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IncRNA-operated stem cell fate control:

RPS3 mediates the in situ Gm16751-Zhx3
interactome to program spermatogonial stem
cell differentiation

Weijun Gao', Bo Xu?, Wenzhi Ma', Xiaojin He** and Jiwu'**

Abstract

Background Long non-coding RNAs (IncRNAs) play pivotal regulatory roles in mammalian male gametogenesis.
Advances in high-throughput technologies have demonstrated that INcRNAs orchestrate robust, flexible, and
context-specific gene regulatory networks through dynamic interactions with proteins, DNA, and RNA, modulating
transcriptional and post-transcriptional processes. However, the mechanistic role of in situ INCRNA-mRNA interactions
in spermatogonial stem cell (SSC) differentiation remains poorly understood.

Methods The differentially expressed transcripts, including IncRNA, mRNA and circRNA, were systematically
identified through long RNA sequencing (LongRNA-seq). RNA-RNA in situ interactions were subsequently mapped
using RNA in situ conformation sequencing (RIC-seq) technology. The Gm16751-Zhx3 interaction was validated
using single-molecule fluorescence in situ hybridization (smFISH), coupled with RNA antisense purification followed
by quantitative PCR (RAP-gPCR), and dual-luciferase reporter assay. Its functional impact on SSC differentiation was
assessed via EdU staining, apoptosis assay, mRNA stability assay, RAP-gPCR, respectively. Liquid chromatography-
tandem mass spectrometry (LC-MS) and RNA immunoprecipitation-gPCR (RIP-gPCR) were employed to screen

and identify the RNA-binding protein (RBP) interacting with Gm16751 and Zhx3. Crosslinking immunoprecipitation
followed by gPCR (CLIP-gPCR) further identified specific binding sequences. The regulation of RBP on the
differentiation of SSC was verified using RAP-qPCR, RIP-gPCR, puromycin incorporation assay, and RNA stability assay.

Results We employed RIC-seq and LongRNA-seq to systematically identify a functional interaction between IncRNA
Gm16751 and Zhx3 mRNA during SSC differentiation, which was further visualized via a Circos plot. Mechanistically,
we demonstrated that Gm 16757 enhances the mRNA stability of Zhx3, thereby promoting SSC differentiation.
Furthermore, mass spectrometry analysis revealed that RPS3 (Ribosomal Protein S3) serves as a critical RBP that
bridges the interaction between Gm16751 and Zhx3, ultimately stabilizing Zhx3 mRNA and modulating SSC
differentiation.
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Conclusions Our study identified a novel INcRNA-MRNA interaction pair, Gm16751/Zhx3, which is mediated by RPS3
and facilitates the differentiation of SSC. This discovery provides important mechanistic insights into the regulation of
male germ cell development and offers a new perspective for understanding molecular controls in spermatogenesis.
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Long non-coding RNAs (IncRNAs), defined as non-
coding transcripts exceeding 200 nucleotides, are ubiq-
uitously expressed in eukaryotes and far outnumber
protein-coding mRNAs [1]. This diverse class includes
enhancer-associated IncRNAs (elncRNAs), promoter-
interacting IncRNAs, and antisense IncRNAs, among
others, which play critical roles in gene regulation [2].
High-throughput sequencing has revealed that IncRNAs
establish dynamic, context-specific regulatory networks
by interacting with proteins, DNA, and RNA to modulate
transcriptional and post-transcriptional processes [2, 3].
In mammalian male gametogenesis, IncRNAs serve as
essential regulators. For instance, ACVR2B-asl inter-
acts with ALDOA to control glycolysis, thereby regulat-
ing self-renewal and apoptosis in human spermatogonial
stem cells (SSCs) [4]. Mrhl IncRNA modulates meiotic
progression by binding the Sox8 promoter and influenc-
ing Wnt signaling [5]. And the IncRNA Gm2044 is highly
expressed in spermatocytes, where it suppresses UtfI
mRNA translation through interaction, plays a critical
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role in regulating spermatogenesis [6]. IncRNAs also con-
tribute to epigenetic regulation, such as X chromosome
inactivation during early female embryogenesis [3, 7,
8]. Previous studies have detected Gm16751 expression
in adult mouse testis [9], its functional role and regula-
tory mechanism within the SSC differentiation pathway
remain entirely unexplored. The regulatory functions of
IncRNAs are closely linked to their subcellular localiza-
tion. Nuclear IncRNAs govern chromatin remodeling,
RNA splicing, and transcriptional regulation. Cyto-
plasmic IncRNAs regulate mRNA transport, stability,
and translation [10, 11]. Moreover, their activity often
depends on interactions with RNA-binding proteins
(RBPs), which serve as critical mediators of IncRNAs
function [2].

RBPs selectively bind RNA to form ribonucleopro-
tein (RNP) complexes, acting as key post-transcriptional
regulators [12]. IncRNAs can scaffold RBPs to specific
genomic loci, modulating cis- and trans-regulatory
networks [13, 14]. Emerging evidence highlights that
IncRNA-RBP interactions regulate mRNA stability, a
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mechanism implicated in tumorigenesis and gameto-
genesis [15-17]. Notably, RBPs are indispensable for
spermatogenesis. DDX20, a conserved DEAD-box heli-
case, controls progenitor spermatogonia formation and
SSC pool maintenance by regulating cell cycle-related
mRNA translation [18]. In C. elegans, the AMG-1/
SLRP-1 RBP complex sustains spermatogenesis by main-
taining mitochondrial homeostasis [19]. These findings
underscore the biological significance of RBP-IncRNA-
mRNA networks in male germline development. Nor-
mal spermatogenesis relies on a tightly regulated balance
between SSC self-renewal and differentiation [20, 21].
While numerous IncRNAs have been identified via high-
throughput sequencing, their functional mechanisms,
particularly how RBPs mediate IncRNA-mRNA interac-
tions in SSC differentiation, remain poorly understood.
Recent advances in RNA structural biology reveal that
RNAs with complex conformations often form multi-
RBP complexes, orchestrating critical biological pathways
[22]. RNA in situ conformation sequencing (RIC-seq)
enables in situ mapping of RNA-RNA interactions medi-
ated by RBPs, providing unprecedented insights into
IncRNA-mRNA regulatory networks [22].

Using LongRNA-seq and RIC-seq, we identified 2,194
differentially interacting IncRNA-mRNA pairs during
SSC differentiation. Among these, the Gm16751-Zhx3
interaction was significantly upregulated upon differenti-
ation. Mechanistically, Gm16751 enhances Zhx3 mRNA
stability, promoting SSC differentiation. Mass spectrom-
etry revealed RPS3 (Ribosomal Protein S3) as an RBP
that binds Gm16751. RPS3 mediates the Gm16751-Zhx3
interaction, further stabilizing Zhx3 mRNA and driving
differentiation. This study elucidates a novel IncRNA-
RBP-mRNA regulatory axis in SSC differentiation, offer-
ing critical insights into male germ cell development
disorders and infertility mechanisms.

Materials and methods

Animals

ICR mice were obtained from Shanghai SLAC Laboratory
Animal Co. Ltd. All animal procedures were approved by
the Shanghai Animal Care and Utilization Committee
and conducted in compliance with the National Research
Council’s Guidelines for the Care and Use of Labora-
tory Animals. Six-week-old male and female mice were
housed at a 1:1 ratio, and testes from 6-day-old F1 male
pups were used for experiments. The ethics approval
number is A2023127-001.

Isolation and culture of mouse spermatogonial stem cells
(mSSCs)

mSSCs were isolated and cultured as previously
described [23]. Briefly, testes from 6-day-old postnatal
mice were dissociated via a two-step enzymatic digestion.
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SSCs were purified using anti-mouse CD90.2 magnetic
beads and seeded onto mitomycin C-treated STO or
mouse embryonic fibroblast (MEF) feeder layers in 48-
or 24-well plates. Cultures were maintained at 37 °C with
5% CO,. Half of the medium was replaced daily, and cells
were passaged at a 1:2 ratio every 67 days.

Retinoic acid induces SSC differentiation into meiosis
Sertoli cells from 6-day-old mice were isolated and cul-
tured to prepare feeder layers [24]. mSSCs grown on
MEEF feeders were dissociated with 0.05% trypsin (1 min),
then transferred onto Sertoli cell feeders in differentia-
tion medium supplemented with 2 uM retinoic acid for
3 days. The differentiation medium consisted of MEM-a,
10% FBS, 100 IU/mL penicillin, 100 pg/mL streptomy-
cin, 1x vitamins, 1 mM non-essential amino acids, 10
ng/mL GDNF, 10 ng/mL EGE, 20 ng/mL bEGE, 10 ng/
mL LIF, 0.1 mM B-mercaptoethanol, 25 pg/mL insulin,
100 pg/mL human transferrin, 60 pM putrescine, 1 mM
sodium pyruvate, 60 ng/mL progesterone, and 2 mM
L-glutamine.

RT-PCR and qRT-PCR

Total RNA was extracted using TRIzol reagent, and
c¢DNA was synthesized following manufacturer proto-
cols. RT-PCR and qRT-PCR were performed using prim-
ers listed in Supplementary Table 1.

Immunofluorescence staining

Cells were washed with PBS, fixed in 4% paraformal-
dehyde (15-20 min, RT), and permeabilized with 0.5%
Triton X-100 (20 min; omitted for membrane proteins
like MVH). After blocking with 10% goat serum (37 °C,
20-30 min), primary antibodies (1:100-1:200) were
applied overnight at 4 °C. Alexa Fluor 488/594-conju-
gated secondary antibodies (1:200) were incubated for
1 h at RT. Nuclei were counterstained with DAPI, and
images were acquired using a Leica DMI3000B fluores-
cence microscope. Antibody details were provided in
Supplementary Table 2.

Western blotting

Cells were lysed in RIPA buffer with protease inhibi-
tors, and protein concentrations were determined via
BCA assay (YEASEN). Proteins were separated on 10%
SDS-PAGE gels, transferred to PVDF membranes, and
blocked with 5% skim milk. Primary antibodies were
incubated overnight at 4 °C, followed by HRP-conjugated
secondary antibodies (1 h, RT). Blots were visualized
using ECL reagent (VILBER), and band intensities were
quantified with Image]. Antibodies were listed in Supple-
mentary Table 2.
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Long RNA sequencing (LongRNA-seq)

Total RNA was extracted with TRIzol, and RNA qual-
ity was verified by 1% agarose gel electrophoresis. And
rRNA-depleted libraries were prepared using the Epi™
Mini LongRNA-seq Kit (Guangzhou Epibiotek). Library
quality was assessed using the Bioptic Qsep100 Analyzer.
Paired-end sequencing (150 bp) was performed on a
NovaSeq 6000. Clean reads were aligned to the reference
genome using HISAT2.

RNA in situ conformation sequencing (RIC-seq)

Cells were crosslinked with 1% formaldehyde (10 min,
RT), washed the cells once with pre-cooled 1x PBS, and
added glycine buffer to terminate crosslinked. Collected
the cell pellet and rapidly freeze it with liquid nitro-
gen (more than 30s). Chimeric reads were enriched as
described [22], and sequenced on an Illumina HiSeq X
Ten. Data were analyzed using STAR (v2.2.0.1).

Single-molecule fluorescence in situ hybridization
(smFISH)

Probes targeting Gml16751 (Cy3) and Zhx3 (Cy5)
(GenePharma) were hybridized using the smFISH Assay
Kit (GenePharma, F50111). Cells were fixed in 4% PFA
(15 min, RT), and probes were denatured (65 °C, 3 min)
before hybridization (37 °C, 12-16 h). Amplification and
imager probes were sequentially applied, and nuclei were
stained with DAPI. Images were captured using a STEL-
LARIS 5 confocal microscope, and fluorescence inten-
sities were quantified with ImageJ. The smFISH probe
sequences were listed in Supplementary Table 3.

RNA antisense purification (RAP) and IncRNA knockdown
Gm16751-specific RAP probes (BersinBio) were used
with the RNA Antisense Purification Kit (Bes5103-2)
[25]. For knockdown, cells were transfected with 50 pmol
locked nucleic acid (LNA) antisense oligonucleotides
(ASOs) (Guangzhou Epibiotek) for 48 h [22], followed by
qRT-PCR validation. The RAP probe sequences and LNA
ASO sequences were listed in Supplementary Table 4,
Tables 7, and Table 5, respectively.

Dual-luciferase reporter assay

3T3 cells were seeded in 24-well plates and cultured for
24 h prior to transfection with plasmid using Lipo8000
transfection reagent (Beyotime, C0533). The wild-type
pmirGLO-Gm16751 reporter or its mutant version
(pmirGLO-Gm16751-mut) reporter vector was co-trans-
fected into 3T3 cells with pcDNA3.1-Zhx3 3'UTR and
pRL-TK plasmid. Firefly luciferase activity was quanti-
fied using the Dual Luciferase Reporter Gene Assay Kit
(Yeasen, 11402ES60) and normalized to corresponding
Renilla luciferase internal controls. The primer sequences
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for plasmid construction were listed in Supplementary
Table 6.

mRNA stability assay

Cells treated with LNA ASO or shRps3 were exposed to
80 uM DRB for 0-3 h. Cells were harvested at 0, 1, 2, and
3 h post-DRB treatment, and total RNA was extracted
from each time point using TRIzol reagent. The expres-
sion level of Zhx3 mRNA was then analyzed by qRT-PCR
and normalized to the 0 h timepoint to determine the
decay curve and calculate the half-life (t ;).

RNA immunoprecipitation (RIP)-qPCR

RIP was performed using the PureBinding® RIP Kit
(GENESEED, P0102). Lysates were incubated with pro-
tein A/G beads conjugated to anti-RPS3 or IgG (5 pg,
4 °C overnight). Precipitated RNA was analyzed by qRT-
PCR for Gm16751 and Zhx3.

Crosslinking immunoprecipitation-qPCR (CLIP-qPCR)
Using the crosslinking immunoprecipitation and qPCR
Kit from BersinBio (Bes3014-1), a CLIP assay was per-
formed according to the manufacturer’s instructions
to identify the specific Gm16751 and Zhx3 sequences
bind to RPS3. Cells were treated with 100 pM 4-thiouri-
dine (Sigma, T4509) for 16 h, followed by ultraviolet
light cross-linking at 365 nm for 10 min. RPS3 antibody
was added to the cell lysate to capture RPS3-RNA com-
plexes, and collected the RNA. The immunoprecipitated
RNA was subsequently subjected to tailing reverse tran-
scription and qPCR analysis. The CLIP-qPCR primer
sequences were listed in Supplementary Table 7.

Puromycin incorporation assay

Cells were treated with 5 pg/mL puromycin (1 h), and
lysates were immunoblotted with anti-puromycin
(1:2000, ABclonal, A21205) or stained with Coomassie
blue.

EdU staining

Proliferation was assessed using the Cell-Light EdU
Apollo567 Kit (RiboBio, C10310-1). Images were
acquired on a Leica DMI3000B, and EdU* cells were
quantified with Image].

Apoptosis assay

Cells (1-10x10°) were stained with Annexin V-APC/
PE (absin, abs50008) and analyzed by flow cytometry
(Beckman Coulter). Data were processed using Flow]Jo
(v10.9.0).

Statistical analysis
Data from three independent experiments were pre-
sented as mean + SEM. Comparisons between two groups
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 LongRNA-seq and RIC-seq profiling of transcriptome dynamics and RNA interactome during SSC differentiation. A Schematic of the SSC differen-
tiation protocol. B SYCP3 immunofluorescence staining on day 3 of RA-induced differentiation, demonstrating meiotic progression (Control: Undifferenti-
ated spermatogonia stem cells, the same below). C qRT-PCR analysis of Plzf, Gfra1, Oct4, Stra8, Rec8, Meiob and Sycp3 expression during SSC differentiation.
D Western blotting analysis of STRA8 and SYCP3 protein levels. E Volcano plot of differentially expressed RNAs (INcRNAs, mRNAs, and circRNAs). F This
scatter plot visualizes the distribution of RNA-RNA interaction reads between the observed and expected. Interactions with observed significantly higher
than the predicted background levels (red points) are classified as high-confidence, the sloped line represents a linear fit. G Classification of interaction
read types (e.g., INcRNA-mRNA). H Volcano plot of differentially interacting RNA pairs. I GO enrichment analysis of RNAs with altered interaction patterns.

Data represent mean +SEM. n=3 independent repeats. Scale bar: 50 um. Statistical significance: ***P<0.001, ****P < 0.0001

used unpaired ¢-tests; multiple groups were analyzed by
one-way ANOVA (P<0.05). Graphs were generated with
GraphPad Prism 9.

Results

LongRNA-seq and RIC-seq analysis reveals transcriptome
dynamics and RNA interactome remodeling during SSC
differentiation

SSCs were isolated from 6-day-old ICR male mice using
a two-step enzymatic digestion followed by CD90.2 mag-
netic bead purification. The cells were then cultured
short-term on MEF feeder layers (Fig. S1A). SSC identity
was confirmed through RT-PCR and immunostaining,
which revealed expression of key self-renewal markers
(Plzf, Gfral, Etv5, and Oct4) and the germ cell-specific
marker Mvh (Fig. S1B). Immunofluorescence staining
indicated nuclear localization of both PLZF and OCT4,
in addition to positive expression of MVH and GFRal
(Fig. S1C).

To establish an in vitro differentiation system, SSCs
were co-cultured with Sertoli cells from 6-day-old mice
in medium containing 2 uM retinoic acid (RA) [24].
After 3 days of induction, we observed the induced germ
cells were in the form of monolayer patches with weak
or strong SYCP3 immunostaining (Fig. 1A-B). qRT-PCR
analysis revealed significant downregulation of Plzf,
Gfral and Oct4 concurrent with upregulation of mei-
otic markers (Stra8, Rec8, Meiob, Sycp3) (Fig. 1C). West-
ern blotting confirmed increased protein expression
of STRAS8 and SYCP3 following induction (Fig. 1D). To
visually track meiotic progression, we developed a CMV-
mCherry-Sycp3 promoter-eGFP dual-reporter lentiviral
vector (Fig. S1D-H). Successful differentiation was evi-
denced by eGFP expression in SSCs after 3 days of 2 pM
RA treatment (Supplementary Table 8, Fig. S1I). These
results demonstrate that the isolated cells possess charac-
teristic SSC properties and can be efficiently induced into
meiosis using 2 pM RA.

To investigate transcriptomic changes and in situ
RNA-RNA interactions during SSC differentiation, we
performed LongRNA-seq and RIC-seq analyses on undif-
ferentiated SSC and their differentiated counterparts.
LongRNA-seq identified 5,849 differentially expressed
genes (DEGs), including 1,303 IncRNAs, 4,441 mRNAs,
and 106 circRNAs (Fig. 1E and Fig. S2A-B). Among the
differentially expressed mRNAs, key SSC differentiation

markers such as Sycpl, Sycp2, Sycp3, Meiob, and Meioc
were significantly upregulated (Fig. S2D). Gene Ontol-
ogy (GO) enrichment analysis of the DEGs revealed that
upregulated mRNAs were predominantly associated with
biological processes critical for differentiation, including
male gametogenesis, germ cell development, and meiosis
(Fig. S2C).

To map global RNA-RNA interactions in situ, we con-
ducted RIC-seq and captured numerous chimeric reads
in both groups (Fig. S2E-F and Supplementary Table
9). These chimeric reads yielded highly reproducible
interaction profiles between the two groups (Fig. 1F),
and encompassed diverse interaction types, including
IncRNA-mRNA interactions (Fig. 1G). Integrating RIC-
seq with LongRNA-seq data, we identified 2,194 dif-
ferentially interacting RNAs during SSC differentiation
(Fig. 1H). GO analysis of upregulated interactions further
highlighted enrichment in terms related to male game-
togenesis, meiosis, and germ cell development (Fig. 1I).
Additionally, we detected multiple hubRNAs exhibiting
extensive interaction networks (Fig. S2G-H), suggesting
their potential regulatory roles. Together, these findings
underscore widespread alterations in RNA expression
and interactome dynamics during SSC differentiation.

Interaction between IncRNA Gm167517 and mRNA Zhx3
regulates SSC differentiation

To investigate the role of RNA-RNA interactions in
SSC differentiation, we systematically analyzed the
interaction sequencing data following SSC differen-
tiation. After excluding interactions between identical
RNAs, pseudogene-mRNA pairs, and intra-class RNA
interactions, we identified significantly upregulated
IncRNA-mRNA interaction pairs during SSC differ-
entiation, specifically selecting those pairs where both
partners showed co-upregulation. Through this screen-
ing, we ultimately validated a functional interaction
between IncRNA Gm16751 and mRNA Zhx3. They are
all genes located on the reverse strand of chromosome 2
(GRCm38.91 or Ensembl GRCm38.p3, Gm16751: chro-
mosome 2: 160840836—160888028; Zhx3: chromosome
2: 160,748,708-160,872,998). Moreover, we captured
and presented chimeric reads that show the interaction
between Gml16751 and Zhx3 (Supplementary Table 9).
Although the circos plot analysis revealed that Gm16751
interacts with multiple genes, and the overall number of
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Fig. 2 INcRNA Gm16751 physically and functionally interacts with mRNA Zhx3 during SSC differentiation. A Circos plot depicting RNA-RNA interaction
networks of Gm16751 (on chromosome 2, red) in undifferentiated vs. differentiated SSC. Chromosomal locations are annotated in the outer ring, while
the inner ring highlights statistically significant interactions after normalization for transcript abundance. Notably, the Gm16751-Zhx3 interaction was
significantly enhanced post-differentiation (P=0.0098). B gRT-PCR analysis confirms significant upregulation of Gm16751 and Zhx3 transcripts during
SSC differentiation. C Western blotting validates the differentiation-associated increase in ZHX3 protein levels, consistent with transcriptional data. D
High-resolution smFISH coupled with confocal microscopy reveals cytoplasmic co-localization of Gm 16751 (red) and Zhx3 (green) in SSCs. Yellow puncta
indicate overlapping foci, with nearest-neighbor distances quantified (lower right). E RAP-gPCR using a Gm16751-specific antisense probe confirms direct
binding to Zhx3 mRNA, with interaction strength significantly elevated post-differentiation (NC is the LacZ biotin probe (used as a negative control)). F
In silico RNA-RNA interaction model (generated by IntaRNA) predicts interaction region between nucleotides 555-689 of Gm16751 and the 2958-3099
region of Zhx3 3'UTR, suggesting a direct post-transcriptional regulatory mechanism. G A segment of the Zhx3 3’UTR (nt 2933-3125) was confirmed
as a binding site for the Gm 16757 by RAP-gPCR analysis. Compared to others segment, Gm 16751 binds to Zhx3 3'UTR-2933-3125 with high affinity. The
upper right part shows a schematic diagram of the primer design, primer sequences in Supplementary Table 7. H Schematic illustrating the construc-
tion of the Gm16751 mutant with a deletion of nucleotides 555-689. | The wild-type and mutant Gm16/51 sequences were cloned into the pmirGLO
luciferase reporter vector and co-transfected with Zhx3 3'UTR-2933-3125 (cloned into pcDNA3.1) and pRL-TK vector into 3T3 cells. Luciferase activity was
then measured 24 h post-transfection. Data represent mean + SEM. n=3 independent repeats. Scale bar: 5 um. Statistical significance: *P < 0.05, **P < 0.01,

***P<0.001, ****P<0.0001

interacting partners for Gm16751 decreased upon dif-
ferentiation, its binding to Zhx3 was markedly enhanced
(P=0.0098) (Fig. 2A). Three-dimensional genomic inter-
action map illustrating the spatial proximity of Gm16751
and Zhx3 on chromosome 2 (Fig. S3A). And qRT-PCR
and Western blotting analysis demonstrated a signifi-
cant upregulation of both Gm16751 and Zhx3 upon SSC
differentiation (Fig. 2B, C). To validate this interaction
in situ, we performed smFISH, which confirmed robust
cytoplasmic co-localization of Gml16751 and Zhx3 in
SSCs (Fig. 2D). Further evidence was obtained via RAP-
qPCR, where an antisense probe targeting Gm16751 effi-
ciently enriched Zhx3 transcripts, with binding affinity
significantly increasing post-differentiation (Fig. 2E and
Fig. S3B). Subsequent IntaRNA-based computational
modeling identified a putative binding interface between
the 3'UTR of Zhx3 and Gm16751 (Fig. 2F), hinting at a
possible post-transcriptional regulatory mechanism.
We confirmed that Gm16751 exhibits the most sig-
nificant enrichment at the Zhx3 3'UTR region (nucleo-
tides 2933-3125) using RAP-qPCR (Fig. 2G), which is
consistent with the interaction prediction. Addition-
ally, following the deletion of nucleotides 555 to 689 in
Gml16751(Gm16751 MUT), the mutant did not exhibit
suppressed luciferase activity compared to the wild-type
(Gml16751 WT) (Fig. 2H-I). Collectively, these find-
ings establish a direct interaction between Gmli6751
and Zhx3, providing a foundation for future studies on
IncRNA-mRNA networks in SSC fate determination.

Gm16751 regulates SSC differentiation by stabilizing Zhx3
mRNA

To investigate the functional significance of the
Gml16751-Zhx3 interaction in SSC differentiation, we
first knocked down Gml16751 in SSCs using 50 pmol
LNA ASOs (Fig. 3A and Fig. S4A). Gm16751 knockdown
significantly reduced both mRNA and protein levels of
differentiation markers Stra8 and Sycp3 (Fig. 3B-C and
Fig. S4B-E). EdU incorporation assays revealed enhanced

SSC proliferation upon Gm16751 knockdown compared
to LNA controls (Fig. 3D), while flow cytometry con-
firmed no induction of apoptosis (Fig. 3E). Consistent
with these findings, lentivirus-mediated Zhx3 knock-
down (Fig. 3F-G and Fig. S4F), similarly impaired SSC
differentiation (Fig. S4G-H), demonstrating that both
molecules are important for SSC development.

Mechanistic studies revealed that Gm16751 knock-
down significantly reduces its enrichment efficiency
for Zhx3. (Fig. S4I), and decreased ZHX3 protein lev-
els (Fig. 3H). Conversely, Gml6751 overexpression
elevated ZHX3 expression (Fig. S4J-L). Given the cyto-
plasmic co-localization of Gm16751 and Zhx3 observed
by smFISH, we hypothesized that Gm16751 regulates
Zhx3 post-transcriptionally. DRB-mediated transcrip-
tional arrest assays showed accelerated Zhx3 mRNA
decay in Gm16751-depleted cells (t;,,: 0.78 vs. 1.49 h in
controls; Fig. 3I), indicating mRNA destabilization. To
examine whether the stability of Zhx3 depends on the
binding sequence of Gm16751 (nucleotides 555 to 689),
we performed RAP-qPCR and stability assays follow-
ing the overexpression of the Gmi16751 MUT (Fig. 2H
and Fig. S4M-N). The results indicated that, compared
to the overexpression groups of the Gm16751 WT and
control, the enrichment efficiency of Zhx3 was signifi-
cantly reduced in the Gm16751 MUT (Fig. 3]J). More
importantly, the stability of Zhx3 was severely impaired
(Fig. 3K). Furthermore, the mutation in Gmi6751 sig-
nificantly disrupted the differentiation of SSC (Fig. 3L).
Furthermore, Zhx3 overexpression rescued the differen-
tiation defect caused by Gm16751 knockdown (Fig. S40-
R). These results establish that Gm16751 maintains Zhx3
mRNA stability through direct interaction, thereby regu-
lated the differentiation process of SSC.

RPS3 as an RNA-binding protein mediates the in situ
interaction between Gm16751 and Zhx3

To identify key RNA-binding proteins
associated with Gml16751, we performed

(RBPs)
liquid
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chromatography-mass spectrometry (LC-MS) on RAP
samples. Comparative analysis revealed 11 significantly
enriched and 13 depleted proteins in the GmlI6751
RAP group versus the negative control (NC:LacZ bio-
tin probe) (Fig. S5A). Notably, 50% of these proteins
localized to the cytoplasm (Fig. S5B), consistent with
Gm16751’s cytoplasmic distribution. Among the upregu-
lated candidates, ribosomal protein S3 (RPS3) exhibited
the most pronounced enrichment (Fig. 4A). Bioinfor-
matic analysis using the RBP2GO database confirmed
RPS3’s high RBP potential (Fig. S5C). Silver staining of
Gm16751 RAP samples revealed multiple bands, includ-
ing a prominent~28 kDa band corresponding to RPS3
(Fig. 4B). Subsequent Western blotting further validated
RPS3’s enrichment in the Gm16751 RAP group and input
samples (Fig. 4C). Structural prediction via AlphaFold3
indicated that RPS3 harbors a KH domain (aa 42-111),
a known RNA-binding domain (Fig. 4D). Immunofluo-
rescence confirmed RPS3’s cytoplasmic localization in
SSC (Fig. 4E). To investigate RPS3’s interaction part-
ners, we employed AlphaFold3 to predict binding inter-
faces between RPS3 and Gm16751/Zhx3, the RPS3-RNA
complex with a predicted local distance difference test
(pLDDT) score >80 (range 0-100), and the predicted tem-
plate modeling score (pTM) + interface predicted tem-
plate modeling score (ipTM)>0.5, indicating moderate
reliability in the predicted interface (Fig. S5D-E). These
in silico predictions were used solely to guide subse-
quent experimental validation. RIP-qPCR demonstrated
significant co-precipitation of Gm16751 and Zhx3 with
RPS3 (Fig. 4F-G). CLIP-qPCR was performed to fur-
ther identify the specific regions of Gm16751 and Zhx3
that directly bind to RPS3. We found that the sequences
significantly enriched by RPS3 in Gm16751 and Zhx3
completely coincide with the regions responsible for the
mutual interaction between these two RNAs (Fig. 4H-I
and Fig. S5F). This finding not only demonstrates direct
binding of RPS3 to these transcripts, but also further-
more indicates that RPS3 acts as an essential molecu-
lar scaffold, directly stabilizing the interaction between
Gm16751 and Zhx3. In conclusion, our integrative
approach identifies RPS3 as a RBP that binds Gm16751
and interacts with Zhx3.

RPS3 regulates SSC differentiation by modulating the
Gm16751-Zhx3 interaction

To elucidate the mechanistic role of RPS3 in SSC differ-
entiation, we performed lentiviral-mediated Rps3 knock-
down (KD) in SSCs (Fig. 5A—C). Strikingly, Rps3 KD
significantly impaired SSC differentiation (Fig. 5D-E),
despite endogenous RPS3 protein levels decreasing dur-
ing normal differentiation (Fig. 5F). We hypothesize
that this seemingly contradictory finding may point to a
non-standard, ribosome-independent function for RPS3
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in regulating spermatogenesis. As RPS3 is a ribosomal
small subunit component, we assessed its impact on gen-
eral protein synthesis using puromycin incorporation
assays (5 pg/mL). Under our experimental conditions, no
gross reduction in total protein synthesis was detected by
puromycin incorporation assay, although subtle changes
cannot be ruled out (Fig. 5G), its effect on global protein
synthesis was excluded.

Given RPS3’s RNA-binding capacity, we hypothesized
it mediates the Gm16751-Zhx3 interaction. RIP-qPCR
confirmed reduced Gm16751 and Zhx3 enrichment with
RPS3 after KD (Fig. 5H). Critically, RAP-qPCR showed
their direct interaction was also diminished (Fig. 5I), posi-
tioning RPS3 as a bona fide molecular scaffold. Further
mechanistic studies revealed that Zhx3 mRNA stability
and protein levels were significantly reduced post-Rps3
KD, while Gm16751 remained unchanged (Fig. 5]-L).
Neither KD nor overexpression of Gml16751 altered
RPS3 expression (Fig. S6A-D), confirming Gml16751 as
an RPS3 interaction partner rather than a transcriptional
target. Taken together, the data indicate that RPS3 acts as
a molecular scaffold for the in situ Gm16751-Zhx3 inter-
action and affects SSC differentiation through its effects
on this interaction and on Zkx3 stability.

Discussion

Post-transcriptional regulation of SSC differentiation by
IncRNA-mRNA interactions

Accumulating evidence underscores the critical role of
post-transcriptional regulation, particularly IncRNAs,
in mammalian spermatogenesis and SSC differentiation
[26-28]. While IncRNAs have been implicated in tes-
ticular development, SSC maintenance, and germ cell
maturation, the mechanistic basis of IncRNA-mRNA
interactions in SSC differentiation remains poorly under-
stood. Our study bridges this gap by elucidating a novel
Gml16751-Zhx3 regulatory axis, demonstrating how
their in situ interaction, mediated by RBP RPS3, orches-
trates SSC differentiation.

Gm16751: a cytoplasmic IncRNA with differentiation-
promoting functions
We identified Gm16751 as a 1,685-nt differentiation-
induced IncRNA localized to the cytoplasm, where it
physically interacts with Zhx3 mRNA. This aligns with
emerging paradigms of cytoplasmic IncRNAs, which
often regulate mRNA stability, translation, or pro-
tein modifications [11, 29]. Unlike nuclear IncRNAs
that modulate chromatin dynamics or splicing [11, 29],
Gml16751 exemplifies a cytoplasmic IncRNA that scaf-
folds RBPs to stabilize target transcripts—a mechanism
corroborated by our smFISH and RIC-seq data.

Notably, Gm16751’s upregulation during differentiation
contrasts with IncRNAs like 033862, which maintain SSC
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(See figure on previous page.)

Fig. 3 The in situ interaction between Gm16751 and Zhx3 regulates SSC differentiation. A qRT-PCR validation of Gm16751 KD efficiency (LNA ASO vs.
control). B gRT-PCR analysis of Stra8 and Sycp3 expression following Gm16751 knockdown during SSC differentiation. C Western blotting detection of
STRA8 and SYCP3 protein levels post-Gm 16751 knockdown. D EdU incorporation assay assessing SSC proliferation after Gm16751 knockdown. E Flow
cytometric analysis of apoptosis rates in Gm16751-depleted SSC. FZhx3 KD efficiency confirmed by gRT-PCR. GZhx3 KD efficiency confirmed by Western
blotting. H Western blotting analysis of ZHX3 protein levels after Gm16751 knockdown. IZhx3 mRNA decay kinetics measured by qRT-PCR after transcrip-
tional inhibition with DRB. Half-life (t, ,) values are indicated. J RAP-gPCR was used to determine the enrichment efficiency of the Zhx3 3'UTR in different
groups. KTranscriptional inhibition was induced with DRB to assess the decay kinetics of Zhx3 mRNA across different groups by gRT-PCR and to determine
their mRNA half-life (t,,) values. L The protein levels of STRA8 and SYCP3 were detected by Western blotting after Gm16757 mutation. Data represent
mean + SEM. n=3 independent repeats (EdU incorporation assay assessing, n=>5 independent repeats). Scale bar: 50 um. Statistical significance: *P < 0.05,

**P<0.01,**P<0.001, ***P<0.0001; ns: no significance; a, b, c: Different letters signify significant differences

self-renewal via GFRal regulation [30]. This dichotomy
highlights the functional diversity of IncRNAs in germ-
line development, where spatial expression and interac-
tion partners dictate their roles.

Zhx3: a multifunctional regulator co-opted for
spermatogenesis

Zhx3, named zinc fingers and homeoboxes 3, belongs
to the ZHX protein family [31]. Beyond its involvement
in cancer progression [32], Zhx3 has emerged as a key
regulator of mesenchymal stem cell and osteoblast dif-
ferentiation [33, 34]. Previous studies have demonstrated
that MRG15 deficiency results in the loss of mRNA tran-
scripts from 66 male germ cell-specific genes, including
Zhx3 [35]. Furthermore, Zhx3 expression was shown
to be regulated by microRNAs during spermatogenesis
[36]. Our work unveils its necessity for SSC differentia-
tion. The differentiation-coupled upregulation of Zhx3,
dependent on Gm16751 as an antisense IncRNA, can
bind to the 3'UTR of Zhx3 and mediated stabilization
[37], suggests evolutionary repurposing of this transcrip-
tional regulator for germline development. Prior studies
linked Zhx3 to germ cell biology only indirectly (e.g., via
microRNA regulation [36] or MRG15-dependent expres-
sion [35]). Our results position Zhx3 as a direct effector
of Gm16751, expanding its functional repertoire beyond
somatic contexts.

RPS3: a ribosomal protein with non-canonical RBP
functions

Similar to many ribosomal proteins, RPS3 participates in
diverse cellular processes, such as DNA repair [38, 39],
transcription [40], and apoptosis [41]. Although RPS3 is
a core ribosomal component [42], as Rps3 knockdown
did not impair global protein synthesis, its functional
mechanisms appear to be independent of translational
processes [43]. Previous studies have demonstrated that
RPS3 partitions into two functionally distinct popula-
tions, including its non-canonical functions associated
with RNA splicing, trafficking, and stability [44]. These
findings clearly demonstrate its non-canonical func-
tions as a ribosomal protein. We identified RPS3 as the
RBP bridging Gm16751 and Zhx3. Mechanistically, RPS3
stabilizes Zhx3 mRNA may via KH domain-mediated

interactions. KH domain can bind to the 3'UTR of
mRNA regulate embryonic development and cell dif-
ferentiation [45, 46]. And a paradigm observed in Dro-
sophila, where RPS3 loss causes spermatogenic defects
[47]. This echoes recent RNA interaction capture studies
identifying RPS3 as a key RBP in mammalian spermato-
genesis [48]. Our work mechanistically links RPS3 to
IncRNA-driven mRNA stabilization, offering a plausible
explanation for its dysregulation in teratospermia.

While this study provides novel insights into IncRNA-
mRNA interactions during SSC differentiation, our study
has limitation that warrant consideration: Our findings
are based on in vitro models, and the biological rel-
evance of the Gm16751-Zhx3 interaction remains to be
verified in animal systems. And, while our data establish
the functional importance of nucleotides 555 to 689 in
Gm16751, the precise structural basis of the Gm16751—
Zhx3 interaction remains incompletely resolved, the
broader functional consequences of the Gm16751-Zhx3-
RPS3 complex with other regulatory pathways remain
largely unexplored in the context of SSC differentiation.
Additionally, whether Gm16751 stabilizes Zhx3 mRNA
uniquely through RPS3 or whether redundant/parallel
mechanisms exist remains unknown. Our findings do
not exclude such possibilities, and further investigation
is needed to determine the exclusivity of this regulatory
axis.

Conclusions

We propose a tripartite interaction module (Graphi-
cal abstract): (1) In situ interaction, Gm16751 interacts
with Zhx3 in situ during SSC differentiation; (2) Sta-
bilization, the RPS3 as a RBP stabilizes the Gm16751-
Zhx3 interaction, enhances Zhx3 mRNA stability; (3)
Execution, ZHX3 protein promotes differentiation
gene programs (e.g., Stra8/Sycp3). This study provides
novel insights into male germ cell development and
spermatogenesis by identifying a cytoplasmic IncRNA—
mRNA interaction essential for SSC differentiation. It
uncovers the non-ribosomal role of RPS3 as an RBP
within germ cells. Future research should focus on elu-
cidating the architecture and functional dynamics of the
Gm16751/RPS3/Zhx3 ribonucleoprotein complex, deter-
mine whether this regulatory axis induces functional
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Fig. 5 RPS3 modulates SSC differentiation by regulating the Gm16751-Zhx3 interaction. A Morphological assessment of SSCs following Rps3 knockdown
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(5 pg/mL, 1 h) and Coomassie staining/Western blotting (anti-puromycin). Rps3 KD shows no significant translation defects. H RIP-gPCR reveals reduced
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alterations in germ cell development in vivo, and evalu-
ate its potential as a therapeutic target for spermatogenic
disorders.
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RIP RNA immunoprecipitation
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