (Supplementary
Figure S1B). Each sample yielded over 100 million total
fragments (Supplementary Figure S1A, C).

Subsequently, LSI and Uniform Manifold Approximation and
Projection (UMAP) were applied for dimensionality reduction
of these cells, with the Leiden algorithm used to cluster them
into 12 distinct groups (Figure 1B, left). Based on marker
genes (Guo etal., 2018; Wang et al., 2018), the cells were
further classified into five categories (Figure 1B, right).
Testicular somatic cells exhibited preferential expression of
VIM, MYH11, WT1, ACTA2, and DLK1, indicative of their role
in testicular architecture and function. The SSCs were
characterized by the exclusive expression of GFRAT,
highlighting their potential for self-renewal and differentiation.
Spermatogonia were identified by the expression of MAGEA4
and KIT, markers that signify early germ cell development.
Spermatocytes, advancing through meiosis, showed unique
expression of SPO11, OVOL2, and NMES, reflecting their
specialized role in genetic recombination and gamete
formation. Lastly, spermatid cells, which are involved in the
later stages of sperm development, were distinguishable by
the expression of PRM71. The somatic cell category
encompassed Sertoli, Leydig, smooth muscle, and immune
cells, each contributing to the testicular environment and
spermatogenesis through distinct yet complementary functions
(Figure 1C).

Next, spermatocytes within the dataset were identified
based on their expression profiles and subsequently classified
into seven distinct subgroups. Fragment overlap on peaks in
gene body regions was quantified as indicators of gene
expression profiles. Based on markers of spermatocytes at
each stage, these cells were classified into four groups:
leptotene, zygotene, pachytene, and a mixed group of
diplotene (D) and SPC7 cells (Figure 1D; Supplementary
Figure S1D). Pseudotime analysis was then performed to
construct a developmental trajectory. In pseudotime ordering,
significant changes were observed in the accessibility patterns
of genes in each stage of meiosis, especially during the
transition from leptotene/zygotene (characterized by the
expression of SYCP3, DPH7, SPO11, SCML1, and SYCP2) to
pachytene/diplotene (characterized by the expression of
OVOL2 and PRMT1) stages, suggesting a dynamic chromatin
accessibility pattern from the zygotene to pachytene stages
(Figure 1E).

Transcriptomic reprogramming is conserved between
humans and mice

Changes in chromatin accessibility patterns are closely
associated with alterations in transcriptional profiles.
Therefore, previously published single-cell transcriptomic data
from human testicular cells were collected for dimensionality
reduction, clustering, and cell type identification (Guo et al.,
2018; Wang et al., 2018) (Supplementary Figure S2A, left;
Supplementary Figure S2D, left), focusing on identifying
prophase | spermatocytes (Figure 2A, top). To explore
similarities in the programming process between mice and
humans, transcriptomic data for mouse testicular cells were
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also collected for analysis (Chen etal., 2018) (Figure 2A,
bottom; Supplementary Figure S2A, right; Supplementary
Figure S2D, right).

To assess stage-specific changes in various biological
processes, gene sets related to all annotated biological
processes were obtained from the GO database, with
subsequent calculation of pathway scores for human and
mouse spermatogenic cells using Pagoda2 and the K-means
algorithm (Fan etal., 2016) (See Materials and Methods).
Analysis revealed dynamic transcriptional changes during
meiosis in both humans and mice (Supplementary Figure
S2B, C). We subsequently identified all spermatocytes and
calculated Pagoda2 scores to determine the meiotic stages
where these changes occurred. Results showed that the
reprogramming process occurred during the transition from
zygotene to pachytene in humans, and during the pachytene
stage in mice, indicating interspecies differences in the timing
of this reprogramming process. Furthermore, based on the
Pagoda2 scores obtained through hierarchical clustering, the
biological processes were divided into two groups: one
activated before reprogramming and down-regulated after
reprogramming, and one exhibiting the opposite pattern
(Figure 2B).

In total, 231 biological processes (20.6% of the total) were
conserved in pre-reprogramming between humans and mice,
including processes related to cell cycle, chromatin
remodeling, and RNA stabilization, and 116 processes (19.4%
of the total) were conserved in post-reprogramming, including
cilium organization, acrosome assembly, and lactate
metabolism (Figure 2C). As genes with low expression
contributed less to the pathway scores, a human meiotic cell
differentiation trajectory was constructed based on all highly
variable genes and the spermatocyte cells were classified into
three categories (Figure 2D): pre-reprogramming (leptotene-1,
leptotene-2 and leptotene-3), reprogramming (zygotene and
pachytene), and post-reprogramming cells (diplotene and
SPC7). By mapping gene expression to pseudotime, three
gene clusters were identified: cluster 1, activated before
reprogramming and suppressed after reprogramming; cluster
2, activated during reprogramming; and cluster 3, activated
after reprogramming (Figure 2E). Functional analysis of genes
within these clusters revealed that cluster 1 genes were
involved in RNA splicing, RNA recombination, and histone
modification, cluster 2 genes were associated with
cytoplasmic translation, microtubule formation, ribosome
biogenesis, and RNA localization, and cluster 3 genes were
related to spermatogenesis (Figure 2F). A sharp decrease in
the expression levels of genes involved in synaptonemal
complex formation (SYCP1) and chromosomal breakage and
repair (DMC1 and MEIOB) was observed during the
reprogramming stage, whereas genes involved in flagellum
formation (DRC1 and SPAG17) and sperm energy metabolism
(PGK2) exhibited a significant increase after reprogramming,
despite their functionality in the round spermatid stage.
Additionally, certain TRs such as DDX25 and RFX4, as well
as genes involved in ribosome biogenesis like RPL29, showed
increased expression after reprogramming (Figure 2G).
Immunohistochemistry results from the Human Protein Atlas
(HPA) database (Uhlén etal.,, 2015) demonstrated high
expression of DMC1 in germ cells, particularly in the
pachytene stage, while DDX25 was predominantly expressed
in the pachytene, diplotene, and post-meiotic germ cells
(Figure 2H).
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Figure 1 Transcriptomic reprogramming revealed by human testis scATAC-seq during spermatogenesis

A: Schematic of experimental workflow. B: UMAP plot showing clustering and cell population identification results. SSC, spermatogonial stem cell.
C: UMAP plot showing expression of marker genes. Expression levels were transformed into Z-scores. D: UMAP plot showing spermatocyte
clustering and identification. E: Heatmap showing accessibility of gene loci, with cells arranged in pseudotime order and accessibility values

transformed into Z-scores.
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Figure 2 Transcriptomic reprogramming is conserved between humans and mice

A: UMAP showing transcriptomic profiles of human and mouse testicular cells. B: Heatmap showing Pagoda2 score patterns of biological processes
from Gene Ontology (GO) database in human and mouse spermatocyte cells, with scores transformed into Z-scores. C: Venn diagram of conserved
biological processes during reprogramming process in human and mouse spermatocyte cells. D: Trajectory plot showing differentiation of human
spermatocyte cells. E: Heatmap showing gene expression levels in human spermatocyte cells, with cells arranged in pseudotime order and gene
expression transformed into Z-scores. F: Bubble plot displaying functional analysis results of genes with different expression patterns in Figure 2E.
Terms with Q<0.05 indicate statistically significant differences. G: Line plot showing expression changes in genes during spermatocyte
differentiation during reprogramming, with each cell arranged along x-axis in pseudotime order. H: Immunohistochemical results showing
expression patterns of proteins in human testicular tissue sections. Data were derived from HPA database. Scale bar: 25 um.
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In summary, our results demonstrated that transcriptional
reprogramming during the transition from zygotene to
pachytene occurred in both humans and mice and may be
regulated by TRs.

Reprogramming process is potentially regulated by TRs

We next explored how transcriptional regulation contributes to
transcriptional reprogramming in spermatocytes. The SCENIC
algorithm (Aibar etal., 2017) was used to construct TR
networks for both humans and mice, revealing that regulon
activity changes occurred during reprogramming. This finding
was consistent with our pathway analysis results (Figures 2A,
3A), suggesting that transcriptional regulation may serve as a
potential mechanism underlying the reprogramming process.

Furthermore, comparative analysis of regulons between
humans and mice identified 21 shared regulons between the
two species, as well as 56 that were unique to humans and
103 that were unique to mice (Figure 3B). Additionally, some
TRs exhibited similar activity patterns and regulated similar
functions before and after reprogramming (Figure 3C). For
instance, in the pre-reprogramming stage, YY1, KDM5A,
E2F1, E2F6, and BCLAF1 were activated in both humans and
mice, regulating processes such as chromatin remodeling,
DNA damage repair, and RNA alternative splicing. In the post-
reprogramming stage, RFX2 and RFX4 were activated,
participating in processes such as microtubule-based
movement and cilium assembly. These findings suggest that
stage-specific TRs may regulate the reprogramming process
in spermatocytes. Additionally, the expression levels of YY1,
E2F1, RFX4, RFX2, and CREM were validated during the
reprogramming process (Figure 3E), consistent with their
activation patterns. Immunohistochemical analysis using the
HPA database also indicated that E2F7 and YY1 were mainly
expressed in leptotene and zygotene spermatocytes, while
RFX2, RFX4, and CREM were mainly expressed in pachytene
spermatocytes, during meiotic division stages, and in round
spermatids (Figure 3F).

To assess the potential impact of TRs on spermatogenesis,
we accessed the Spermatogenesis (Zhang et al., 2013) and
Meiosis online databases (https://mcg.ustc.edu.cn/bsc/
meiosis/) to obtain a list of related genes, then predicted and
counted the target genes from this list that could potentially be
regulated by the above TRs. Results showed that CREB1,
KDM5B, CREM, TAF7, and RFX2 were the top five TRs
regulating the most spermatogenic genes (Figure 3D).
Previous research by Wu etal.(2016) demonstrated that
spermatogenesis is blocked at the round spermatid stage in
Rfx2 knockout mice. Our results showed that Rfx2 was active
after reprogramming, suggesting that TRs activated after
reprogramming may not be involved in the regulation of
meiosis, but are crucial for further development of round
spermatids. To confirm this, we analyzed the transcriptomic
data of Wu et al.(2016) and found that the expression of a
large number of Rfx2-target genes decreased in Rfx2
knockout mice (Supplementary Figure S3A). Further analysis
revealed that the functions of these targeted genes were
related to cilium organization, including cilium assembly, cilium
movement, and microtubule-based movement (Supplementary
Figure S3B). Additionally, genes related to cilium organization,
such as Ccdc40, were found to begin expression at during
reprogramming (Supplementary Figure S3C). These findings
indicate that certain TRs, such as Rfx2, play a role in the
round spermatid stage rather than during meiosis.

In conclusion, our results suggested that transcriptional
regulation by TRs may be a contributing factor to the
occurrence of reprogramming.

Dynamic changes in accessibility in TR motifs during
reprogramming

To further identify TRs involved in the reprogramming process,
spermatocyte cells were isolated from the scATAC-seq data
and subjected to re-clustering analysis. Similar to previous
studies, the cells were categorized into pre-reprogramming,
reprogramming, and post-reprogramming groups (Figure 4A).
Fragment overlap on peaks in TR regions was calculated for
each cell. Consistent with previous findings, specific
enrichment of TRs such as E2F6, E2F1, YY1, CREM, RFX2,
and RFX4 was observed at different stages of reprogramming,
indicating their important regulatory roles in this process
(Figure 4B).

Additionally, the developmental trajectory of spermatocyte
cells was constructed (Figure 4C) and motif deviation scores
for these TRs were calculated (See Materials and Methods).
The deviation score measures the variance from expected
accessibility of a motif in a cell based on the average across
all cells or samples. All measurement values of each cell were
arranged in a pseudotime order, revealing a stage-specific
distribution pattern of deviation scores (Figure 4D). Some TRs
exhibited higher deviation scores in the pre-reprogramming
stage, while others peaked during the reprogramming or post-
reprogramming stages. In total, 282 TRs showed specific
changes during reprogramming, with 28 TRs overlapping with
previous SCENIC results, including TRs from the E2F and
RFX families. These results suggested that stage-specific
regulation of TRs was associated with the transcriptional
reprogramming of spermatocytes (Figure 4E).

To identify the TRs potentially driving the observed changes
in chromatin accessibility at their predicted binding sites, gene
expression levels were estimated based on the scATAC-seq
data and the correlations between gene expression and TR
deviation scores were determined. TRs whose gene
expression was positively correlated with changes in the
accessibility of their corresponding motifs were termed
“positive regulators”. Previously reported RFX family proteins,
as well as previously unreported TRs such as YBX7 and
NFYA, were identified as positive regulators in the
reprogramming process (Figure 4F). Furthermore, the
expression patterns of E2F6, NFYA, and YBX1 showed strong
correlations with their deviation scores (Figure 4G).

In summary, these observations indicated significant
changes in the accessibility of motifs bound by TRs during the
reprogramming process, further supporting the involvement of
TR regulation in the reprogramming of spermatocytes.

Physical contact signal differences in spermatogenic
microenvironment during reprogramming

Spermatogenesis relies not only on intrinsic regulation within
germ cells themselves but also on regulation exerted by other
cells in the spermatogenic microenvironment. During
spermatogenesis, Sertoli cells form the BTB through tight
intercellular connections, creating an independent immune
and nutritional environment for differentiating germ cells
(Smith & Braun, 2012) (Figure 5A). Our results showed that,
compared to  zygotene spermatocytes, pachytene
spermatocytes exhibited decreased expression of human
leukocyte antigens (HLA-A, HLA-B, and HLA-C), as well as
down-regulation of certain adhesion and junction molecules,

Zoological Research 45(3): 601-616, 2024 607



Stage

A B [ Pre-reprogramming
vit i i Reprogramming
Regulon activities during reprogramming Reprogramming
Stage i Pre—reprogramming 11 Reprogramming © Post-reprogramming e
=y T -
g i i Hh - ' i . I

|
I
\IIH I‘ Wil REX2

L HH‘HI CREM
’H | \HHHIH] |
M| \H \l\ i

I ‘I LA HI\ | PR I‘\H | \W ]
Ly ¢ b I‘HH\”M PHF8 | I \”H“ “ ”
{ fﬁ L ' bl | LI Nr2c
L p— ) I i ‘ AR UL

0 Iy 7 |H\H \‘\ \‘\ Fo H\ Il \‘H‘I |
O o TAF7 \ "

LR AT

I
Pesligiriaisn o

Cellylapresponse to i icati Human Mouse RNA splicing, via
C radialid / Hixggaipodification Striatedsmuscle,cell Cardiacimuscle cell re;%?fo%ss‘em';:{ﬁ%“?gne
Chromatiiirem ellng" C°"3f{‘};§ romatin i apoptotic'process  apoptotic’process  adenosine as, nucleophile
RNA splicing, via
trans; tenfcanon

Ribonucleoprotein complex ach
biogenesis

/ |
RNA splicing ulationjof RNA splicing
N ) Celtrcay"céﬁiggls phaseG”s trﬁnslt\on of mitotic |

fig ulation of
=

R RNA
e&%c&é’é‘. m e f‘ SCri| tlo
|nv itof nc ce cycaﬂss fon Regulati cardiac

of
muscle cell apoptotic
rocess

ulation of striated
muscle cell apoptotic
rocess

K cascade mRNA galiEayy =

DNA duplex unwindi .
rotein
Proteasome-mediated polyubiquitination
ubiquitin-dependent
protein catabolic process

Rlbogucl grolemﬁm e

DNA replication initiation Doublesstrand ——

Ameboidal- type cell
break repair P

Nugleartranspoft Jilies!, of RNA Epitriélium migration < Migration

Rub%’wrﬁ eo%aort‘?llraltcgr:nplex "’°{5‘é§'ﬁ§’&{8§ﬁ‘" complex Proteasomal protein

. '
RNA eXport from nucleus DNAgeometric change pNA feplication TaREliSpocess
|
RenBaeBR NS
- - - P Tissue migration WntSignaling pathway ositive regulation of
Ciliumgassembly Ciliumiorganization Neg trinsic.apoptotic

Carbohydrate transport

ati % nof &
signal rans ucnon in S'QD"ﬂ"ﬂg pathway in

Assogiative learning absence of ligand sence of ligand

/\ Resqula jon of? oothened

‘
\ i

Cellulari%oc SS iny
muitRIRAE 60l Grialing Pathway Cell<¢@ll'signaling by wnt

Ciliumrorganization

Regulation, é Cilium assembly
trangmambranc ranssport Learning Chrofatinifémodelin /
— »Pmteui\ localization to | aegulation of RNA splicing  Microtubule-based
movement— Rixd Rfx2

Mlcrotubulésed
transport

— RFX472\
irgpeses

—L__ | |

Rsz Mitotic cytokinesis

Regulationsof cellular-
metabolic process

Spermatid developm% Migigtabyle bundle Spllclng via spliceosome

D M‘?{gﬁ"s‘;‘#ﬁ based i RNA splicing Intragiliary transport
150
138
SpermatogenesisOnline Database MeiosisOnline Database
@ 120
<
103!
§ 100 g5 97100101
2
g 75
53 55 56
‘% 50 47 8181
= o 8
2o 21 21 21 21 22 24 24 25 25 26 2 27 22 B B0 0 &
1112 13 13 13 13 13‘14 14 14 14 15 15 15 16‘ 16 16 17 17 17 18 18 19 B ‘
| \
N Q DR Q\\ R U ‘L‘b’\\q’\»\ VR \\
o(< o ek \/Q\/Q ¥ ARG AN Y\+
&\y OEN /\?’ R ﬂy + AR GADA \? SRRSO Q\/(,/ \A Qg /\ §<?~° N @ $\ @

E

I Stage

E2F1 YY1 CREM
YY1 — -

E2F1

RFX4 ;
Expression(s . |

4
RFX2 2
0
-2
-4

\

Figure 3 Reprogramming process is potentially regulated by TRs

CREM
W Pre-reprogramming Reprogramming Post-reprogramming

A: Heatmap showing regulon activities of spermatocytes during reprogramming in humans and mice. B: Venn diagram showing conservation of
stage-specific regulons during reprogramming between humans and mice. Heatmap showing expression of conserved TRs in spermatocytes from
humans and mice. C: Network diagram showing conserved TRs during reprogramming regulated similar biological processes in humans and mice.
D: Bar plot showing number of spermatogenesis-related genes regulated by conserved TRs. Genes were sourced from the Spermatogenesis and
Meiosis online databases. E: Heatmap showing expression patterns of TRs in human spermatocytes. F: Immunohistochemical results showing
expression patterns of TRs in human testicular tissue sections. Data were derived from HPA database. Scale bar: 25 ym.
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Figure 4 Dynamic changes in accessibility in TR motifs during reprogramming

A: UMAP pilot illustrating clustering of human spermatocytes based on scATAC-seq data. B: UMAP plot showing accessibility of gene loci of marker
genes in human spermatocytes, with colors representing log-transformed normalized count. C: UMAP plot showing differentiation trajectory of
human spermatocytes. Cells not part of the trajectory are labeled “NA” and represented as gray points. D: Heatmap showing variation in deviation
Z-scores of each TR’s motifs. Line graph above represents distribution of reprogrammed cells at each stage when cells are arranged according to
pseudotime. E: Venn diagram of overlap between stage-specific TRs based on scATAC-seq data and TRs obtained using the SCENIC algorithm.
Table below shows 28 overlapping TRs. F: Scatter plot showing correlation between TR expression and deviation Z-scores of each TR’s motifs.
Positive regulators refer to those TRs whose correlation between motif and gene score (or gene expression) is greater than 0.1, with a P-value less
than 0.05 and a maximum inter-cluster difference in deviation Z-score within the top quartile. G: Scatter plot showing deviation Z-scores of each TR’
s motifs, with cells sorted according to pseudotime. Violin plot showing expression of TRs in human spermatocytes.
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Figure 5 Physical contact signal differences in spermatogenic microenvironment during reprogramming

A: Schematic showing crossing of the blood-testis barrier (BTB) by spermatocytes in humans. B: Heatmap showing expression of human leukocyte
antigen (HLA) and adhesion molecules on spermatocytes. C: Dot plot showing cell communication statistics of testicular cells, where x-axis
represents total sum of outgoing signal intensity, y-axis represents total sum of incoming signal intensity, and dot size represents number of signal
types. D: Heatmap showing signals received by spermatocytes at different stages, bar plot showing quantity and intensity of received signals. E: Bar
plot showing relative information flow between zygotene and pachytene spermatocytes. Relative information flow of a signal greater than 0.7
represents differential information flow. F: Scatter plot showing differential information flow of physical contact signals, as depicted in Figure 5E. X-
axis represents signal direction, y-axis represents signal types, and dot color represents communication possibility. G: Heatmap showing regulatory
relationship between differential physical contact signals and TRs, based on the NicheNet algorithm. Color represents possibility of regulation. H:
Scatterplot showing expression of differential physical contact signals in human Sertoli cells. |: Scatterplot showing expression of TRs in human

spermatocytes.
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such as LAMC1, CLDN18, and CLDN10 (Figure 5B). This
suggests that the immunogenicity and surface molecules of
germ cells start to undergo alterations when crossing the BTB
(Smith & Braun, 2012). Further analysis of the intercellular
interactions between different types of germ and somatic cells
using the CellChat algorithm revealed that Sertoli and Leydig
cells exhibited the strongest outgoing interaction strength,
while SSCs showed the strongest incoming interaction
strength among germ cells. For spermatocytes, the incoming
interaction strength of leptotene cells (L1 and L2) was lower
than that of zygotene, pachytene, and diplotene cells, while
that of L3 was comparable (Figure 5C). Subsequent ligand-
receptor analysis of each cell type indicated that pachytene
cells started to receive more signals than zygotene cells
(Figure 5D), with a similar change in outgoing signals
observed between zygotene and pachytene cells
(Supplementary Figure S4A). These findings suggest that the
BTB indeed affects the communication between germ cells
and other cell types. To facilitate discussion, signals in the
testicular microenvironment were divided into three
categories: signals related to cell-cell contact, signals involved
in the extracellular matrix (ECM), and secreted signals. Based
on the mode of signal action, the first two categories were
defined as physical contact signals.

By analyzing the information flow between zygotene and
pachytene cells, we found that these two cell types received
markedly different signals. Notably, physical contact signals
(such as MPZ and CADM) and secreted signals (such as GDF
and ACTIVIN) were received by zygotene cells more
frequently than pachytene cells, whereas the opposite was
true for physical contact signals (like CNTN and COLLAGEN)
and secreted signals (like ENHO and NPY) (Figure 5E).
Further examination indicated that signals such as SEMA4,
MPZ, CADM, and AGRN exhibited stronger communication
between Sertoli cells and zygotene cells than with pachytene
cells. Conversely, the interactions between Sertoli cells and
pachytene cells featured significantly higher signals for THBS,
SEMA?7, PTPRM, OCLN, LAMININ, EPHB, COLLAGEN, and
CNTN compared to those observed with zygotene cells
(Figure 5F). Next, the NicheNet algorithm was used to analyze
the target genes of these differentially received signaling
molecules in spermatocyte cells, demonstrating that
previously identified TRs such as YBX1, RFX4, RFX5, RFX2,
NFYA, and CREM were regulated by these signals
(Figure 5G). Further analysis revealed that these signals were
specifically expressed in Sertoli cells, and the predicted target
genes began to exhibit high expression after reprogramming
(Figure 5H, 1). These results further highlighted the role of
Sertoli cells in modulating transcriptional reprogramming of
germ cells through intercellular interactions.

Similarly, among the signals emitted by spermatocyte cells,
CADM, MPZ, EGF, and MK were found to be significantly
higher in zygotene cells, while CDH5, THBS, IL4, and FGF
were significantly higher in pachytene cells (Supplementary
Figure S4B). Additionally, differences in outgoing signals from
zygotene and pachytene cells were identified in their
interactions with Sertoli cells and other spermatocytes,
exhibiting significant differences between these cell types
(Supplementary Figure S4C). Interestingly, the Wnt signaling
pathway showed different patterns between zygotene and
pachytene cells. In zygotene and earlier stages,
spermatocytes primarily received Wnt signals, while in
pachytene and later stages, they primarily sent Wnt signals

(Supplementary Figure S4D). Further analysis demonstrated
that Wnt signal receptors FZD3 and LRP6 exhibited higher
expression in zygotene than pachytene cells, while the Wnt
signal ligands WNT2 and WINT6 showed lower expression in
zygotene than pachytene cells (Supplementary Figure S4E).
These results further suggested distinct signaling
communication patterns between zygotene and pachytene
cells.

Secreted signals influence cellular metabolic patterns in
spermatogenic microenvironment during reprogramming
In the testicular microenvironment, alongside physical cell-to-
cell contact signals, secreted signals also play a pivotal role.
Using the CellChat algorithm, we identified differential
secreted signals in the interactions between zygotene and
pachytene cells with Sertoli cells and other spermatogenic
cells. Results showed that the GDF and ACTIVIN signals
exchanged between zygotene and Sertoli cells were
significantly stronger than those between pachytene and
Sertoli cells. In contrast, the NPY and ENHO signals were
stronger between pachytene and Sertoli cells than in zygotene
cells (Figure 6A). Subsequent analysis showed that NPY and
ENHO were primarily expressed in Sertoli cells, while their
receptors, GPR19 and NPY5R, began to be expressed in the
pachytene phase (Figure 6B). Specifically, in the pachytene
stage, spermatocytes became the primary receivers of ENHO,
while SSCs and Sertoli cells were the primary senders of
ENHO signals within the testis (Figure 6C). Research has
shown that adropin, a peptide hormone encoded by ENHO,
can regulate glucose homeostasis and lipid metabolism in
various organs, including the liver, fat, and heart (Ali etal.,
2022). Thus, we suspected that signal differences before and
after the BTB may be related to metabolic shifts in
spermatocytes. By evaluating the metabolic pathway scores
for all spermatocytes using the AUCell algorithm, we found
that while nucleotide metabolism was active during pre-
reprogramming, processes such as steroid metabolism,
glycolysis/gluconeogenesis, TCA cycle, and fatty acid
biosynthesis increased significantly during and after
reprogramming (Figure 6D). Further analysis revealed that the
expression levels of facilitative GLUT transporters (SLC2A5,
SLC2A12, SLC2A13, SLC2A4, and SLC2A8), sodium glucose
cotransporters (SLC5A2), and fatty acid transporters
(SLC27A5 and SLC27A6) all increased during and after
reprogramming (Figure 6E). Immunohistochemical results
from the HPA database showed that the protein levels of
glycolytic genes GAPDHS and PGAM2, and glucose
transporters SLC2A5 and SLC2A13 were up-regulated in
pachytene cells and subsequently in spermatocytes and
spermatids (Figure 6F). These findings indicated that
significant changes occur not only in the transcriptome but
also in the metabolic patterns of either side of the BTB,
highlighting the profound impact of secreted signals from
Sertoli cells on the metabolic transition of spermatocytes.

Defective metabolic and transcription reprogramming in
NOA patient pachytene spermatocytes

To explore potential anomalies in the spermatocyte
reprogramming process in patients with NOA, two scRNA-seq
datasets were downloaded from the GEO database. The first
dataset originated from a patient diagnosed with pachytene
spermatocyte arrest, referred to as NOA-meiosis | arrest
(Huang et al., 2023), while the second dataset originated from
patients diagnosed with severe oligospermia, referred to as
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Figure 6 Secreted signals influence cellular metabolic patterns in spermatogenic microenvironment during reprogramming

A: Scatter plot showing differential information flow of secreted signals, as depicted in Figure 5E. X-axis represents signal direction, y-axis
represents signal types, and dot color represents communication possibility. B: Violin plot showing expression of genes in different stages of human
spermatocytes and Sertoli cells. C: Heatmap showing relative importance of each cell group based on computed four network centrality measures
of ENHO signaling in human testis D: Heatmap showing metabolic pathway activity scores in human spermatocytes during reprogramming,
calculated by AUCell algorithm. E: Heatmap showing expression of glucose and fatty acid transporters in human spermatocytes during
reprogramming. F: Immunohistochemical results showing expression patterns of genes related to glucose metabolism and transport in human
testicular tissue sections. Data were derived from HPA database. Scale bar: 25 ym.
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NOA-oligospermia (Wang et al., 2021), and was collected for
comparative purposes. After performing dimensionality
reduction and clustering for these datasets, and using the
original study’s labels and known markers, 10 cell groups
were identified in the NOA-meiosis | arrest dataset: two
undifferentiated spermatogonia subpopulations (Undiff.SPG-1,
Undiff. SPG-2), undifferentiated spermatogonia outliers
consisting of Undiff. SPG-out1 (neighboring Undiff.SPG-1/2)
and Undiff. SPG-out2 (close to spermatid cluster of normal
samples), differentiating spermatogonia, preleptotene (prelL),
leptotene (L1/2/3), zygotene (Z), and prepachytene (preP)
(Figure 7A, B). In the NOA-oligospermia dataset, six cell
groups were identified: SSC & spermatogonia, leptotene
spermatocytes, zygotene spermatocytes, pachytene
spermatocytes, diplotene spermatocytes & SPC7, and
spermatids (Figure 7C, D).

Next, we compared pachytene spermatocytes from healthy
males and NOA patients. GPR19 and NPY5R, receptors
involved in the ENHO and NPY pathways (Figure 6B), showed
decreased expression in all NOA datasets, especially in NOA-
meiosis | arrest. ENHO plays a crucial role in maintaining the
homeostasis of glucose and lipid metabolism. Accordingly,
decreased expression of glucose transporters such as
SLC2A5, SLC2A8, SLC2A12, and SLC2A13, and genes
related to glucose metabolism was observed, indicating
potential aberrations in glucose metabolism processes in the
pachytene spermatocytes of NOA patients. Notably, whether
in glucose transport or glucose metabolism, the expression of
genes in the pachytene spermatocytes of patients with meiotic
arrest was lower than that in patients with oligospermia
(Figure 7E).

Additionally, we examined the expression of key TRs
regulated by Sertoli cell-derived signals in pachytene
spermatocytes from both healthy men and NOA patients
(Figure 5I). Results suggested that these TRs were all down-
regulated in NOA pachytene spermatocytes, indicating a
possible disruption in signaling communication between
Sertoli and germ cells (Figure 7F). This disruption likely affects
the activation of crucial TRs/molecules during reprogramming,
leading to abnormalities in spermatogenesis. Furthermore,
pachytene spermatocytes from patients with miotic arrest
generally showed lower expression of these TRs compared to
those from patients with oligospermia.

In summary, these findings indicated that patients with NOA
exhibit abnormalities in the expression of key genes involved
in reprogramming, with more pronounced expression deficits
in pachytene spermatocytes from patients with meiotic arrest
than in those patients with oligospermia.

DISCUSSION

In this study, we discovered a zygotene-pachytene
transcriptional alteration (ZPT) process in both humans and
mice. This transcriptional reprogramming was characterized
by a decrease in gene set activity related to meiosis (OC,
open to close) and an increase in gene set activity related to
flagellar movement and acrosome formation (CO, close to
open).

Using scATAC-seq, we identified 282 TRs with changes in
motif accessibility during ZPT. Among these, the motif scores
for previously reported TRs, such as CREM and YY1 (Blendy
etal., 1996; Wu etal., 2009), varied, with the former
increasing and the latter decreasing after ZPT, suggesting
potential involvement in regulating this transition. Additionally,

we identified previously unreported TRs that may function
during ZPT, such as YBX1, which is involved in mRNA
transcription,  splicing, stability, and packaging into
translationally repressed and active mRNPs (Matsumoto &
Wolffe, 1998; Mordovkina et al., 2020). YBX1 expression is
reduced in testicular tissue from males with impaired
spermatogenesis (Liang etal., 2021), but both the motif
scores and expression of YBX7 were increased following ZPT,
suggesting a potential role in this process. Furthermore,
transcriptomic analysis of testes from Rfx2 knockout mice
revealed down-regulation of target genes compared to wild-
type mice, with these genes related to spermiogenesis. These
results are consistent with the observed defective phenotype
in the development of round sperm in Rfx2 knockout mice (Wu
et al., 2016). Additionally, based on scRNA-seq data (Chen
et al., 2018; Guo et al., 2018), we found similar active patterns
in TRs in humans and mice, consistent with the CO/OC
pattern, with functional analysis of their target genes
confirming their regulation of important spermatogenesis-
related genes (Zhang et al., 2013). These results indicate that
TRs are potential regulators of ZPT.

In adult humans and mice, the BTB, supported by Sertoli
cells, strictly controls the flow of metabolites within the testes
(Cheng & Mruk, 2012). Less differentiated cells, such as
SSCs, spermatogonia, and primary spermatocytes, can
directly acquire nutrients, hormones, and other biomolecules
from capillaries located near the basal compartment. In
contrast, highly metabolically specialized cells, such as
spermatocytes and spermatids, are provided with a metabolic
and immune-specific environment (Cheng & Mruk, 2012). In
humans, we found that the expression of HLA molecules
decreased at the pachytene stage, suggesting their transition
into the apical compartment through the BTB at the pachytene
stage. Additionally, we observed changes in the type and
strength of cell signals among testicular cells. WNT signaling,
which is associated with spermatogenesis and Sertoli cell
maturation (Zhao etal., 2020), was primarily sent by germ
cells after ZPT, and primarily received by germ cells before
ZPT and by Sertoli cells, reflecting interactions among germ
cells and between germ and Sertoli cells. Furthermore, the
peptide hormone adropin has been shown to induce changes
in mitochondrial fuel substrate utilization in skeletal muscle
and cardiac cells, leading to increased glucose use (Thapa
et al., 2018). In our study, ENHO, the gene encoding adropin,
was highly expressed in Sertoli cells, and its receptor GPR19
was expressed post-ZPT, coinciding with increased glucose
utilization after ZPT. These findings indicate that Sertoli cells
play an important role in regulating the metabolic patterns of
germ cells and potentially influence TRs through their
signaling.

In patients with NOA, prophase | arrest accounts for
approximately 35% of all cases (Soderstrém & Suominen,
1980). In this study, we explored whether spermatocyte
reprogramming in NOA patients exhibits abnormalities. Our
results revealed distinct cellular compositions in the testes of
patients with pachytene spermatocyte arrest (NOA-meiosis |
arrest) and severe oligospermia (NOA-oligospermia),
indicating potential disparities in spermatogenic progression
between these conditions. Notably, the expression levels of
GPR19 and NPY5R, receptors involved in the ENHO and NPY
pathways, were markedly decreased across all NOA datasets,
particularly in NOA-meiosis | arrest patients. As ENHO is
essential for maintaining metabolic homeostasis, its impaired
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Figure 7 Defective metabolic and transcription reprogramming in NOA patient pachytene spermatocytes

A: UMAP plot showing spermatogenic cells from a patient with meiotic | arrest (GSE235321, NOA1, pachytene spermatocyte arrest). B: UMAP plots
showing expression levels of marker genes across different cell types identified in the spermatogenesis process in the testis of the patient with
meiotic arrest. C: UMAP plot showing spermatogenic cells from an oligospermia patient (GSE157421). D: UMAP plot showing expression levels of
marker genes across different cell types identified in the spermatogenesis process in the testis of the oligospermia patient. E: Violin plot of genes
from Figure 6B and 6E, comparing expression levels among the three groups (fertile, meiosis | arrest and oligospermia) within pachytene
spermatocytes. Results were analyzed using t-test, where P<0.05 was considered statistically significant. ns: Not significant; : P<0.05; ™: P<0.01;
™ P<0.001; ™": P<0.0001. F: Heatmap showing expression levels of numerous TRs from Figure 51 in pachytene spermatocytes of fertile, meiosis |

arrest, and oligospermia patients. Color scale on the right represents Z-score values.
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signaling suggests a fundamental metabolic disruption in
spermatocyte reprogramming within NOA, as supported by the
observed down-regulation of several glucose transporters and
glucose metabolism-related genes in the pachytene
spermatocytes of NOA patients, especially in those with
meiotic arrest. These metabolic aberrations may underpin the
spermatogenic defects observed in NOA, potentially through
energy deficits that impact spermatocyte viability and function.
Our findings also indicated a possible breakdown in
communication between Sertoli and germ cells in NOA
patients, as evidenced by the down-regulation of key TRs.
This disruption may impede the proper activation of TRs
necessary for successful reprogramming of spermatocytes
during spermatogenesis, leading to the observed defects in
cell differentiation and maturation. Overall, our results
revealed significant impairments in both metabolic and
transcriptional reprogramming in the testes of NOA patients,
particularly those with meiotic arrest, likely contributing to
spermatogenic failures and suggesting that targeted
interventions aimed at restoring metabolic and transcriptional
balance could be beneficial for treating this form of male
infertility.

In somatic and oocyte cells, mitosis and meiosis DNA
damage checkpoints ensure that any damaged or
incompletely replicated DNA is sufficiently repaired before
division, preventing apoptosis and death from unrepaired DNA
(Pan & Li, 2019; Sen & Caiazza, 2013). However, similar
mechanisms have not been extensively documented in male
spermatogenesis. Our findings suggest that between the
zygotene and pachytene stages, where DSBs occur and DNA
repair ensues, significant transcriptional changes are critical. If
these changes are disrupted, spermatogenesis may become
abnormal and arrest. Thus, it can be hypothesized that the
zygotene to pachytene transition serves as a vital checkpoint
in spermatogenesis, reliant on the successful completion of
ZPT.

In  conclusion, we identified a crucial transcriptional
reprogramming during spermatogenesis in mammals,
occurring from the zygotene to pachytene stage, driven by the
reproductive microenvironment and regulated by TRs.
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