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Abstract

The process of male germ cell development is a central determinant of spermatogenesis. Nevertheless, the genetic regulatory mechanisms
underlying male germ cell development in mammals remain largely unclear. In this study, employing a germ cell-specific Hnrnpk knockout mouse
model combined with multi-omics analyses, we identified hnRNPK as a key factor necessary for maintaining normal development in differentiating
spermatogonia. Phenotypically, adult mice with germ cell-specific hnRNPK deletion exhibited infertility, characterized by a nearcomplete absence
of spermatocytes in the seminiferous tubules. Single-cell RNA sequencing (scRNA-seq) analysis revealed that hnRNPK deletion induced cell-cycle
dysregulation in differentiating spermatogonia, triggering apoptotic cell death. As a consequence, the population of differentiating spermatogonia
in the testes is markedly diminished, and these cells fail to undergo proper maturation or successfully enter meiosis. Mechanistically, cytoplasmic
hnRNPK exerts its regulatory function at the post-transcriptional level, regulating the translation efficiency (TE) of genes involved in meiosis, the
cell cycle, and transcriptional regulation. Furthermore, hnRNPK interacts with and colocalizes with DAZL at the 40S ribosome, thereby modulating
the initiation of target messenger RNA translation. In the nucleus, hnRNPK interacts with splicing factors and participates in the splicing of target
genes related to germ cell differentiation and meiosis. Collectively, these findings emphasize the functional role and mechanistic involvement of
hnRNPK in differentiating spermatogonia, providing valuable insights into the post-transcriptional regulatory mechanisms that govern male germ
cell development.
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Introduction

Spermatogenesis is a highly orchestrated developmental pro-
gram essential for male fertility. Following sex determination
in mice, prospermatogonia proliferate until approximately
embryonic day E14.5 (E14.5), after which they enter a phase
of mitotic quiescence [1]. During the early postnatal period,
these cells reinitiate proliferation and migrate toward the pe-
riphery of the seminiferous cords. A subset of prospermato-
gonia differentiate directly into differentiating spermatogo-
nia, initiating the first wave of spermatogenesis. In contrast,
another subset gives rise to spermatogonial stem cells (SSCs)
around postnatal day 3 (P3), thereby establishing the long-
term foundation for subsequent, steady-state spermatogenesis
[2-6]. By postnatal day 8 (P8), preleptotene spermatocytes en-
tering meiosis I can be observed, followed by the formation of
secondary spermatocytes after completion of the first meiotic
division. These cells then undergo meiosis II to produce hap-
loid round spermatids, which then progress through spermio-
genesis to produce elongated, functionally mature spermato-
zoa [7-9]. Perturbations at any step of spermatogenesis can
severely compromise sperm output, ultimately leading to non-
obstructive azoospermia or oligozoospermia in humans and
mice [10, 11]. However, the molecular regulation of these eti-
ologies and pathologies remained incompletely understood.

Heterogeneous nuclear ribonucleoproteins (hnRNPs) con-
stitute a large family of RNA-binding proteins comprising
>20 members, which are designated as hnRNP A-U [12]. hn-
RNP proteins typically harbor modular auxiliary domains en-
riched in glycine, acidic, or proline residues. Functionally, hn-
RNPs participate in nearly all aspects of RNA metabolism,
including transcription, splicing, 5’ capping, polyadenylation,
and translation. They also mediate various nucleic acid pro-
cessing events, such as telomere maintenance, chromatin re-
modeling, and DNA repair, which are crucial for physiological
and pathological processes [13]. Our previous work demon-
strated that members of the hnRNP family are highly ex-
pressed in the testes [14]. Several family members regulate
distinct stages of germ cell development, including hnRNPG-
T [15], haRNPL [16], haRNPH1 [17], haRNPU [18], hn-
RNPA2B1 [19], hnRNPM [20], and hnRNPC [21]. Deficiency
of hnRNPU disrupts the transition from prospermatogonia
to spermatogonia, resulting in a Sertoli cell-only phenotype
[18]. Two of our previous studies showed that Stra8/Ambh-
Cre-mediated depletion of hnRNPH1 leads to meiosis arrest
and/or Sertoli cell dysfunction in mice [17, 22]. A recent study
in our group revealed that germ cell-specific deletion of hn-
RNPC causes delayed meiotic entry followed by meiotic arrest
[21]. Furthermore, clinical evidence further supports a crucial
role between hnRNP protein abnormalities and male infertil-
ity. Pathogenic variants in hnRNPG-T have been identified in
azoospermic patients [15], and reduced hnRNPL protein lev-
els have been observed in testicular biopsies from men diag-
nosed with Sertoli cell-only syndrome (SCOS) [16].

As a prominent member of the hnRNP family, hnRNPK
was the first protein identified to contain the K-homology
(KH) domain, a conserved structural motif that mediates
sequence-specific nucleic acid binding [23]. In comparison
with other members of the hnRNP family, hnRNPK demon-
strates a greater degree of functional versatility and is involved
in a broader range of physiological and pathological processes
[24]. Global knockout of Harnpk in mice leads to embryonic
lethality [25], underscoring its indispensable role during devel-

opment. Functionally, hnRNPK acts as a key transcriptional
regulator by specifically binding to the promoter regions of
proto-oncogenes such as ¢-Myc and c¢-Src and significantly
enhancing their transcriptional activity [26-28]. In addition
to transcriptional regulation, hnRNPK promotes translation
by stimulating internal ribosome entry sites (IRESs)-mediated
initiation [29, 30]. Furthermore, hnRNPK modulates alterna-
tive splicing (AS) through its interaction with core spliceoso-
mal components [31-33]. Interestingly, the conditional dele-
tion of Hurnpk using Stra8-Cre causes spermatocyte arrest at
the pachytene stage [34] and impairs the translation of key
regulators within the piRNA pathway [35], highlighting the
indispensable role of hnRNPK in male fertility. Nevertheless,
due to limitations in previous models, the detailed function
and molecular mechanism of Hurnpk in regulating spermato-
gonial remain incompletely understood, despite these findings
revealing its biological function in male fertility.

In this study, the Stra8-GFP-Cre mouse line was utilized to
induce germ cell-specific gene ablation [36], resulting in the
deletion of the Hnrnpk gene in mouse germ cells. By inte-
grating single-cell RNA sequencing (scRNA-seq) with histo-
logical and molecular analyses, we systematically delineated
the role of Hnrnpk in mouse germ cell development. The loss
of Hnrnpk impairs the differentiation of spermatogonia and
promotes apoptosis, thereby preventing normal developmen-
tal progression from entry into meiosis. Mechanistically, hn-
RNPK functions primarily at the post-transcriptional level,
as its deletion significantly reduces the translation efficiency
(TE) of genes involved in meiosis, the cell cycle, and transcrip-
tional regulation. Furthermore, we identified hnRNPK as an
RNA-binding protein that interacts with DAZL in the cyto-
plasm to orchestrate translational processes in spermatogo-
nia. Within the nucleus, hnRNPK interacts with splicing fac-
tors and participates in the regulation of AS of target genes
associated with spermatogonial differentiation and meiosis.
Together, these findings define the molecular functions of hn-
RNPK during the onset of spermatogenesis and highlight a
previously unappreciated post-transcriptional regulatory axis
governed by hnRNPK in male germ cells.

Materials and methods

Mice and ethics

All mice used in this study were maintained on a genetic
background. Hurnpk™*+ mice were obtained from Cyagen
Biosciences, in which loxP sites were inserted flanking ex-
ons 6-7 of the Hnrnpk locus. To generate germ cell-specific
conditional knockout mice, we crossed Hurnpkfloxflox mice
with Stra8-GFPCre mice (kindly provided by Prof. Minhan
Tong, Institute of Biochemistry and Cell Biology, CAS) to ob-
tain Stra8-GFPCre; Hurnpk ¥+ male offspring. These males
were then backcrossed with Hurnpkofox females to produce
Stra8-GFPCre; Hnrnpk1oPel male mice (Hnrnpk-cKO). All
animals were housed in specific pathogen-free rooms in the
Laboratory of Animal Center, Huazhong University of Science
and Technology. All animal experiments were conducted eth-
ically and approved by the Institutional Animal Care and Use
Committee of Tongji Medical College, Huazhong University
of Science and Technology, under animal assurance number
S2795. Genotyping was performed by polymerase chain re-
action (PCR) using genomic DNA isolated from their tails or
toes. The primers used are listed in Supplementary Table S1.
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PAS staining

Mouse testes and epididymides were fixed in Bouin’s solu-
tion (Sigma, Lot #SLBJ3855V) at room temperature (RT)
overnight. The tissues were then dehydrated through a graded
ethanol series (75%, 80%, 90%, and twice in 100%), cleared
in xylene, and subsequently infiltrated and embedded in paraf-
fin. The tissue was sectioned into 5 pwm thick slices and in-
cubated with periodic acid (BBI, A600690-0025) and Schiff
(Sigma, 1.09033.0500) for 30 min or 10 min, respectively. Af-
ter dehydration, the slides were mounted with neutral resin
(Solarbio, G8590).

Immunofluorescence staining, TUNEL analyses,
and EdU labeling

Testes from control and Hrrnpk-cKO mice were fixed in 4%
paraformaldehyde (Sigma, P6148) and cryoprotected in su-
crose gradient (5%, 15%, and 30%). Tissues were then em-
bedded in O.C.T compound (Sakura Finetek, 4583) and sec-
tioned at a thickness of 5 um. For immunofluorescence (IF)
staining, antigen retrieval was conducted using a citrate so-
lution (pH = 6.0), following which the slides were blocked
in 5% donkey serum for 1 h at RT. Following an overnight
incubation with the primary antibody at 4°C and a subse-
quent 1 h incubation with the secondary antibody, the slides
were mounted using DAPI-containing mounting medium for
imaging. Antibodies are provided in Supplementary Table S2.
For the TUNEL assay, the slides were treated with PBST and
TUNEL solution (Beyotime, C1086). For the EdU prolifer-
ation analysis, the mice were injected intraperitoneally with
50 mg/kg of EdU, and the testes were collected 4 h after in-
jection. Testis sections were processed using the BeyoClick™
EdU-488 Cell Proliferation Kit (Beyotime, C0071S) according
to the manufacturer’s instructions.

Meiotic chromosome spread analyses

Testis tubules were separated and then incubated in hypotonic
extraction buffer (HEB buffer, pH 8.2) containing 30 mM
Tris, 50 mM sucrose, 17 mM trisodium citrate dihydrate, 5
mM ethylenediaminetetraacetic acid, 0.5 mM DTT, and 1 mM
PMSF for a period of 1.5 h at RT. Spermatocytes were released
by gentle pipetting in 80 ul of a 100 mM sucrose buffer, with
a pH of 8.2. Thereafter, they were spread on slides that had
been covered with a fixation buffer (pH 9.2) containing 1%
PFA and 0.15% Triton X-100. Following a 2 h incubation in
a humidity box at RT, the slides were air-dried and were then
washed twice with 0.4% Photo-Flo 200 (Kodak). The slides
were stored at —80°C for IF staining. Antibodies used in this
assay are listed in Supplementary Table S2.

Isolation of c-KIT positive cells

The testes of control and Hnrnpk-cKO mice at P8 were
collected and dissociated into a single-cell suspension using
a two-step enzymatic digestion protocol, as previously de-
scribed [37, 38], to preserve cell surface markers. Briefly, tis-
sue fragments were incubated with 1 mg/ml collagenase IV
(Thermo Fisher Scientific, catalogue number 17104019) and 5
U/ml DNase I (BioFroxx, catalogue number 1121MG010) for
5 min with gentle agitation. This was followed by four washes
with ice-cold DPBS (Procell, catalogue number PB180329) to
remove residual enzyme. The samples were then digested with
TrypLE Express (Thermo Fisher Scientific, 12604013) for
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3-4 min until a single-cell suspension was achieved. After
passing through a 40 pm strainer, the cells were then incu-
bated with magnetic microbeads conjugated to ¢-KIT antibod-
ies (Miltenyi Biotec, 130-091-224), which were specific to the
target surface antigen. This process was conducted in accor-
dance with the manufacturer’s recommendations. After gen-
tle washing to remove unbound beads, the labeled cells were
passed through a pre-equilibrated magnetic column placed in
a separation unit. The magnet-retained (positive) and flow-
through (negative) fractions were subsequently collected in
separate containers. The efficiency and purity of sorting were
then assessed by immunofluorescence using lineage-specific
markers. All procedures were performed at 4°C or on ice to
maintain cell viability and reduce nonspecific binding.

Cell culture, plasmid construction, and transfection

HEK293T, NIH3T3, and GC-1 cells were cultured in
DMEM (Procell, PM150210) containing 10% FBS (Albumin
Bovine, 4240GR100) and 1% penicillin—streptomycin solu-
tion (Biosharp, BL5S05A). The cells were cultured in a humidi-
fied incubator at 37°C with 5% CO,. All overexpression plas-
mids were amplified using a PCR strategy with testis coding
sequence (CDS) as templates. All overexpression assays were
conducted using Lipo8000 transfection reagent (Beyotime,
C0533-1.5 ml), and all RNAI assays were performed using
INTERFERiIn® reagent (Polyplus, 101000028). The cells were
seeded into 24-well plates, treated with the corresponding
reagent, and collected at 64 h after overexpressing the vec-
tor transfection or 72 h after interfering with the cells using
siRNA.

Immunoprecipitation and western blot

The isolated cells were transferred to an ice-cold western
blot/IP lysis buffer (Beyotime, P0013) and centrifuged at
12000 x g for 10 min at 4°C. For immunoprecipitation,
Protein A/G Magnetic Beads (MCE, HY-K0202) were pre-
incubated with 4 pg of the antibody, followed by the ad-
dition of clarified lysates. The mixture was rotated at 4°C
overnight. Immune complexes were collected using a mag-
netic stand, washed, and subsequently subjected to western
blot analysis. For the western blot assay, the protein lysates
were loaded onto sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gels and then transferred onto a
PVDF membrane (Bio-Rad). Following incubation with pri-
mary and secondary antibodies, the bands were visualized
using ECL solutions (Bio-Rad, Clarity™ Western ECL Sub-
strate) and a ChemiDoc XRS+ system (Bio-Rad). The anti-
bodies used are listed in Supplementary Table S2.

qRT-PCR

Total RNA was extracted from control and Hnrnpk-cKO
mice using TRIzol reagent (Invitrogen, 15596-025), and re-
verse transcription was performed using a 1st Strand cDNA
Synthesis SuperMix for qPCR (Yeasen, 11141ES60), follow-
ing the manufacturer’s instructions. Quantitative reverse tran-
scription PCR (qRT-PCR) was performed using a SYBR Green
Master Mix (Yeasen, 11202ES03) on a Bio-Rad real-time PCR
detection system. Relative gene expression levels were calcu-
lated using the 2=22¢t method, normalized with Gapdh as

control. All primers used for qPCR are listed in Supplementary
Table S1.
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Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic protein fractionations were isolated
using the Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, P0027), following the manufacturer’s protocol.
Briefly, cells were washed with ice-cold PBS and lysed in cy-
toplasmic extraction buffer A containing 1 mM PMSE. Buffer
B was then added, after which the sample was centrifuged at
12000 x g for 5 min to collect the cytoplasmic fraction. The
remaining pellet was then resuspended in nuclear extraction
buffer containing PMSE, vortexed intermittently for 30 min on
ice, and centrifuged again to obtain the nuclear fraction. All
steps were performed on ice or at 4°C. The protein extracts
were stored at —80°C until further use.

Nascent protein synthesis assay

To assess de novo protein synthesis, we performed HPG
metabolic labeling using the BeyoClick™ HPG-594 Pro-
tein Synthesis Assay Kit (Beyotime, P1209L) in accordance
with the manufacturer’s instructions. GC-1 cells were seeded
into six-well plates and transfected with Hnrnpk-targeting
and negative control siRNA using INTERFERin® (Polyplus,
101000028). After 48 h, the cells were treated with cyclohex-
imide (CHX, 200 uM) to inhibit translation, which served
as a negative control for HPG incorporation. The cells were
subsequently washed with PBS and incubated in methionine-
free, serum-free medium supplemented with 50 uM HPG at
37°C for 30 min. Following labeling, the cells were fixed
with 4% paraformaldehyde, permeabilized, and subjected to
click chemistry for Alexa Fluor™ 594 conjugation. Nuclei
were counterstained using DAPI. Images were acquired us-
ing a fluorescence microscope with identical exposure settings.
HPG-derived fluorescence intensity was quantified using Im-
age] software from at least five randomly selected microscopic
fields per condition and normalized to the control group. All
experiments were performed in biological triplicates.

IP-MS

The testicular tissue was homogenized in a cell lysis buffer
(Western and IP: Beyotime, P0013; protease inhibitor cocktail:
MCE, HY-K0010) and rotated at 4°C for 30 min to ensure
complete lysis. The lysate was then clarified by centrifugation
at 12000 x g for 15 min and the supernatant was pre-cleared
using control protein A/G beads to minimize nonspecific bind-
ing. For immunoprecipitation, an anti-hnRNPK antibody was
incubated with the lysate overnight at 4°C with gentle rota-
tion. The antibody-protein complexes were then captured us-
ing protein A/G magnetic beads (MCE, HY-K0202) and exten-
sively washed to minimize background. To release the bound
proteins, the beads were resuspended in SDS-PAGE loading
buffer and boiled at 95°C for 10 min. The supernatant con-
taining the denatured protein complexes was collected by brief
centrifugation and subjected to SDS-PAGE. Following elec-
trophoresis, the gel was stained with Coomassie Brilliant Blue
to visualize protein bands. Specific gel regions were carefully
excised and sent to Bioprofile Co., Ltd. (Shanghai, China) for
proteomic analysis. Prior to LC-MS/MS analysis, which was
carried out on a Thermo Scientific Q-Exactive HF-X mass
spectrometer, in-gel digestion and peptide extraction were per-
formed. The raw data were processed using MaxQuant soft-
ware, version 2.0.1.0, and protein identification was carried
out against the UniProt mouse reference database. Protein hits

were filtered based on peptide scores and false discovery rate
(FDR) threshold.

MS-DIA quantitative proteomics analysis

Approximately 100000 c-KIT-positive differentiating sper-
matogonia were collected for each proteomic profiling exper-
iment. For each biological replicate, cells were isolated from
five control mice and five Hurnpk-cKO mice. In total, three in-
dependent biological replicates were performed. First, a spec-
tral library was established by acquiring high-quality, non-
redundant peptide (MS/MS spectra) using data-dependent ac-
quisition (DDA). This library then served as a reference for
identifying peptides and proteins. Subsequently, sample data
were acquired in data-independent acquisition (DIA) mode.
These DIA spectra were then processed and aligned with the
spectral library, enabling accurate qualitative and quantita-
tive protein identification. Quantitative data analysis was con-
ducted using the MSstats R package to identify differentially
expressed proteins (DEPs) between groups. Functional en-
richment of these proteins was performed using Metascape
(https://metascape.org) [39], with a focus on biological pro-
cesses associated with meiosis and cell cycle regulation.

scRNA-seq analysis

For scRNA-seq, the testes of control and Hnrnpk-cKO mice
were dissociated into a single-cell suspension using a gentle
enzymatic digestion protocol designed to preserve cell viabil-
ity. This suspension was then filtered through a 40 um cell
strainer to remove debris. Approximately 10000 cells were
then loaded onto the 10x Genomics Chromium Controller
for single-cell gel bead-in-emulsion (GEM) encapsulation. The
cells were partitioned into individual GEMs, where messen-
ger RNA (mRNA) was captured and reverse transcribed into
complementary DNA (cDNA) within each droplet, in accor-
dance with the manufacturer’s protocol. The resulting cDNA
was then amplified and used for library preparation, which
included adding unique molecular identifiers (UMIs) to ac-
curately quantify gene expression levels. Libraries were con-
structed and sequenced using an [llumina platform with a min-
imum depth of 50000 reads per cell to ensure robust tran-
scriptomic coverage. The libraries were sent to the Wuhan
Biobank Company for sequencing and data processing. The
raw sequencing data were processed using the Cell Ranger
pipeline, where the sequences were aligned to the reference
genome and the levels of gene expression were quantified.
Downstream analyses were performed in R using the Seu-
rat package to perform quality control, normalization, and
dimensionality reduction. Clustering was then performed to
identify distinct cell populations and differential gene expres-
sion analysis was conducted to identify marker genes for each
cluster.

Cellular trajectories were inferred using the Slingshot
(v2.8.0) algorithm based on Uniform Manifold Approxima-
tion and Projection (UMAP) embeddings, with unsupervised
clustering (CellType) used as input. The “USPG” cluster was
designated as the root, representing the earliest undifferenti-
ated state, and a semi-supervised approach was applied. Prior
to trajectory reconstruction, genes were filtered to retain only
those expressed in at least 10 cells, with a minimum raw count
of three, to ensure model robustness. For pseudotime using
Monocle2 (v2.32.0), raw count matrices were extracted from
the Seurat object to create a CellDataSet. Size factors and gene
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dispersions were estimated using estimate Size Factors and es-
timate Dispersions, respectively, for normalization and vari-
ance modeling. Differentially expressed genes (DEGs) were se-
lected to identify ordering genes using Seurat’s FindAlIMark-
ers function with a significance threshold of P < .01. These
genes were then used to define the ordering filter. Dimension-
ality reduction was performed using the DDRTree algorithm,
followed by cell ordering to infer developmental pseudotime
trajectories. Pseudotime values for individual cells were ex-
tracted for downstream analyses.

RIP-seq and RNA-seq analyses

For RIP-seq, the c-KIT™ cells isolated from 80 WT mice were
lysed in a buffer containing RNase and protease inhibitors.
The lysates were then incubated with hnRNPK antibody be-
fore being precipitated with protein A/G beads. After ex-
tensive washing to remove nonspecific interactions, the co-
precipitated RNAs were extracted using phenol-chloroform,
purified, and subjected to library preparation. The libraries
were sent to the SeqHealth Company (Wuhan, China) for se-
quencing, and high-quality sequencing data were generated
using the Illumina platform. Raw RIP-seq reads were filtered
using fastp (version 0.23.1) to remove adapter sequences, low-
quality reads (Q < 20 for > 8% of bases), reads shorter than
18 bp, and reads containing more than five N bases, yield-
ing high-quality clean data. During library construction, each
RNA molecule was labeled with a UID. After quality control,
reads with the same UID were clustered, and similar reads
within each cluster were aligned to correct sequencing errors,
producing reliable consensus sequences for accurate quan-
tification. Clean reads were mapped to the mouse reference
genome GRCm39 to assess gene expression. RIP-enriched re-
gions were identified via genome-wide de novo peak call-
ing using exomePeak, and peak sequences were scanned with
HOMER to discover motifs significantly associated with these
regions.

For RNA-seq, total RNA was isolated from the ¢-KIT*
cells using TRIzol reagent, after which mRNA was enriched
using poly(A) selection. cDNA libraries were then generated
and sequenced. The sequences were then aligned to the ref-
erence genome using HISAT2, after which gene expression
levels were quantified using featureCounts. Differential ex-
pression analysis was performed using DESeq2. Gene ontol-
ogy (GO) enrichment and pathway analysis were conducted
using the DAVID and KEGG databases. Data visualization
was achieved through heatmaps, volcano plots, and gene net-
work diagrams using R-based packages such as ggplot2 and
Cytoscape.

Polysome profiling

Testicular cells were collected and washed with cold PBS, fol-
lowed by lysis in a polysome extraction buffer supplemented
with RNase inhibitors and protease inhibitors. The lysate was
then subjected to centrifugation at high speed to remove cel-
lular debris, after which the remaining fraction containing
ribosome-bound polysomes was loaded onto a 10%-50% su-
crose gradient. The gradient was then subjected to ultracen-
trifugation at 100 000 x g for 3 h at 4°C. The gradient was
subsequently fractionated, and protein was extracted from
each fraction. The protein samples were then subjected to a
western blot analysis to ascertain the distribution of proteins
across different polysome fractions.
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Ribo-seq analysis

Ribosome profiling was conducted on c-KIT-positive germ
cells, which were isolated from the testes of control and
Hnrnpk-cKO mice at P8 (~30000 cells per sample). The ly-
sis of cells was conducted in a polysome extraction buffer,
supplemented with RNase inhibitors to preserve ribosome—
mRNA complexes. Lysates were treated with nucleases to di-
gest unprotected RNA, leaving ribosome-protected fragments
(RPFs). These RPFs were then purified. Library preparation
was performed using the QEZ-seq Kit (Neoribo), in accor-
dance with the manufacturer’s protocol. Following the pro-
cesses of sequencing and quality control, a DESeqDataSet ob-
ject was constructed using the DESeq2 package (v1.42.0).
Genes with low expression (defined as counts <10 in fewer
than 3 samples) were filtered out. Genes showing significant
differences in translational output were identified based on
[logy FoldChange (ribo/RNA)| > 1, with P < .01 and FDR <
0.01. Genes with log FoldChange > 1 were considered to have
reduced translational efficiency (low TE), whereas those with
logyFoldChange < —1 were defined as having increased trans-
lational efficiency (high TE).

Alternative splicing event analysis

Alternative splicing events (ASEs) were identified using repli-
cate Multivariate Analysis of Transcript Splicing (rMATS) [40,
41], encompassing five major types: skipped exons (SE), alter-
native 5’ splice sites (AS5SS), alternative 3’ splice sites (A3SS),
mutually exclusive exons (MXE), and retained introns (RI).
Events were considered significant if they met the criteria of
an FDR < 0.05 and an inclusion level difference (|AY|) > 0.1
or < —0.1.

Statistical analysis

All quantitative data are presented as mean + SEM. Signif-
icance was tested using the two-tailed unpaired Student’s z-
test (xP < .05, xx P < .01, %% P < .001, and ##xx P <
.0001) with Prism 10.1.2 (GraphPad Software). Image pro-
cessing was done using Photoshop (Adobe) and Image] (NIH).

Results

hnRNPK is highly expressed in male germ cells and
is indispensable for spermatogenesis in mice

We first analyzed its expression pattern of Hnrnpk in mouse
testis. Analysis of published scRNA-seq data [42] revealed
that the Hurnpk transcript is highly expressed in spermatogo-
nia and spermatocytes, beginning to decline after the diplotene
spermatocytes and decreasing more markedly during round
spermatids (Supplementary Fig. S1A). Western blot and RT-
qPCR analyses of various tissues and developmental testes
further validated the expression of both Hurnpk protein and
mRNA, which were highly expressed in the testis, reaching
the highest levels at P21 (Supplementary Fig. SIB-E). To fur-
ther clarify the expression pattern of hnRNPK in male germ
cells, we performed IF using y-H2AX and hnRNPK on testis
sections from adult mice. The results revealed that hnRNPK
was consistently highly expressed in spermatogonia, sperma-
tocytes, and round spermatids, but its signal was almost un-
detectable in elongated spermatids (Supplementary Fig. S1F).
These expression data indicate that hnRNPK may play a role
before the spermiogenesis stage.
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Figure 1. hnRNPK is indispensable for male fertility in mice. (A) Validation of hnRNPK knockout efficiency by immunofluorescence staining in testis
sections from P8 control and Hnrnpk-cKO mice. Sections were stained with anti-hnRNPK (red), anti-DDX4 (green), and DAPI (blue). Scale bars = 20 um.
(B) Fertility assay of Hnrnpk-cKO males, showing reduced reproductive capability. (C) Quantification of litter sizes from adult Hnrnpk-cKO male mice (s,
P < .01). (D) Gross morphology of testes from control and Hnrnpk-cKO mice at P8, P10, P14, and adult are shown. (E) Statistical analysis of the
testis-to-body weight ratio in control and Hnrnpk-cKO mice at different developmental stages (n = 3; %, P < .05; #*, P < .01). (F) PAS staining of
epididymal cauda sections from adult control and Hnrnpk-cKO mice. Scale bars = 50 um. (G) Quantification of sperm counts in epididymal cauda of
adult control and Hnrnpk-cKO males (x*, P < .01). (H) PAS-stained testis sections from control and Hnrnpk-cKO mice at P8 through adulthood,
highlighting developmental defects in the seminiferous tubules. The schematic was created using Figdraw. Scale bars = 50 um.

To further determine the physiological role of hnRNPK in
male germ cell development, we created germ cell-conditional
Hnrnpk knockout mice by utilizing Stra8-GFPCre knock-in
mouse line [36] to delete the exons 6 and 7 of the Hurnpk gene
in germ cells (Stra8-GFPCre, Hurnpk'o¥Pel herein referred to
as Hnrnpk-cKO or ¢KO) (Supplementary Fig. S2A-C). The
gene recombination is driven by Stra8-GFPCre and is initi-
ated at the onset of the type A1l spermatogonial stage [36].
The levels of both mRNA and protein levels of Hnrnpk in
the adult testes of Hnrnpk-cKO mice were significantly lower
than in littermate controls (Supplementary Fig. S2D and E),
confirming the efficient germline-specific deletion of Hnrnpk.
Furthermore, IF staining of hnRNPK and DDX4 (a germ cell

marker) in P8 and adult testes revealed a marked loss of hn-
RNPK signal in the germ cells of Hnurnpk-cKO mice, while
the signal remained normal in somatic cells, confirming the
successful deletion of hnRNPK in male germ cells of Hnrnpk-
cKO mice specifically (Fig. 1A and Supplementary Fig. S3A).
Although Hnrnpk-cKO males had normal body weights and
were viable, they were infertile when subjected to fertility tests
(Fig. 1B and C). Moreover, a significant reduction in the testis-
to-body weight ratio was observed in Hurnpk-cKO mice start-
ing from P8, in comparison to littermate controls (Fig. 1D
and E). Consistent with the reduction in testis size, histolog-
ical analysis of Hnrnpk-cKO males revealed impaired sper-
matogenesis, evidenced by an absence of mature spermato-
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zoa in the cauda epididymis (Fig. 1F and G). Further PAS
staining of P8, P10, P14, and adult testes revealed that, start-
ing at P8, the number of germ cells in Hurnpk-cKO testes
began to decline, and by P14, a significant loss of sperma-
tocytes was observed within the seminiferous tubules, with
only a single layer of cells remaining at the periphery of the
tubules in adult Hurnpk-cKO testes (Fig. 1H). In accordance
with this observation, it was found that in P6 mice, the num-
ber of germ cells (TRA98" cells) did not show significant
changes (Supplementary Fig. S3B); however, in adult mice,
there was a severe loss of germ cells (DDX4™ cells), with only
sporadic spermatocytes remaining (Supplementary Fig. S3C).
The majority of germ cells present within the seminiferous
tubules were PLZF-positive undifferentiated spermatogonia
(Supplementary Fig. S3D). Together, these results indicate that
hnRNPK is required for the development of male germ cells
and the maintenance of male fertility in mice.

Ablation of hnRNPK impedes the function of
differentiating spermatogonial in mice

As ablation of hnRNPK results in the germ cell loss from P8
onwards, we investigated whether hnRNPK depletion affects
the function and differentiation status of differentiating sper-
matogonia. To this end, we performed IF staining to detect
the number of germ cells and differentiating spermatogonia
in P6, P8, and adult mice, using DDX4 to mark germ cells
and ¢-KIT to mark differentiating spermatogonia. The results
showed that, at P6, there was no significant difference in the
number of ¢-KIT™ cells between Hnrnpk-cKO mice and con-
trol mice. However, by P8, the number of c-KIT™ cells in the
seminiferous tubules of Hnurnpk-cKO mice had decreased sig-
nificantly compared to the control group. In adult Hurnpk-
cKO mice, hardly any c-KIT™" cells were observed in the semi-
niferous tubules (Fig. 2A and B). In addition, we examined the
undifferentiated spermatogonia in testes from Hnrnpk-cKO
and control mice at P8 and in adulthood, using the mark-
ers PLZF, SALL4, and CDH1. WT1 staining was performed
in parallel to label the Sertoli cells. We found no significant
changes in the number of undifferentiated spermatogonia in
Hnrnpk-cKO mice compared to controls at P8 and adulthood
(Supplementary Fig. S4A-F). These results suggest that knock-
ing out Hnrnpk resulted in defects in differentiating spermato-
gonia, leading to a significant decrease in their number.

We then performed co-staining of PLZF, ¢-KIT, and EdU
on the testes of P8 mice to evaluate the proliferation of
spermatogonia. The results revealed that the proliferation of
undifferentiated spermatogonia (PLZFTEdU/PLZF") in the
Hnrnpk-cKO group did not differ significantly from that of
the control group (Supplementary Fig. S4G). However, the c-
KITTEdU" differentiating spermatogonia was significantly re-
duced (Supplementary Fig. S5A). Additionally, we found that
the number of STRA8TEdU™ cells in P8 Hnrupk-cKO mice
and c-KITTPCNA™ cells in P10 Hurnpk-cKO mice were both
markedly lower than in controls, which further confirms the
abnormal developmental state of differentiating spermatogo-
nia (Supplementary Fig. S5B and C). Further TUNEL staining
revealed that the number of apoptotic cells in Hurnpk-cKO
testes was significantly higher than in control groups at P8 and
P14 (Fig. 2C and D). Thus, these results suggest that the ab-
sence of hnRNPK in germ cells specifically impairs the devel-
opment of differentiating spermatogonia and triggers apopto-
sis in germ cells.
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Furthermore, we analyzed the SYCP3 and y-H2AX sig-
nals in the testes of P10 and P14 Hnrnpk-cKO mice, re-
spectively. The results revealed a significant reduction in the
number of SYCP3™ cells in both P10 and P14 mice, demon-
strating a marked reduction in spermatocyte numbers upon
hnRNPK depletion (Fig. 2E and F). In P14 Hnrnpk-cKO
mice, the y-H2AX signal was also significantly reduced, and
there was a lack of pachytene and diplotene spermatocytes
(Fig. 2G and H). Chromosome spread analysis of P21 testes
from control and Hnrnpk-cKO mice confirmed that only a
few pre-leptotene and leptotene spermatocytes were present in
Hnrnpk-cKO mice, with no zygotene, pachytene, or diplotene
cells observed (Supplementary Fig. S5D and E). Addition-
ally, we observed that the number of STRA8T cells (differ-
entiating spermatogonia and pre-leptotene spermatocytes) [6,
43] was significantly lower in P10 Hnrnpk-cKO mice than in
the control group (Fig. 21 and J). We also generated Ddx4-
CreRT2; HurnpkfioxPel male mice (herein referred to as Hn-
rnpk iKO) for tamoxifen-induced hnRNPK deletion in germ
cells by tamoxifen injection at P8 mice for 3 days in order
to investigate whether the meiotic process is affected by Hn-
rnpk ablation (Supplementary Fig. S6A). The ablation of hn-
RNPK in the spermatocytes of Hnrnpk-iKO mice was con-
firmed by IF staining after tamoxifen treatment in P20 mice
(Supplementary Fig. S6B). The results of PAS staining and
chromosome spread analysis of Hnrnpk iKO mice demon-
strated a significant reduction in the number of pachytene and
diplotene spermatocytes, and an increase in the number of
leptotene spermatocytes (Supplementary Fig. S6C-E). These
findings suggest that abnormalities occurred during the entry
stage of meiosis upon depletion of hnRNPK, resulting in the
absence of spermatocytes in the later stages.

scRNA-seq profiling reveals that a deficiency of
hnRNPK is associated with spermatogenic failure

To explore the impact of Hnrnpk on gene expression at molec-
ular resolution, we performed 10x Genomics scRNA-seq on
P10 control and Hnrnpk-cKO mice. At this stage, both dif-
ferentiating spermatogonia and leptotene spermatocytes are
present. After filtering the obtained scRNA-seq data for qual-
ity, we annotated the cell types and identified four somatic
cell types as well as a germ cell population (Supplementary
Fig. S7A and B). Various types of cells were evenly dis-
tributed between the control and Hnrupk-cKO groups. The
dot-plot results showed that each cell population exhibited
gene expression patterns consistent with their identity. For
instance, germ cells (Dazl, Ddx4, and Sycp3), Sertoli cells
(Amb, Sox9, Wt1,and Gata4), peritubular myoid cells (Acta2,
Tagln, and Myl9), Leydig cells (Cyp17al, Cypl1lal,and Star),
and macrophages and epithelial cells (Pecami1, Cd68, and
Lyz2) exhibited high expression within specific cell popula-
tions (Supplementary Fig. S7C and Supplementary Table S3).
Concurrently, the results of the feature-plot analysis demon-
strated that the expression of cell marker genes exhibited
marked distinctiveness (Supplementary Fig. S7D), with the top
50 DEGs for each cell group manifesting expression of the
corresponding marker genes (Supplementary Fig. S7E). These
data confirmed the accuracy of our annotation of testicular
cells. Based on this, we counted the proportions of testicu-
lar cell subtypes to detect differences between control and
Hnrnpk-cKO testicular cells. The results demonstrated that,
in comparison with the control group, the proportion of germ
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Figure 2. Deletion of hnRNPK leads to the number of differentiating spermatogonial and spermatocyte declines. (A) Representative
immunofluorescence images of P6, P8, and adult testis sections from control and Hnrnpk-cKO mice stained with anti-DDX4 (green), anti-c-KIT (red), and
DAPI (white) are shown. Scale bars = 20 um. (B) Quantification of KIT-positive cells per the tubule of P6, P8, and adult mice (ns, no significant; sxxx, P <
.0001). (C) TUNEL staining showing apoptotic cells in testes from P8 and P14 mice. Scale bars = 50 um. (D) Statistical analysis of the number of tubules
with TUNEL-positive cells in each field (x*, P < .01). (E) Immunofluorescence staining of P10, P14 testis sections from control and Hnrnpk-cKO mice
using anti-SYCP3 (red), anti-DDX4 (green), and DAPI (white). Scale bar = 20 um. (F) Quantification of SYCP3* cells per tubule for (E). s*, P < .01, s, P
< .0001. (G, H) Immunofluorescence of P14 testis sections from control and Hnrnpk-cKO mice stained with anti-hnRNPK (red), anti-y-H2AX (green), and
DAPI (white) along with quantification of y-H2AX™ cells (s, P < .0001). Scale bars = 20 um. (I, J) Immunofluorescence staining of P10 testis
sections with anti-TRA98 (red) and anti-STRAS (green) followed by quantification of STRAS* cells. Nuclei were counterstained with DAPI (white) (s, P
< .0001). Scale bars = 20 um.
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cells in the testis of Hnrnpk-cKO mice was significantly re-
duced (Supplementary Fig. S7F), thereby suggesting that germ
cells in P10 Hurnpk-cKO mice had already undergone severe
developmental abnormalities, a conclusion that is consistent
with the results of previous phenotypic experiments.

Further clustering analysis was performed on the identi-
fied germ cell population, and the cell types were annotated
according to their gene expression patterns (Supplementary
Table S4). Four subpopulations of germ cells were identified:
undifferentiated spermatogonia (USPG), differentiating sper-
matogonia (DSPG), leptotene spermatocytes (Lep), and apop-
totic germ cells (Fig. 3A and Supplementary Fig. S8A). The
USPG cluster exhibited high expression of genes, including
Zbtb16, Nanos3, Ret, 1d4, and Gfral. The DSPG popula-
tion expressed higher levels of Kit, Stra8, and Dmrtb1. The
leptotene cluster showed high expression of meiosis-related
genes such as Meil, Meioc, Prdm9, and Smc1b. In addition to
these typical germ cell groups, an apoptotic germ cell subpop-
ulation was identified that was characterized by high expres-
sion of apoptosis-related genes such as Cst12, Clu [44, 45],
Gpx8 [46], and Jun [47], while also expressing markers asso-
ciated with differentiating spermatogonia and spermatocytes,
such as Stra8, Kit, and Meioc (Supplementary Fig. S8B-D).
Quantifying the percentage distribution of these cell types re-
vealed that, compared to the control groups, the proportion
of USPG cells increased in the Hnrnpk-cKO groups, while
the proportion of both leptotene and DSPG cells decreased
significantly (Fig. 3B). This decrease in leptotene and DSPG
cells was clearly visible in UMAP plots of Hurnpk-cKO mice
(Supplementary Fig. S8A). Analysis of DEGs among germ cell
subtypes revealed that DSPG cells exhibited a high number of
DEGs (Fig. 3C), indicating that hnRNPK deletion primarily
impacts the function and development of these cells. GO term
analysis of these genes revealed that in DSPG cells, the upreg-
ulated genes were implicated in negative regulation of devel-
opment, apoptosis pathways, and transmembrane transport,
while the downregulated genes were associated with DNA
recombination, chromatin organization, homologous recom-
bination, and cell cycle process (Fig. 3D). These analyses re-
veal developmental defects of DSPG, as well as disruptions in
cell cycle regulation and increased apoptosis in Hurnpk-cKO
mice. This further supports our previous in vivo experimental
findings that deletion of hnRNPK leads to impaired DSPG cell
development.

Furthermore, significant gene expression pattern differ-
ences within the DSPG cell population were identified by
analysis of the differential gene on the germ cell populations
(Supplementary Fig. S9A). A more detailed sub-clustering
analysis of the DEGs in DSPG cells was thus performed, re-
sulting in the division of these cells into three subpopulations
(DSPG1, DSPG2, and DSPG3) (Supplementary Table S5). In-
terestingly, we found that DSPG1 showed prominent expres-
sion of Stra8, Uchl1, and Rbbp4; DSPG2 exhibited high ex-
pression of Kit, Dnmt3b, and Dmrt1; and DSPG3 displayed
high expression of Mov10, Cdk8, and Cdc42 (Supplementary
Fig. S9B). DSPG3 is enriched in genes related to apoptosis
and the extracellular matrix, indicating an abnormal, stress-
associated differentiating spermatogonial state that accumu-
lates upon hnRNPK deletion (Supplementary Fig. S9C). In
addition, the proportions of these three DSPG subpopula-
tions differed between the control and Hnrnpk-cKO groups.
The proportion of DSPG1 and DSPG2 was found to be
lower in the Hnrnpk-cKO group in comparison to the con-
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trol group, while DSPG3 was found to have the highest
proportion (67.11% in cKO versus 13.93% in Ctrl) in the
Hnrnpk-cKO group (Supplementary Fig. S9D). Notably, pseu-
dotime analysis of all germ cells showed that differentiat-
ing spermatogonia development was significantly impaired
in the Hnrnpk-cKO group (Fig. 3E and F). Moreover, a de-
tailed analysis of developmental trajectories using UMAP re-
sults revealed two distinct trajectories (Supplementary Fig.
S9E). Trajectory 1 primarily followed the developmental path
of USPG—DSPG1—DSPG2— leptotene spermatocyte, while
trajectory 2 followed USPG—DSPG1—DSPG3—apoptotic
germ cells (Fig. 3G). Cell density maps showed that the pro-
portion of leptotene spermatocytes was significantly lower
in trajectory 2 than in trajectory 1, while the proportion of
DSPG3 and apoptotic cells was markedly higher. Differen-
tial expression analysis based on these two distinct develop-
mental trajectories revealed minimal gene expression changes
in USPG cells. However, in trajectory 2, there was a signif-
icant reduction in the expression levels of genes related to
DSPG and meiosis, and a marked increase in the expres-
sion levels of genes related to apoptosis (Fig. 3H). Further
analysis of the specific gene expression patterns revealed that
genes associated with DSPG and the meiotic cell cycle were
notably downregulated in the differentiating spermatogonia
group in Pseudotime 2. Conversely, apoptotic-related genes
were significantly upregulated in the differentiating spermato-
gonia (Supplementary Fig. $10). The UMARP results showed
that cells from the control group were predominantly in tra-
jectory 1, while those from the Hnrnpk-cKO group were
mainly in trajectory 2 (Fig. 3A and G and Supplementary
Fig. SOE). Altogether, these scRNA-seq data indicate that hn-
RNPK modulates DSPG function, and its absence results in
elevated levels of apoptosis, a disrupted cell cycle, and an in-
capacity to differentiate into spermatocytes within the DSPG
population.

Inactivation of hnRNPK results in aberrant
transcriptomic profiles in differentiating
spermatogonia

To further elucidate the role of hnRNPK in differentiat-
ing spermatogonia, we used magnetic-activated cell sorting
(MACS) to isolate ¢-KIT* spermatogonia from control and
Hnrnpk-cKO mice at P8. The purity of the isolated cells,
as determined by IF staining, consistently exceeded 90%
(Supplementary Fig. S11A and B). We then performed tran-
scriptomic (RNA-seq), proteomic, and RIP-seq analyses on
the purified cells (Fig. 4A). RNA-seq analysis revealed that
510 genes were upregulated and 513 were downregulated in
the Hurnpk-cKO mice. Notably, Hrurnpk itself was markedly
downregulated (Fig. 4B and Supplementary Table S6). Cell cy-
cle profiling further revealed significant dysregulation, with
a notable accumulation of cells arrested in the S phase
(Supplementary Fig. S11C and D). GO enrichment analysis
showed that the downregulated genes were significantly as-
sociated with biological processes such as spermatogenesis,
cell cycle progression, and meiotic division (Fig. 4C and D).
In contrast, the upregulated genes were predominantly as-
sociated with apoptosis, stem cell function, and the MAPK
signaling pathway (Fig. 4C and Supplementary Fig. S11E).
The expression levels of selected DEGs were further validated
by quantitative RT-PCR (Fig. 4E). Therefore, these bioinfor-
matic data suggest that the loss of hnRNPK leads to global
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Figure 3. scRNA-seq analysis reveals irregularities in the state of differentiating spermatogonia. (A) UMAP visualization of germ cells from P10 testes.
The left panel shows integrated clustering of cells from both control and Hnrnpk-cKO samples annotated by cell type. The right panel displays UMAP
plots of control and Hnrnpk-cKO groups separately. (B) Bar plot shows the relative proportions of each germ cell type in control and Hnrnpk-cKO
samples. (C) Quantification of DEGs identified in each germ cell subtype between control and Hnrnpk-cKO mice. (D) Volcano plot illustrates DEGs within
the DSPG population. GO enrichment analysis is shown on the right for upregulated and downregulated gene sets, representing distinct biological
processes. Genes upregulated in Hnrnpk-cKO are highlighted in red; downregulated genes are shown in blue. (E) Pseudotime trajectory analysis based
on integrated single-cell transcriptomes from control and Hnrnpk-cKO testes reveals developmental lineages. (F) Pseudotime trajectories from the
integrated dataset are shown, with developmental stages annotated by germ cell subtype and separately visualized by sample (control versus
Hnrnpk-cKO). (G) UMAP plot shows inferred developmental trajectories, with purple (Pseudotime trajectories 1) and yellow (Pseudotime trajectories 2)
lines indicating two distinct pseudotime paths. (H) Cell count distributions across pseudotime bins along two inferred developmental branches. Each bar
represents the number of cells per bin, colored by assigned cell types (top). Heatmap shows the expression dynamics of top variable genes ordered
along two pseudotime trajectories [red and blue arrows indicate the directionality of the two distinct pseudotime paths, representing potential

progression toward meiosis or apoptosis, respectively (bottom)].
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Figure 4. Loss of hnRNPK induces widespread transcriptional dysregulation in differentiating spermatogonia. (A) Schematic overview of the
downstream experimental workflow for analyzing ¢c-KIT+ germ cells isolated from control and Hnrnpk-cKO mice. The schematic was created using
Figdraw. (B) Volcano plot illustrates DEGs between control and Hnrnpk-cKO ¢-KIT+ germ cells. Genes significantly upregulated in the Hnrnpk-cKO are
shown in red, downregulated genes in blue, and non-significant genes in gray. (C) Circle plot summarizing GO terms enrichment for genes
downregulated in Hnrnpk-cKO cells. (D) Heatmap displays the expression of genes related to SSC maintenance, meiosis, cell cycle, and apoptosis from
RNA-seq of c-KIT* germ cells. Notably, SSC maintenance and apoptosis-related genes were upregulated in the Hnrnpk-cKO group, while genes involved
in meiosis and cell cycle regulation were significantly downregulated. (E) RT-gPCR validation of representative DEGs shown in panel (D), confirming
changes in gene expression in control and Hnrnpk-cKO ¢-KIT*+ germ cells. (F) Pie chart shows the distribution of hnRNPK RIP-enriched regions identified
by RIP-seq in ¢c-KIT* germ cells, categorized by transcript region. (G) Metagene analysis of hnRNPK RIP-enriched peaks aligned to the stop codon (left,
red line) and polyA site (right, blue line), showing enrichment density in 20 nt bins. (H) Venn diagram shows the overlap between hnRNPK-bound
transcripts identified by RIP-seq and DEGs from RNA-seq of ¢-KIT* germ cells.
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transcriptomic perturbation and functional impairment in c-
KIT* differentiating spermatogonia.

Given that hnRNPK is a canonical RNA-binding protein,
primarily exerting its function through the regulation of RNA
metabolism, we conducted RIP-seq to characterize its RNA
interaction profile. RIP-seq analysis revealed that hnRNPK
enrichment was predominantly enriched across the CDS, 3’
untranslated region (3’ UTR), and 5’ UTR of target genes
(Fig. 4F and Supplementary Fig. S11F), with enrichment of
the GCACG motif, as indicated by motif enrichment anal-
ysis (Supplementary Fig. S11G). Metagene analysis revealed
a pronounced enrichment of RIP-seq signals proximal to the
stop codon, with a gradual decline toward the distal 3’ UTR
(Fig. 4G). These distributions suggest a preferential associ-
ation of hnRNPK with the CDS-3" UTR junction. Overall,
hnRNPK was found to target 1141 genes (Supplementary
Table S7), many of which are associated with TGF-f sig-
naling, transcription, and Polycomb repressive complex as-
sembly (Supplementary Fig. S11H). Interestingly, of these hn-
RNPK target genes, 1094 did not exhibit changes in corre-
sponding RNA expression, while only 47 showed both hn-
RNPK RIP target and altered RNA expression (Fig. 4H), in-
dicating that although hnRNPK modulates spermatogenesis
via RNA interactions, its regulatory effects are predominantly
post-transcriptional rather than transcriptional.

hnRNPK in the cytoplasm to orchestrate
translational processes in spermatogonia

To elucidate the molecular targets of hnRNPK on mRNA
translation in germ cells, we conducted a low-input Ribo-
seq analysis using ¢-KIT* spermatogonia. All libraries exhib-
ited the characteristic 28-30 nucleotide footprint peak, with
high read enrichment over CDS (Supplementary Fig. S12A).
Furthermore, the presence of strong 3-nucleotide periodic-
ity across biological replicates confirmed the high quality
and frame-preserving nature of the ribosome profiling data
(Supplementary Fig. S12B and C). By integrating Ribo-seq and
RNA-seq datasets (Supplementary Fig. SSA and B), we quan-
tified TE across the control and Hurnpk-cKO groups. A total
of 923 transcripts exhibited decreased TE, whereas 964 tran-
scripts showed increased TE upon hnRNPK deletion (Fig. 5B
and Supplementary Table S8). GO term analysis revealed that
genes with reduced TE were significantly enriched in path-
ways related to spermatogenesis, meiotic progression, and, in-
terestingly, spliceosome complex assembly, suggesting possible
co-translational splicing perturbations in hnRNPK-deficient
germ cells (Fig. SC). Metagene analysis revealed that hnRNPK
depletion does not disrupt the overall 3-nt periodicity of ribo-
some movement along CDS regions. However, a statistically
significant reduction in P-site occupancy immediately down-
stream of the translation start codon, indicating impaired
early elongation following translation initiation (Fig. 5D). Of
note, a comparison of transcript and ribosome occupancy lev-
els showed that most translational changes occurred inde-
pendently of mRNA abundance (Supplementary Fig. S12D).
This finding further reinforces the notion that hnRNPK acts
primarily through post-transcriptional mechanisms. Integra-
tion of RIP-seq data with TE alterations revealed that 85
TE-downregulated and 80 TE-upregulated transcripts were
hnRNPK-bound targets (Fig. SE). GO enrichment analysis in-
dicated that TE-downregulated targets were associated with
spermatogenesis and RNA polymerase Il-related functions

(Supplementary Fig. S12E). Targeted validation in c-KIT™
spermatogonia confirmed that key spermatogenesis-related
genes—including BRD4 [48], ¢-KIT [49], SMARCA4 [50],
ATF7[51,52],and TCF7L1 [52]—exhibited unchanged RNA
levels but marked reductions in protein expression (Fig. SF
and G), highlighting impaired translational output following
hnRNPK loss.

To further elucidate the underlying mechanism by which
hnRNPK regulates germ cell development, we performed an
interaction proteomics screen using the testes of P10 mice. A
total of 662 candidate proteins that interact with hnRNPK
were identified (Fig. 6A and Supplementary Table S9). Func-
tional annotation revealed that these proteins are primarily
involved in RNA metabolism, translational regulation, ribo-
some biogenesis, and splicing (Fig. 6B), suggesting that hn-
RNPK may coordinate post-transcriptional gene regulation
through interaction with these interaction proteins. Subse-
quent IP experiments corroborated the finding that hnRNPK
interacts with spermatogenesis-related regulators DAZL, PI-
WIL2, and YTHDC2, as well as splicing factors SRSF10 and
SRSF7, in an RNA-independent manner (Supplementary Fig.
S13A and B). Furthermore, our immunoprecipitation-mass
spectrometry (IP-MS) data revealed that hnRNPK interacts
with 50 ribosomal proteins (Fig. 6C), as well as with trans-
lation initiation regulators such as EIF4A1, EIF4A3, RPS3A,
and RPL13 (Figs. 6D and E and Supplementary Fig. S13C).
This suggests that hnRNPK plays a role in modulating the
translation initiation of target genes. Polysome profiling re-
vealed that hnRNPK predominantly localizes to the RNP frac-
tion and the 40S ribosomal subunit, which provides further
evidence for its involvement in controlling translation initi-
ation (Fig. 6F). Knocking down hnRNPK function in GC-1
spermatogonia cell lines resulted in a significant decrease in
nascent protein synthesis, as demonstrated by metabolic la-
beling (Fig. 6G). These results imply that hnRNPK is a cru-
cial regulator of post-transcriptional gene expression, partic-
ularly with regard to translation initiation during germ cell
development.

We next performed an MS-DIA quantitative proteomic
analysis using c-KIT* spermatogonia that had been isolated.
This revealed 902 differentially expressed proteins, of which
483 were found to be upregulated and 419 downregulated
(Fig. 6H and Supplementary Table S10). Further GO enrich-
ment analysis showed that the downregulated proteins were
significantly enriched in pathways associated with meiotic
progression and cell cycle regulation (Fig. 6I). Additionally,
correlation analysis of the transcriptomic and proteomic pro-
files showed poor concordance, suggesting that the observed
changes at the protein level are largely independent of tran-
script abundance (Fig. 6]). This supports the idea that hn-
RNPK plays a post-transcriptional regulatory role in germ
cells.

hnRNPK interacts with DAZL in differentiating
spermatogonia

In consideration of the established role of DAZL in regulat-
ing TE by enhancing translation of its target mRNAs in male
germ cells [53-55], this observation serves to reinforce the
hypothesis that hnRNPK is involved in the translation pro-
cess with DAZL. We then examined the subcellular localiza-
tion and structural interaction of the hnRNPK-DAZL com-
plex. Both nuclear—cytoplasmic fractionation and IF analyses
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Figure 5. hnRNPK deficiency disrupts TE in ¢c-KIT™ male germ cells. (A) Scatter plot comparing RNA abundance (x-axis) and ribosome-protected
fragment (RPF) abundance (y-axis) in c-KIT* germ cells, based on RNA-seq and Ribo-seq data. Genes with significantly higher TE are highlighted in blue,
while those with reduced TE are shown in red. Gray dots represent genes with no significant TE change. Values are shown in log, (FPKM + 1). (B)
Alluvial plot illustrates the relationship of TE in control and Hnrnpk-cKO c-KIT+ germ cells. Genes are categorized into three classes based on their TE:
upregulated (Up), downregulated (Down), and not significantly changed (NS). Genes with differential TE in Hnrnpk-cKO c-KIT* cells compared to controls
(bottom). (C) GO enrichment analysis of genes with significantly reduced TE in the Hnrnpk-cKO group. (D) Overlayed metagene profiles of ribosome
occupancy across transcripts enriched in Hnrnpk-cKO (orange) and control (blue) samples. Upper panels show metagene-averaged P-site frequency
across CDS aligned to the translation start (left) or stop (right) codon for control and Hnrnpk-cKO samples. Periodic peaks reflect the characteristic 3-nt
ribosomal translocation during elongation. Red dashed lines mark the annotated start or stop codon positions. Numerical annotations indicate P-values
for statistical comparisons proximal to translation start or stop codons. Lower panels display the point-wise difference in mean P-site frequency between
Hnrnpk-cKO and control samples (A P-site frequency = Hnrnpk-cKO — control). Shaded regions denote propagated standard errors. (E) Venn diagram
shows the overlap between hnRNPK-bound transcripts (identified by RIP-seq) and genes with altered TE in the Hnrnpk-cKO group. (F) RT-gPCR analysis
of selected hnRNPK-interacting genes related to spermatogenesis, whose TE was reduced in the Hnrnpk-cKO group. mRNA levels were measured in
c-KIT* germ cells. (G) Western blot analysis of protein expression for spermatogenesis-related hnRNPK targets with reduced TE in ¢-KIT* cells. GAPDH
was used as loading control.
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Figure 6. hnRNPK modulates the initiation of protein translation in male germ cells. (A) Venn diagram showing the overlap between proteins identified
by hnRNPK IP-MS and those detected in the IgG control group from P10 testis lysates. (B) Functional annotation of hnRNPK-interacting proteins based
on IP-MS results. (C) Venn diagram illustrates the overlap between hnRNPK-interacting proteins and annotated ribosomal proteins. (D) Table lists the top
10 ribosomal proteins interacting with hnRNPK, ranked by IP-MS enrichment score. (E) Co-immunoprecipitation followed by western blot validation of
hnRNPK interactions with ribosomal proteins and translation initiation factors in ¢c-KIT* germ cells. (F) Ribosome profiling fractions were collected and
subjected to western blotting to assess the distribution of hnRNPK and DAZL across ribosomal subunits and associated complexes. (G) Nascent protein
synthesis in GC-1 cells measured by HPG incorporation assay under control, Hnrnpk-siRNA, and cycloheximide (CHX)-treated conditions. Quantification
of relative fluorescence intensity is shown on the right. Scale bars = 20 um. (H) Volcano plot displays differentially expressed proteins between control
and Hnrnpk-cKO c-KIT+ germ cells. (l) Functional annotation of downregulated proteins in Hnrnpk-cKO c-KIT+ cells. (J) Correlation analysis between
mRNA and protein expression levels using the proteomic and transcriptomic data in Hnrnpk-cKO c-KIT* cells.

demonstrated the presence of hnRNPK and DAZL in the
cytoplasm of differentiating spermatogonia (Supplementary
Fig. S13D and E). Further BiFC assays conducted in
NIH3T3, HEK293T, and GC-1 cells also revealed promi-
nent co-localization of hnRNPK and DAZL in the cytoplasm
(Supplementary Fig. S13F). To determine the structural ba-
sis of this interaction, we generated truncated constructs of
MYC-tagged DAZL and HA-tagged hnRNPK, and performed
co-immunoprecipitation (co-IP) experiments. These assays
demonstrated that the KH1, KH2, and KH3 domains of hn-
RNPK, along with the DAZ domain of DAZL, are responsible
for the physical interaction between the two proteins (Fig. 7A).
Interestingly, DAZL protein levels were markedly reduced in
hnRNPK-deficient spermatogonia (Fig. 7B), suggesting that
loss of hnRNPK destabilizes the hnRNPK-DAZL complex.
Cross-referencing known DAZL-bound transcripts [53] with
Ribo-seq-derived TE changes further revealed that 124 DAZL
targets were translationally downregulated and 102 were up-
regulated in the Hnrnpk-cKO group (Fig. 7C). We conducted
further analysis of the changes in the TE of target genes co-

regulated by hnRNPK and DAZL, revealing a significant re-
duction in the efficiency of 18 shared target genes (Fig. 7D).
Consistently, protein expression levels of the spermatogenesis-
related factors BRAP [56], CCND3 [57], and FANCD2 [58]
were markedly lower in the Hnrupk-cKO group (Fig. 7E).
These findings suggest that the collapse of the hnRNPK-
DAZL regulatory axis upon hnRNPK depletion perturbs
DAZL-mediated translation control, thereby contributing
to the widespread dysregulation of spermatogenic gene
translation.

hnRNPK regulates AS programs critical for male
germ cell transcriptome integrity

Ribo-seq analysis revealed that several AS-associated pro-
teins exhibited significantly reduced TE in hnRNPK-deficient
germ cells (Fig. 5C) and that hnRNPK physically interacts
with multiple AS machinery components (Fig. 6B). Based on
these findings, we hypothesized that hnRNPK may serve as
a potential regulator of splicing dynamics during male germ
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Figure 7. Translational dysregulation of DAZL target genes in hnRNPK-deficient germ cells. (A) Truncation mutants of DAZL (upper) and hnRNPK (lower)
were expressed in HEK293T cells, and their interaction domains were validated via co-IP The bottom schematic illustrates the domain structure of both
proteins. (B) Western blot shows reduced DAZL protein levels in c-KIT* germ cells from Hnrnpk-cKO mice compared to controls. (C) Venn diagram
shows the overlap between DAZL target genes and genes with altered TE in Hnrnpk-cKO c-KIT* germ cells. (D) Venn diagram showing the overlap
among hnRNPK target genes, DAZL target genes, and genes exhibiting altered TE. (E) Western blot analysis in c-KIT* spermatogonia protein levels of

genes co-targeted by DAZL and hnRNPK with decreased TE.

cell development. To characterize hnRNPK-dependent splic-
ing regulation, we performed a comprehensive analysis of AS
events in ¢-KIT" germ cells using the Multivariate Analysis
of Transcript Splicing (rMATS) tool. A total of 859 differen-
tial splicing events affecting 802 genes were identified (Fig. 8A
and Supplementary Table S11). Among these, SE events were
the most prevalent, accounting for 629 events (68.44%), fol-
lowed by alternative 3’ splice sites (A3SS, 9.14%), mutually
exclusive exons (MXE, 9.03%), retained introns (RI, 8.05%),
and alternative 5’ splice sites (AS5SS, 5.33%) (Fig. 8A and B).
Functional annotation revealed that many of the alternatively

spliced genes are involved in meiotic progression, spermatogo-
nial differentiation, and cell cycle regulation (Fig. 8C). Cross-
referencing these events with our hnRNPK-RIP-seq dataset re-
vealed that 75 differentially spliced genes are hnRNPK-bound
targets (Fig. 8D). GO enrichment analysis indicated that these
genes are predominantly associated with meiosis, transcrip-
tional regulation, and spermatogenesis (Fig. 8E). Due to the
prevalence of SE events among the AS categories, we concen-
trated our validation efforts on this splicing class. Six genes
previously implicated in spermatogenesis—Tdrd9 [59, 60],
Scml2 [61], Stra8 [62], Tex14 [63], Piwil2 [64], and SmcS
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Figure 8. Aberrant mRNA splicing profiles emerge in ¢-KIT* germ cells upon hnRNPK deletion. (A) Quantification of five major types of AS events
significantly affected by hnRNPK deletion in ¢-KIT* germ cells. The number of predicted AS events and the associated gene counts for each splicing
category are listed on the right side. (B) Pie chart summarizes the proportion of regulated splicing events across different AS types in control and
Hnrnpk-cKO c-KIT* germ cells. (C) Volcano plot illustrates differential inclusion levels of various ASEs between Hnrnpk-cKO c-KIT+ germ cells and control
group. (D) Venn diagram illustrates the overlap between hnRNPK-interacting transcripts and genes undergoing AS regulation. (E) GO enrichment analysis
of overlapping genes from panel (D). (F) Representative Sashimi plots show differential splicing events in selected hnRNPK-bound genes from RNA-seq
data of control and Hnrnpk-cKO c-KIT* germ cells. Validation was performed via RT-PCR in sorted c-KIT* germ cells. Exon-intron structures of target

genes are illustrated below.

[65], among others—were selected for RT-PCR validation in
c-KIT* germ cells. Of these, Tdrd9, Scmi2, Stra8, and Tex14
were also identified as direct hnRNPK interactors and ex-
hibited clear splicing abnormalities in the Hnurnpk-cKO mice
(Fig. 8F). Taken together, these results suggest that, in the nu-
cleus, hnRNPK may serve as a critical regulator of the AS of
transcriptional and meiosis-associated transcripts in differen-
tiating spermatogonia, thereby ensuring the fidelity of male
germline development.

Discussion

In the current study, we used a Stra8-GFPCre-induced germ
cell-specific hnRNPK conditional knockout mouse model,
alongside multi-omics analyses (scRNA-seq, RIP-seq, IP-MS,
Ribo-seq, etc.), to investigate the function of hnRNPK in male
germ cell development and fertility. Our findings provide sig-
nificant insight into the function and regulatory mechanisms
of hnRNPK, particularly with regard to its impact on the de-
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velopment of differentiating spermatogonia. The loss of hn-
RNPK in germ cells caused male infertility in mice, accom-
panied by a substantial decrease in the number of differenti-
ating spermatogonia, with only a few pre-leptotene sperma-
tocytes observed. The results indicate that loss of hnRNPK
leads to aberrant development of differentiating spermatogo-
nia, resulting in a block in spermatogonial differentiation and
meiosis entry. A previous study has also observed meiotic ar-
rest after hnRNPK deletion [34], but the results of the present
study show that the block occurs earlier in germ cell devel-
opment. This difference may be due to the different timing
of Cre activation in the two systems. As Stra8 transcript is
present in undifferentiated spermatogonia, the Stra8-GFPCre
[36] transgene is likely to be activated at an earlier stage than
the Stra8-Cre system used in the previous study [34]. Fur-
thermore, the Ddx4-Cre®™®T? tamoxifen-inducible knockout
model confirmed the crucial role of hnRNPK in meiosis en-
try. The present observations corroborate earlier findings and
further clarify the role of hnRNPK in regulating differenti-
ating spermatogonial development. It is also worthy of note
that hnRNPK deletion in female mice results in infertility, with
germ cell loss occurring as early as P1 (data not shown). This
indicates an essential role for hnRNPK in female germ cell
survival or maintenance. In contrast to the process in males,
female meiosis occurs during the early stages of embryonic de-
velopment and does not involve germline stem cells. Thus, our
findings suggest that hnRNPK is implicated in regulating the
meiotic processes in both male and female germ cells. How-
ever, further investigation is required to elucidate the precise
mechanisms by which it exerts its regulatory function, given
the distinct nature of these mechanisms.

Of note, our scRNA-seq data revealed a significant reduc-
tion in germ cell populations and identified a distinct popula-
tion of apoptotic germ cells in the Hurnpk-cKO mice, which
was largely absent in control mice. Due to intrinsic limita-
tions of scRNA-seq in capturing dying cells, a substantial pro-
portion of apoptotic cells may have been lost during the pre-
processing stage [66]. Nonetheless, a small cluster of cells in
the Hnrnpk-cKO mice exhibited high expression of apoptosis-
related genes, suggesting that widespread apoptosis occurs in
Hnrnpk-cKO testes. This observation is consistent with the re-
sults of the TUNEL staining, despite the fact that the scRNA-
seq data does not fully reflect the extent of apoptosis. Inter-
estingly, our scRNA-seq analysis identified three distinct sub-
populations of differentiating spermatogonia, one of which—
designated DSPG3—was predominantly present in Hnrnpk-
cKO testes. This population exhibited a strong proximity to
an apoptotic germ cell cluster that had not been previously de-
scribed [42, 67], primarily due to the fact that previous studies
had relied on wild-type models for spermatogonial classifica-
tion. By contrast, our knockout model revealed a distinct pop-
ulation of differentiating spermatogonia displaying transcrip-
tional signatures indicative of apoptosis. Trajectory inference
revealed that, in control mice, DSPG1 cells transition through
DSPG2 before differentiating into spermatocytes. However,
in the absence of hnRNPK, DSPG1 cells transition toward a
DSPGS3 fate characterized by apoptotic gene expression. Al-
though the exact point in development at which DSPG3 cells
appear in the testis is unclear, our data clearly support a model
in which hnRNPK deficiency causes these cells to follow an
abnormal, apoptotic trajectory.

Despite the prevailing hypothesis that hnRNPK is predom-
inantly nuclear in germ cells, this study has revealed cytoplas-
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mic localization. Intriguingly, in the cytoplasm, hnRNPK was
found to interact with DAZL, a germ cell-specific translational
regulator. Furthermore, a single, longer isoform of hnRNPK
was identified within the cytoplasm by means of western blot
analysis, thereby indicating that the cytoplasmic form of hn-
RNPK may be subject to specific post-translational modifica-
tions. This assertion is further substantiated by the findings of
prior studies, which have indicated that phosphorylation of
hnRNPK at serine residues S284 and S353 exerts a regulatory
influence on its function in translational function [68, 69]. Re-
cent studies have demonstrated that glycosylation plays a cru-
cial role in regulating the nuclear-cytoplasmic shuttling of hn-
RNPK [70]. In addition, it has been established that hnRNPK
is subject to methylation [71] and sumoylation [72], which
may consequently affect its subcellular location and regula-
tory functions in gene expression. However, the precise mod-
ifications involved in germ cells remain to be elucidated.

As anticipated, the present study revealed that hnRNPK
predominantly binds to the CDS and 3’ UTRs of target RNAs
in ¢-KIT™ cells [73]. However, analysis of Hurnpk-cKO germ
cells using RNA-seq and scRNA-seq revealed that only a small
subset of transcriptionally dysregulated genes were direct tar-
gets of hnRNPK, suggesting that its primary role may lie in
post-transcriptional regulation. Notably, the 3’ UTR is known
to be involved in translation by recruiting translation initi-
ation factors and ribosomal proteins [74, 75], thereby sta-
bilizing the formation of the translation initiation complex.
In this study, we also found that hnRNPK interacts with the
ribosomal proteins RPS3A and RPL13, as well as the trans-
lation initiation factors el[F4A1 and elF4A3 in ¢-KIT* cells.
This supports the idea that hnRNPK plays a role in regu-
lating translation during germ cell development. In addition,
polysome profiling revealed that hnRNPK can be detected in
the fraction containing the 40S ribosomal subunit, but is not
present in the polysome fraction. Furthermore, protein syn-
thesis assays confirmed that hnRNPK knockdown led to a
reduction in de novo protein synthesis. The findings, when
considered collectively, suggested that hnRNPK participates
in the translational process by regulating the initiation phase.
Ribo-seq analysis revealed that TE is disrupted in ¢-KIT™ dif-
ferentiating spermatogonia from Hnrnpk-cKO mice, further
confirming its essential role in translational process in vivo.
Interestingly, the TE of a large number of genes involved in
transcriptional regulation, cell cycle progression, and meiosis
decreased. These genes include Brd4 [48], Atf7 [51], Tcf711
[52], and Fancd2 [58], which are involved in the regulation of
transcription and the cell cycle during spermatogenesis; oth-
ers include Ccnd3 [76], which is associated with cell cycle
control; Kit [49], a key marker and regulator of spermato-
genesis; and Smarca4 [50] and Brap [56], which are critical
for meiosis. Our findings provide new insights, showing that
hnRNPK modulates spermatogenesis by regulating the trans-
lation of meiotic and transcription-related genes. A previous
study utilizing proteomic analysis of P28 testis tissues sug-
gested the involvement of hnRNPK in the piRNA pathway
[35]. In the current study, we focused on ¢-KIT* spermatogo-
nia to perform a functional analysis, which provided a clearer
understanding of the role of hnRNPK in germ cells by elim-
inating the potential confounding effects of somatic cells. Si-
multaneously, an upregulation in the TE of numerous genes
was also observed, which appear to be unrelated to spermato-
genesis. In order to explain this phenomenon, we hypothesize
that, in the absence of hnRNPK, components of unused trans-
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Figure 9. Mechanistic illustration of hnRNPK function in male germ cells. hnRNPK interacts with DAZL, elF4A1, elF4A3, RPL13, and RPS3A in the
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lational machinery may be reallocated to facilitate the transla-
tion of other, non-spermatogenesis-related mRNAs. hnRNPK
may contribute to the regulation of spermatogenic translation
by interacting with translation initiation factors el[F4A1 and
elF4A3, and ribosomal proteins RPS3A and RPL13. However,
the precise molecular mechanisms by which hnRNPK cooper-
ates with the ribosome and these initiation factors remain to
be elucidated.

Furthermore, the present study has demonstrated that hn-
RNPK and DAZL can be detected in the fraction containing
the 40S ribosomal subunit. In addition, DAZL protein expres-
sion was reduced in the Hnrnpk-cKO mice, and altered TE of
DAZL target RNAs was observed. These findings suggest that
the loss of hnRNPK may lead to a downregulation of DAZL,
subsequently resulting in dysregulation of the translation of
its target mRNAs. It has been previously reported that DAZL
primarily regulates TE through modulation of translational
elongation [54, 55]. However, given its strong interaction with
hnRNPK and shared localization at the 40S ribosomal sub-
unit, it remains unknown whether DAZL also plays a role in
regulating translation initiation.

Interestingly, we also found that genes with reduced TE in
Hnrnpk-cKO germ cells were significantly enriched in spliceo-
some complex components. Moreover, our proteomic data re-
vealed that hnRNPK interacts with splicing factors such as
SRSF9 [77, 78] and SRSF10 [79], suggesting that aberrant
splicing events may occur in its absence. Splicing analysis re-
vealed numerous dysregulated AS events involving genes re-
lated to meiosis and cell cycle regulation. These include Cend3
and Ccnl2, which are critical for cell cycle progression; Tdrd9,
which interacts with MIWI2 and participates in meiosis [60],
with mutations associated with non-obstructive azoospermia

[59]; as well as Scmnl2 [61], SmcS [65], Stra8 [62], Tex14 [63],
and Piwil2 [64, 80], all of which are implicated in meiotic pro-
cesses. Of note, many of the direct splicing targets of hnRNPK
were associated with RNA polymerase-related genes, suggest-
ing that hnRNPK may indirectly modulate transcriptional reg-
ulation in the nucleus of germ cells by influencing the splicing
of RNA polymerase-associated proteins. Whether other splic-
ing regulators are involved in mediating the splicing of these
target genes, and the specific mechanisms by which hnRNPK
contributes to splicing control, remain important questions
for further investigation.

In conclusion, the present study has identified hnRNPK as a
critical regulator in male germ development and has revealed
the underlying mechanisms in this process. The deletion of hn-
RNPK resulted in infertility in mice, accompanied by a signif-
icant reduction in differentiating spermatogonia and a failure
to enter meiosis. scRNA-seq analysis of Hnurnpk-cKO testes
further revealed marked alterations in the state of differenti-
ating spermatogonia in Hnrnpk-cKO testes, which failed en-
try into meiosis. Importantly, this study reveals an important
cytoplasmic function of hnRNPK in germ cells, where it co-
localizes with DAZL at the 40S ribosome to regulate the ini-
tiation of target mRNA translation. Concomitantly, nuclear
hnRNPK interacts with splicing factors to modulate ASEs of
spermatogenesis-related transcripts. hnRNPK deficiency in c-
KIT™* cells disrupts the initiation of translation and splicing
of essential regulators of meiosis, the cell cycle, and tran-
scriptional control. This translational impairment leads to sec-
ondary disturbances in the transcriptome and proteome, caus-
ing cell cycle arrest, blocked meiotic entry, and male infertility
(Fig. 9). Our study sheds light on the functional role and mech-
anistic involvement of hnRNPK in male germ cell develop-
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ment, providing valuable insights into the post-transcriptional
regulatory mechanisms that govern these processes.
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