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Abstract

Background Heterogeneous nuclear ribonucleoprotein M (HNRNPM) is a key splicing factor involved in various
biological processes, including the epithelial-mesenchymal transition and cancer development. Alternative splicing
is widely involved in the process of spermatogenesis. However, the function of hnRNPM as a splicing factor during
spermatogenesis remains unknown.

Methods The expression of hnRNPM in germ cells at different stages was detected by polymerase chain reaction,
western blotting, a single-cell database, and chromosome spreading assays. Conditional hnRNPM knockout

mice were generated to observe the development of testes and germ cells in male mice. Histological staining,
immunofluorescence staining and transmission electron microscopy were used to observe the abnormal
development of sperm from conditional hnRNPM-deficient mice. Coimmunoprecipitation and mass spectrometry
analyses revealed the proteins that interact with hnRNPM. RNA sequencing was performed to analyse the different
alternative splicing events in the testes of control and hnRNPM-deficient mice.

Results In this study, we revealed that hnRNPM is highly expressed in spermatocytes and round spermatids, with the
exception of XY bodies and metaphase. Therefore, we generated a germ cell-specific hnRNPM conditional knockout
mouse model to investigate the role of hnRNPM in spermatogenesis. A lack of hnRNPM led to male infertility under
natural conditions. Male hnRNPM-deficient mice presented lower numbers of sperm, lower motility, significantly more
malformed sperm and even tailless sperm. Moreover, we found that hnRNPM interacted with PTBP1 to collectively
regulate the process of spermatogenesis. In addition, we found that hnRNPM deficiency caused 1617 different
alternative splicing events, and we detected abnormal exon skipping events in Cep152, Cyld, Inpp4b and Cd59b.

Conclusions Together, our results suggest that hnRNPM regulates the alternative splicing of mMRNAs during
spermatogenesis by recruiting PTBP1 and is required for male mouse fertility.
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Background

Mammalian spermatogenesis is a complex and highly
regulated process of germ cell proliferation and differ-
entiation. This process can be broadly divided into the
self-renewal of spermatogonia, meiosis of spermatocytes,
morphological transition from round spermatids to elon-
gated spermatids, and eventual maturation of spermatids
[1]. Two extended periods of transcriptional inactivation
have been discovered during the continuous process of
gamete development. The first stage occurs in early mei-
osis, where spermatocytes undergo homologous recom-
bination and crossing over. The second stage involves
the transition from late elongating spermatids to mature
spermatozoa and includes the halting of mRNA synthe-
sis and the gradual cessation of translation [2—5]. In the
phase of spermiogenesis, round spermatids undergo dra-
matic structural changes, including acrosome formation,
nuclear chromatin condensation, flagellar aggregation,
and the disposal of the remnant cytoplasm, which require
the regulation of RNA binding proteins (RBPs) and alter-
native splicing (AS) to accommodate the complexity of
the transcriptome. Owing to the transcriptional dynam-
ics before chromatin condensation in spermiogenesis,
alternative splicing, especially splicing variants, results in
the production of large amounts of mRNA from a single
gene and various protein isoforms that perform differ-
ent functions [6, 7]. The regulatory function of alterna-
tive splicing plays crucial roles in the cellular response,
cell differentiation and development [8]. Nuclear RBPs
mainly process precursor mRNAs, including RNA modi-
fications and alternative splicing. Moreover, cytoplas-
mic RBPs mainly regulate mRNA transport, controlling
mRNA stability and interactions with the translational
machinery [9]. Recently, more studies have indicated that
RBPs participate in the precise posttranscriptional regu-
lation of dynamic gene expression during spermatogen-
esis [10, 11].

The heterogeneous nuclear ribonucleoprotein (hnRNP)
family, a large group of RNA binding proteins named A
to U, consists of more than 20 hnRNP members [12].
Importantly, some hnRNPs are highly expressed in male
mouse germ cells and have been identified as key regu-
lators of male fertility [13]. A deficiency of hnRNPU in
mouse Sertoli cells leads to male infertility, which is char-
acterized by severely withered testes, a dramatic loss of
Sertoli cells and germ cells, and the abnormal develop-
ment and migration of spermatogonia during prepuberty.
Moreover, the loss of hnRNPU in mouse germ cells in the
embryonic stage causes abnormalities in the establish-
ment of the spermatogonial stem cell pool and leads to
aberrant alternative splicing [14, 15]. In addition, the loss
of hnRNPK function in mouse germ cells causes atrophy
of seminiferous tubules due to abnormal meiosis, which
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manifests as arrest at the pachytene stage and the apop-
tosis of spermatocytes during spermatogenesis [16].

Researchers have described the complex effects of
hnRNPM on the regulation of alternative splicing during
the epithelial-mesenchymal transition [17]. Many studies
have shown that altered expression of hnRNPM affects
the growth and development of solid tumours, such as
lung adenocarcinoma [18], Ewing sarcoma [19], hepa-
tocellular carcinoma [20], gastric cancer [21] and breast
cancer [22]. Moreover, sequencing results revealed that
the binding function of hnRNPM differentially influences
alternative splicing and the expression of transcripts
in those tumours [18-20, 23]. However, the function
of hnRNPM as a splicing regulator in spermatogenesis
remains unknown.

In this study, we discovered that hnRNPM is highly
expressed in spermatocytes and round spermatids, and
that it mainly regulates the process of spermiogenesis. To
investigate the critical role of hnRNPM in spermatogen-
esis, germ cell-specific hnRNPM conditional knockout
mice were generated in the present study. In male mice,
hnRNPM deficiency in the premeiotic stage significantly
reduces fertility and increases the number of malformed
spermatozoa. We further discovered that hnRNPM could
recruit PTBP1 to regulate alternative splicing events.
Interestingly, the RNA-seq analysis revealed that knock-
ing out hnRNPM resulted in many aberrant alternative
splicing events. This research highlights the crucial role
of hnRNPM in normal spermiogenesis to maintain nor-
mal male fertility through the regulation of alternative
splicing.

Methods

Animals

Floxed HnRNPM (Cyagen Biosciences, S-CKO-16606)
and Stra8-EGFPcre (Cyagen Biosciences, C001283)
mice on the C57BL/6] background were purchased
from Cyagen Biosciences. Stra8-EGFPcre; hnRNPM-
flox/del (SHCKO) mice were generated by mating Stra8-
EGFPcre; hnRNPM™/* mice and hnRNPMI¥1ox mice,
All the mice were bred at a constant room temperature
(22-24 °C) with a humidity of 40-70% and a 12-hour
light/dark cycle in a specific pathogen-free facility. We
extracted genomic DNA from mouse toes to determine
mice genotyping. The primer information is shown in
Table 1.

Fecundity test

We assessed male fertility by mating 2-month-old Stra8-
EGFPcre; hnRNPM°¥/%! male mice with 2-month-old
female wild-type C57BL/6] mice for six months. We
recorded the number of offspring from each female
mouse.
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Table 1 Primer information in this study
Gene name Sequence (5'-3') Application
Gapdh F: AGGTCGGTGTGAACGGATTTG RT-PCR
R: GGGGTCGTGATGGCAACA
Tubulin F: TACACCAACCTTAACCGCCT RT-PCR
R: GCTGCTCATGGTAGGCTTTC
HNRNPM F1: AAAGATGGGAAAAGTCGTGGAAT RT-PCR
R1: GCATCGGTCTATCAAACAGCA
F2: GAGCCATATTCCAACCCAACTAA
R2: GCTCTCCTTGCATGTTCACC
Cep152 F1: CCTTCCTGACTCCACCTCTG RT-PCR
R1: CCCTCAGTGCCTCCAGTTTA
Cyld F1: CCCAGGTAGCAGGTTCGG RT-PCR
R1: AGGAGCCACTAGTAAATCTGTCA
Inpp4b F1: ATCCTGAAAAGTGTCTGCCG RT-PCR
R1: GTGGCTCGTTCGGAATCTTC
Cd59b F1: TGCCCTGTTGCCTTGGAT RT-PCR
R1: TGCATGAAGAAACCGGGTCTA
HNRNPM F: tagtccagtgtggtggaattcATGGCGGCAGGGGTCGAA Plasmid
construction
R: atggtctttgtagtcctcgagAGCATTTCTATCAATTCGAACATCA
Ptbp1 F: tagtccagtgtggtggaattcATGGACGGCATCGTCCCA Plasmid
construction

R: tattagtttttgttcctcgag GATGGTGGACT TGGAAAAGGAC

Stra8-EGFPCre F1: GATGGATTTCCGTCTCTGGTGTAG Genotyping
R1: CCCATTTAATCTCCTCCTTCTCCG
F2: GTCAGAGAAGGTTGTATCGAACTGG

HNRNPM F: TCACTGAACACCTGCCTCTTTATT Genotyping
R: TCAAAGAGGGATAAGATGGCTCAG

Western blotting

Total protein was extracted with RIPA buffer (Beyotime
Biotechnology, P0013]) containing a protease inhibitor
cocktail (Servicebio, G2006). The lysates were clarified by
centrifugation at 12,000 x g at 4 °C to obtain the superna-
tants. After proteins were denatured by heating in boil-
ing water, the samples were separated via SDS-PAGE and
electrotransferred to polyvinylidene fluoride membranes.
The membranes were subsequently blocked with 5% non-
fat milk for 1 h. The membranes were incubated with a
primary antibody overnight at 4 C and then incubated
with a secondary antibody for 1 h at room temperature.
The signals were amplified with an ECL Enhanced Plus
Kit (Abclonal, RM00021P) and photographed with che-
miluminescence imaging analysis system (Bio-Rad, USA).
The antibody information is shown in Table 2.

Polymerase chain reaction (PCR)

We isolated total RNA with VeZol Reagent (Vazyme,
R411) and reverse transcribed it with a HiScript II
Reverse Transcriptase Kit (Vazyme, R222). Quantitative
real-time PCR (qRT-PCR) was performed with ChamQ
Universal SYBR qPCR Master Mix (Vazyme, Q711) on
Bio-Rad detection system called QuantStudio 6 Flex and
software called QuantStudioTM Real-Time PCR v1.3.

Mouse Gapdh and Tubulin were used for internal nor-
malization. The semiquantitative PCR products were
analysed via agarose gel electrophoresis. The primer
information is listed in Table 1.

Histological staining

Fresh testes and epididymides were immediately fixed
with an improved Davidson’s solution (mixture consist-
ing of a 37% formaldehyde solution, glacial acetic acid
and anhydrous ethanol) or 4% paraformaldehyde (Sigma,
P6148) for 24 h. After dehydration and embedding in
paraffin, 5 pm thick sections were obtained and placed on
adhesive glass slides. Then, the sections were stained with
haematoxylin (Servicebio, G1004) and eosin (HE) (Ser-
vicebio, G1001) or a periodic acid-Schiff (PAS) staining
Kit (Beyotime Biotechnology, C0142S).

Immunofluorescence staining

The sections were heated in a microwave with a sodium
citrate solution for antigen retrieval. The tissues were
blocked with a 5% donkey serum solution for 1 h at
room temperature. After washes with a phosphate buf-
fer solution (PBS) (Servicebio, G0002), primary antibod-
ies diluted in a 5% donkey serum solution were incubated
with the samples overnight at 4 ‘C. The sections were
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Table 2 Information of reagents in immunofluorescence and Western blot

Antibody informations in this study

Gene name Company and Cat NO. Application concentration
HNRNPM Abclonal (A20963) WB 1:1000
IF 1:100
1P 10 pl/ml
Ddx4 Abcam (ab284611) IF 1:200
PTBP1 Abclonal (A20963) IF 1:200
WB 1:1000
Sycp3 Santa cruz (sc-74569) IF 1:200
Tubulin Proteintech (66031-1-Ig) WB 1:20000
HRP-conjugated Goat anti-Rabbit IgG Abclonal (AS014) 1:500
HRP-conjugated Goat anti-Mouse IgG Abclonal (AS003) 1:500
Coralite488-conjugated Goat Anti-Mouse IgG Proteintech (SA00013-1) IF 1:500
Coralite594-conjugated Goat Anti-Mouse IgG Proteintech (SA00013-4) IF 1:500
Flag tag Proteintech (20543-1-AP) IP 5 ul/ml
WB 1:10000
Myc tag Abmart (M20002) 1P 5 pl/ml
WB 1:10000
Part of key reagents in immunofluorescence
PNA Maokangbio (MP6328) IF 10 pg/ml
TUNEL kit Elabscience (E-CK-A322) IF
DAPI Beyotime (P0131) IF
TSA Fluorescence System Kit RecordBio (RC0086-67R) IF

WB: Western blot; IF: Immunofluorescence; IP: Immunoprecipitation

subsequently washed with PBS and incubated with sec-
ondary antibodies for 1 h at room temperature. Finally,
the sections were stained and mounted with Antifade
Mounting Medium with DAPI (Beyotime Biotechnology,
P0131). Images were acquired with a Lecia Application
Suite X microsystem.

For TdT-mediated dUTP nick-end labelling, the depa-
raffinized sections are treated with proteinase K at 37 'C
for half an hour. After three washes with PBS, we added
TdT equilibration buffer and incubated the sections at 37
C for half an hour. Then, we discarded the buffer, added
the mixed labelling solution, and allowed it to react at 37
C for 1 h. Finally, the sections were mounted with anti-
fade mounting medium supplemented with DAPL

For analyses of meiotic chromosome spread, fresh sem-
iniferous tubules were incubated with hypotonic extrac-
tion buffer (30 mM Tris-HCI, 50 mM sucrose, 17 mM
trisodium citrate dihydrate, 5 mM EDTA, 0.5 mM DTT,
and 0.5 mM phenylmethylsulfonyl fluoride) for 30 min.
We then separated single germ cells from seminifer-
ous tubules and applied a thin layer on adhesive slides.
After fixation with 1% paraformaldehyde containing 0.1%
Triton-100, the samples were washed with Photo-Flo
(Kodak, 1464510). The dried samples were blocked with
5% donkey serum solution and used for immunofluores-
cence staining.

For immunofluorescence staining of the sperm smear,
we teared cauda epididymides and slightly blew on the
mixture. We aspirated the solution and pushed it onto a

glass slide. Dried slides were fixed with a methanol solu-
tion and blocked with a 5% donkey serum solution for
further immunofluorescence staining. All the staining
reagents are shown in Table 2.

Epididymal sperm count, motility, and morphology

We dissected cauda epididymides from 3-month-old
male mice that were quarantined for 3 days. Then, the
cauda epididymides were gently torn, and we slightly
shaken it in PBS to release the spermatozoa. The sperm
solution and the counting plates were heated at 37 C for
15 min before observation. The solution was diluted by
a tenth and placed under a microscope for counting. We
performed computer software-assisted measurements
(BEION V4.90) to detect sperm motility and velocity.
The slides of fresh sperm smears were prepared for mor-
phological observation using a Diff-Quick Stain Kit with
Fixative (Solarbio, G1540).

In vitro fertilization

Wild type female mice were injected with pregnant mare
serum gonadotropin (Aibei Biotechnology, M2530) three
days earlier and human chorionic gonadotropin (Aibei
Biotechnology, M2520) two days earlier to induce super-
ovulation. The cauda epididymides of male mice were
acquired and incubated in human tubal fluid (Aibei
Biotechnology, M1135) for 1 h. Then, the oocytes were
collected and added to M2 medium (Aibei Biotechnol-
ogy, M1250). Approximately 100 oocytes were added
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to medium containing sperm and incubated for 6 h,
after which all the oocytes were transferred into clean
K+Simplex Optimized Medium (Aibei Biotechnology,
M1435) for incubation at 37 ‘C for 18 h, after which
two-cell embryos were counted as markers of normal
insemination.

Transmission electron microscopy

Cauda epididymides were obtained from 3-month-old
male mice and used to collect free sperm. The samples
were fixed with a 2.5% glutaraldehyde solution (Solar-
bio, P1126) for 2 h at room temperature and then stored
in a refrigerator at 4 ‘C. After fixation, the samples were
washed with PBS three times and then postfixed with 1%
0s0, (Ted Pella Inc, 18456) for 2 h. After dehydration,
the samples were finally incubated with isoamyl acetate
for 15 min. All the samples were dried in a dryer (Jing-
hong, DHG9140A) at 60 C, attached to metallic grids
and staining. The sperm structure was observed and
imaged with a scanning electron microscope (Hitachi,
HT7800).

Plasmid construction and cell transfection

We amplified the cDNA regions of hnRNPM and PTBP1
by PCR. We digested the vector plasmids (Miaoling Biol-
ogy, P1003 and P0817) into fragments with the EcoRI and
Xhol enzymes (Thermo Fisher Scientific, FD0274 and
FD0694) for 10 min. We acquired the purified cDNAs
of hnRNPM, PTBP1 and plasmid fragments using a
V-ELUTE Gel Mini Purification Kit (Zoman, ZPV202-
1). The hnRNPM c¢DNA was cloned and inserted into a
pCMYV vector containing the N-terminal Flag epitope tag,
and the cDNA regions of Ptbp1 were cloned and inserted
into a pCMV vector containing the N-terminal c-Myc
epitope tag using the ClonExpress II One Step Cloning
Kit (Vazyme, C112-01). The primers used are listed in
Table 1. We subsequently transferred the cloning plas-
mids into DH5« fast chemically competent cell (Yeasen,
11803ES80). The cloning plasmids were sequenced via
Sanger sequencing (provided by Tsingke Biotech Co.)
We amplified the bacterial solution containing the plas-
mid and acquired the plasmids via an Endo-free Plas-
mid Mini Kit IT (OMEGA, D6950). HEK-293T cells were
transfected with plasmids using Lipofectamine 3000
regent (Thermo Fisher Scientific, L3000008) with DMEM
medium containing 2% foetal bovine serum for 24 h,
after which the medium was replaced with new DMEM
supplemented with 5% foetal bovine serum for 36 h. The
cells were collected for immunoprecipitation.

Immunoprecipitation

Mouse testes or cells were homogenized via iron bead
(Servicebio, G0101-200G) disruption in cell lysis buf-
fer. After being lysed on ice for 30 min, the lysates were
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clarified by centrifugation at 12,000xg. Then, the super-
natants were mixed with the relevant antibodies on a
shaker overnight at 4 “C. Thereafter, we added magnetic
Protein A/G beads to the mixtures for 2 h at room tem-
perature. The beads were washed with Cell Lysis Buf-
fer for Western and IP (Beyotime, P0013) and used for
immunoprecipitation—mass spectrometry (IP-MS). The
proteins were incubated with 5 mM dithiothreitol at
56 °C for 30 min, and then 11 mM iodoacetamide was
added and incubated for 15 min at room temperature.
Trypsin was added for the first digestion overnight at a
1:50 trypsin-to-protein mass ratio and then for the sec-
ond digestion at a 1:100 ratio for 4 h. Finally, the peptides
were desalted with a Strata X SPE column and analysed
with a Bruker timsTOF Pro mass spectrometer. We ana-
lysed the interactions between of hnRNPM with other
proteins via using UniProt [24] and STRING [25]. The
antibodies used are listed in Table 2.

RNA-seq

As described above, total RNA was extracted from the
testes of adult male mice. We tested the concentrations
and quality of the samples with a NanoPhotometer spec-
trophotometer. A total of 2 ug of RNA from each sample
was used to establish cDNA libraries with the NEBNext®
UltraTM RNA Library Prep Kit (Illumina, E3330). The
quality of the libraries was subsequently detected using
a Qubit 2.0 fluorometer and an Agilent 2100 bioanalyzer.
The raw data were generated with the Illimina Hiseq 4000
platform. The reads were processed to remove adapters,
N-containing reads and low-quality reads using Fastp
(0.23.2). Clean data were paired with HISAT2 (v2.2.1).
DESeq2 software (1.16.1) was used to perform the dif-
ferential expression analysis between the two comparison
combinations. The Pvalues were adjusted using Ben-
jamini and Hochberg’s method. An adjusted Pvalue <0.05
and twofold changes were used as the thresholds. GO-
GSEA and KEGG-GSEA of the differentially expressed
genes were performed using clusterProfiler (v4.0) R soft-
ware [26-28]. We used rMATS software to analyse the
alternative splicing events between control and SHCKO
testes, which included five main types of alternative splic-
ing events: skipped exons (SEs), retained introns (RIs),
mutually exclusive exons (MXEs), alternative 5 splice
sites (A5SSs), and alternative 3’ splice sites (A3SSs) [29].
A false discovery rate (FDR)<0.05 and |APSI| >10% were
categorized as differential alternative splicing events.

Statistical analysis

The data are presented as the meanststandard devia-
tions. GraphPad Prism 8.4 software and Excel software
were used for the statistical analyses. A value of p<0.05
was considered statistically significant for any differences.
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pvalues are shown in the figures and figure legends:
*p<0.05, **p<0.01 and ***p<0.001.

Results

hnRNPM is predominantly expressed in meiosis and round
spermatids

To explore whether hnRNPM plays a key role in male
reproduction, we first characterized the expression pro-
file of hnRNPM in mice. The mRNA and protein levels
of mouse hnRNPM were higher in mouse testes than
in other organs (Fig. 1A and Supplementary Fig. S1A).
Moreover, the hnRNPM mRNA and protein levels grad-
ually began to increase at postnatal day 10 and reached
the highest levels at postnatal day 28 (Fig. 1B and Sup-
plementary Fig. S1B). To further explore its expression
pattern during spermatogenesis, we used single-cell data
from the Male Health Atlas database (http://malehealth
atlas.cn/) to observe the mRNA expression of hnRNPM
(Supplementary Fig. S1C) [30]. The results from the data-
base revealed that the hnRNPM mRNA was expressed
at low levels in spermatogonia and round spermatids,
but was highly expressed in spermatocytes, and was
almost completly absent in elongated spermatids. Next,
we performed a chromosome spread assay to detect
the subcellular location of hnRNPM in spermatocytes.
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Consequently, the expression of hnRNPM was apparently
lower in the leptotene stage, started to increase in the
zygotene stage and was highly expressed from the pachy-
tene stage to the diplotene stage, but was not detected in
metaphase. However, we found that hnRNPM was absent
in the region of the XY chromosome in the pachytene
stage and diplotene stage (Fig. 1C). DDX4 is a putative
marker for spermatogonia, spermatocytes and round
spermatids in mouse testes. In addition, the immunofluo-
rescence results revealed that hnRNPM was expressed
in round spermatids, but its expression disappeared in
elongated spermatids (Fig. 1D). These results suggest
that hnRNPM plays a critical role in the process of male
spermatogenesis.

hnRNPM is important for male fertility

To investigate the function of hnRNPM during sper-
matogenesis, we generated germ cell-specific knock-
out mice by deleting exons 3 to 5 of the hnRNPM gene
with Stra8-EGFPCre (Fig. 2A). The genotype was iden-
tified via polymerase chain reaction and 2.5% agarose
gel electrophoresis. The length of the gene containing
the loxP site was 391 bp, and that of the wild-type gene
was 323 bp (Fig. 2B). The length of the Stra8-EGFPCre
gene was 443 bp, and that of the wild-type gene was
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Metaphase

DDX4

Merge

Fig. 1 hnRNPM shows a dynamic expression pattern in spermatogenesis. A: Expressions of hnRNPM protein in adult wildtype mouse multiple organs by
Western blot. Tubulin was performed as control. Biologically independent mice (n=3) were tested in three separate experiments. B: Levels of hnRNPM
protein in developing testes at postnatal day 0 (P0), P3, P10, P14, P21, P28, P35, and P56. Tubulin was performed as control. Biologically independent mice
(n=3) were tested in three separate experiments. C: Double immunostaining with hnRNPM and Sycp3 on spermatocytes from wildtype adult mice were
shown. The white arrows represent XY body. Scale bars=5 pm. D: Double immunostaining with hnRNPM and Ddx4 on tubules from WT adult mice were
shown. Scale bars=10 ym


http://malehealthatlas.cn/
http://malehealthatlas.cn/

Lv et al. Reproductive Biology and Endocrinology (2025) 23:3 Page 7 of 15
A exon 2 exon3  exon4 exon 5 exon 6 exon 7 B
— &
WT allele 5 S 5
R S S
Floxed allele . H h I I p—
P — — 1 L
391bp == -—
\ Ve e -
\ P 323bp
\ - Stra8-EGFPCre ) LoxP 5
7 . . .
\ 2 l cKO regions I Coding regions
\. s — Forward primer for nRNPM-floxed genotyping
Cre recombined allele . } I I <— Reverse primer for nRNPM-floxed genotyping
F DDX4 Hnrnpm SOX9 DAPI Merge

C

Hnrnpmovfiex Stra8-EGFPCre

x

Stra8-EGFPCre;Hnrnpm®¥* J Hurnpm?ovex

=D

Stra8-EGFPCre;Hnrnpmfov

G

D E

, 157

5 ok

5

<ZC Hnrnpm

1.04

o -

£ - —

g Tubuli

S (5 ubulin

T 0.

2

2 o

5 & &

& 0.0 o & S

3>
& &
¢S %‘2‘ Control

H s+
) -e-Control
24 — *kk
é 4 -4~ SHCKO *kk
=
=
L
5 37 x
)
=
&
2z 2
2
]
2
o
3
=
E
SHCKO 0 T T T T T 1
P7 P14 P21 P28 P35 P56

Fig. 2 hnRNPM ablation results in abnormal development of testes. A: Schematic diagram represents floxed hnRNPM allele to generate knockout al-
lele by homologous recombination with cyclization recombination enzyme (Cre). We deleted exons 3 to exon 5 in germ cells. B: Genotyping images of
tails from different mice, including flox/Del (or flox/flox), flox/+, and wild-type. C: Schematic diagram represents the generated procedure of hnRNPM
knockout mouse with Stra8-EGFPCre. D: HNRNPM mRNA levels were analyzed by Real-time gPCR in control and hnRNPM knockout testes of postnatal day
21. Data were shown as mean+SD, n=3. T-test was performed. E: HNnRNPM protein expressions were analyzed by western blot in control and hnRNPM
knockout testes of postnatal day 21. Tubulin was performed as control. Biologically independent mice (n=3) were tested in three separate experiments.
F: Immunofluorescence staining of hnRNPM, SOX9 and Ddx4 were performed in adult control and SHCKO testes of adult mice. Scale bars=20 um. G:
Gross morphology of the testes and the epididymides from adult control and SHCKO mice. H: The development of testes in different postnatal controls
and SHCKO mice were shown. Data were shown as mean + SD, n=3. T-test was performed

264 bp (Supplementary Fig. S1D). The process used to
generate conditional knockout (cKO) mice is shown in
Fig. 2C, and male Stra8-EGFPCre; Hnrnpm*/1* mice
were mated with female Hnrnpm/f°% mice to obtain
hnRNPM-deficient mice. The efficiency of hnRNPM
deletion was detected using qRT-PCR and western blot-
ting. The results revealed that hnRNPM expression was
significantly lower in SHCKO mice compared with con-
trol mice at postnatal day 21 (Fig. 2D and E). Sox9 is a
marker for Sertoli cells. Moreover, immunofluorescence

staining revealed that hnRNPM was undetectable in the
nucleus of germ cells but was present in Sertoli cells in
adult SHCKO mice compared with those in control mice
(Fig. 2F). These results suggested that we succeeded in
creating conditional germ cell-specific hnRNPM knock-
out mice.

After the SHCKO mice reached adulthood, we
acquired testes from the control group and SHCKO
group and found that the testes of the SHCKO group
were apparently smaller than those of the control group
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Table 3 Fertility test of male mice
No. of males No. of fertile Average
tested males pups per
litters
Controls 5 5 8.067+0.1756
SHCKO 5 0 0

(Fig. 2G). We subsequently analysed the ratio of tes-
tis weight to body weight in mice of different postnatal
days. We observed a significant difference in the testis-
to-body weight ratio on postnatal day 28. (Fig. 2H). Addi-
tionally, we found that the average pups of SHCKO male
mice was 0 during the 6-month fecundity test, whereas it
was 8.067%0.1756 in the control animals (Table 3). These

A Epididymidis

Testes

Control

SHCKO
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results indicated that the loss of hnRNPM led to male
sterility.

Deficiency of hnRNPM leads to abnormal spermatogenesis
Due to sharp sterility of SHCKO male mice, we per-
formed HE staining and PAS staining to observe the
seminiferous tubules and epididymis. Compared with
those of the controls, the number of germ cells in the
seminiferous tubules of the adult SHCKO male mice was
significantly decreased at some specific stages and these
cells were even absent in some of the tubules (Fig. 3A).
In accordance with a series of developmental steps based
on a fixed time schedule of spermatogenesis, we further
discovered that adult SHCKO male mice underwent
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complete procedure of spermatogenesis (Supplementary
Fig. S2A). We found that germ cells were gradually lost
at specific stages, such as the absence of round sperma-
tids but the presence of spermatocytes and elongated
spermatids, a lack of spermatocytes and round sperma-
tids but the presence of elongated-like spermatids, or the
loss of most germ cells with only a layer of cells observed
(Supplementary Fig. S2B). Compared with those of the
controls, we found many round cells in the epididymis of
adult SHCKO male mice, and the number of sperm was
strongly reduced (Fig. 3A). SYCP3 is a component of the
synaptonemal complex and acts as a marker for meiosis
L. Interestingly, IF staining showed DDX4-positive and
SYCP3-negative cells in the cauda epididymis of adult
SHCKO male mice, implying the presence of many round
germ cells in the epididymis which shed from the semi-
niferous tubules before they matured (Fig. 3B). These
results showed that the deletion of hnRNPM caused
abnormal spermatogenesis.

The loss of hnRNPM in male germ cells leads to a severely
decreased quantity and quality of sperm

Since SHCKO male mice do not have pups under natu-
ral conditions but do have elongated-like spermatids, we
further performed sperm tests to identify the causes of
infertility. First, we analysed the sperm density and motil-
ity via computer-assisted methods. Correspondingly,
compared with those of control mice, the sperm density
(21.29+1.97x10° vs. 4.25+0.66x10°, sperm motility
(78.61+£3.13% vs. 4.6310.75%), progressive sperm rate
(48.74£4.23% vs. 1.85+0.74%), sperm curvilinear velocity
(66.10£4.13 um/s vs. 13.14+1.73 pm/s), sperm straight
line velocity (20.67£0.99 um/s vs. 1.48+0.23 pm/s),
and average sperm path velocity (28.04+2.11 pm/s vs.
4.261+0.54 pm/s) were all impaired in SHCKO mice.
Compared with that in control mice, apoptotic germ
cells were significantly increased in adult SHCKO male
mice (Fig. 3D and E). These changes may contribute to
the decreased numbers of germ cells. In addition, we
performed IVF to detect the fertility of SHCKO male
mice, and discovered that a very small number of sper-
matids from SHCKO male mice could fertilize eggs, and
these eggs developed into two-cell embryos (Fig. 3F and
G). We found that the proportion of two-cell embryos
was 2.7010.40% in SHCKO male mice, whereas it was
58.18+3.00% in the controls.

Sperm smear staining was performed using a Diff-Quik
kit to observe the morphology of the sperm. We observed
numerous sperm with abnormal morphologies of sperm
in SHCKO male mice, mainly on abnormal head sper-
matids without tails or those with abnormal heads and
thinner tails (Fig. 4A). PNA staining revealed many
anomalous morphologies of the acrosome (Fig. 4B). In
addition, transmission electron microscopy afforded
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ultrastructural abnormalities in the sperm of SHCKO
mice. Compared with those of the controls, we found that
aberrant or irregular acrosomes were separated from the
nucleus (Fig. 4C). Moreover, to determine whether the
severely decreased motility and aberrant tails of sperma-
tozoa was caused by a defective flagellar ultrastructure in
SHCKO mice, we further applied transmission electron
microscopy on the sperm flagellar ultrastructure. Trans-
mission electron microscopy revealed that the diameter
of the sperm in the in SHCKO mice was smaller than that
in the control mice (Fig. 4D). Moreover, an atypical “9+2”
arrangement of axonemal microtubules and the outer
dense fibres (ODFs) was observed in the midpiece and
principal piece of the controls, but all of those arrange-
ments were abnormal or absent in the sperm from the
SHCKO mice. In the end piece, disordered peripheral
microtubule doublets (MTDs) and disorganized central-
pair microtubules (CPs) were apparent (Fig. 4D).

hnRNPM interacts with the splicing factor PTBP1

To illustrate how hnRNPM affects the development of
germ cells, we performed immunoprecipitation mass
spectrometry to identify candidate hnRNPM-interacting
proteins in wild type mouse testes using an antibody of
hnRNPM. Consequently, a total of 890 proteins were sig-
nificantly different in the pulldown products, of which
255 proteins presented IP/IgG ratios greater than 2.5-fold
(Fig. 5A). The Gene Ontology analysis revealed that 91
genes were enriched in the pathway of RNA splicing, 54
of which were involved in mRNA splicing based on Uni-
Prot annotations. In addition, the Kyoto Encyclopedia of
Genes and Genomes enrichment analysis revealed that
the top two pathways were the spliceosome and RNA
degradation (Fig. 5B and C). Moreover, we found that 33
genes, including PTBP1, interacted with hnRNPM via
the STRING database (Fig. 5D). We selected the splicing
factor PTBP1 as a candidate protein that interacts with
hnRNPM in the following ways: previous studies, IP/IgG
ratios greater than twofold, GO and KEGG enrichment
analyses and STRING analysis. PTBP1 has been shown
to play a role as a key splicing factor in mouse spermato-
genesis [31]. We further determined that PTBP1 inter-
acted with hnRNPM in mouse testes at postnatal day 28
by performing coimmunoprecipitation assays (Fig. 5E).
Moreover, the hnRNPM-Flag plasmid was cotransfected
with the PTBP1-Myc plasmid in HEK-293T cells, and
the interactions between hnRNPM and PTBP1 were
confirmed by western blotting (Fig. 5F). Immunofluores-
cence staining revealed the colocalization of hnRNPM
with PTBP1 in the germ cells, which supported the
synergistic effect of hnRNPM with PTBP1 on the male
reproductive system (Fig. 5G). These findings suggest
that hnRNPM cooperates with the mRNA splicing factor
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Fig.4 loss of hnRNPM lead to abnormal morphology of sperm. A: The diff-quick stainings were performed in control and SHCKO mice. Scale bars =20 pym.
B: Immunofluorescence staining of PNA were performed in adult control and SHCKO mice. Scale bars=10 um. C: Transmission electron microscope of
sperm heads from cauda epididymis of control and SHCKO mice. Ac: acrosome; Nu: nucleus. Red arrows represent abnormalities. Scale bar =0.5 pm. D:
Transmission electron microscope of sperm flagella from cauda epididymis of control and SHCKO mice. ODF: outer dense fibers; MTD: peripheral micro-
tubule doublets; CP: central-pair microtubules. Red arrows represent abnormalities. Scale bar =100 nm

PTBP1 to affect the process of mRNA splicing during
spermatogenesis.

The loss of hnRNPM results in aberrant alternative splicing
in mouse testes

To better understand the molecular mechanism by
which hnRNPM affects spermiogenesis, we performed
RNA-seq on adult control and SHCKO mouse testes.

Compared with those in control mice, a total of 127 and
55 genes were identified as upregulated and downregu-
lated, respectively, in SHCKO mice (Supplementary
Fig. S3A). The GSEA-GO revealed that the differen-
tially expressed genes were enriched mainly in axonemal
dynein complex assembly, axoneme assembly and the
sperm flagellum (Fig. 6A). Combined with previous stud-
ies showing that hnRNPM modulates alternative splicing
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during the epithelial-mesenchymal transition and can-
cer metastasis, we performed an analysis of AS events
in the RNA-seq data using rMATS software. Compared
with those in control mice, the results identified a total
of 1617 differential AS events in SHCKO mice, including
alternative 5’ splice site events, alternative 3’ splice site
events, mutually exclusive exon events, retained intron
events, and skipped exon events (Fig. 6B). Subsequently,
we performed a GO analysis of these different AS events.
The results revealed that the enrichment of biological
processes focused on mRNA processing, RNA splicing,
and cilium organization (Supplementary Fig. S3B). The
enrichment of molecular functions focused on tubulin

binding and microtubule binding (Supplementary Fig.
S3C). The enrichment of cellular components focused on
nucleus speck, which consists of large numbers of splic-
ing factors, and microtubule (Supplementary Fig. S3D).
We selected Cep152 and Cyld, which are related to axo-
neme formation and have been indicated to be indispens-
able for spermiogenesis [32, 33], to test the abnormal
alternative splicing. Moreover, we selected Inpp4b and
Cd59b which are involved in a decreased sperm count
[34, 35]. Interestingly, the loss of hnRNPM in mouse tes-
tes caused increased exon inclusion of Cep152, increased
exon inclusion of Cd59b, increased exon inclusion of
Inpp4b, and increased exon skipping of Cyld (Fig. 6C and
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D). Taken together, these findings indicate that a lack of
hnRNPM results in numerous aberrant alternative splic-
ing events during spermatogenesis.

Discussion

Spermatogenesis is a highly coordinated process of germ
cell differentiation that continuously generates normal
mature sperm for male fertility. In this study, we first
observed the essential role of hnRNPM in male fertil-
ity by generating germ cell-specific hnRNPM knockout
mice. Overall, we revealed that the absence of hnRNPM
induces multiple anomalies in sperm development,
including the detachment of immature germ cells into
the tubules, decreases in the sperm count and mobility,
abnormalities in the formation of sperm acrosomes and
defects in axonemes, which are consistent with the high
expression time of hnRNPM. Hence, defining the specific
function of hnRNPM during the process of spermatogen-
esis is difficult.

The hnRNPM-deficient male mice were mated with
wild-type female mice but no pups were born under
SPF conditions. Therefore, we originally thought that
hnRNPM-deficient mice were infertile and completely
unable to produce normal sperm. Moreover, we did not
observe sperm with a normal morphology in the epi-
didymal sections or sperm smears, further validating our
idea. On the other hand, the presence of DDX4-positive
and SCP3-negative round germ cells in the epididymis of
hnRNPM knockout mice suggested impaired cell adhe-
sion and junctions, which promoted the sloughing of
immature germ cells to tubules and reduced the number
of germ cells. Combining these results, we hypothesized
that the decreases in both the number and quality of
sperm in male hnRNPM-deficient mice ultimately led to
sterility. However, we found that sperm from hnRNPM
knockout mice successfully fertilized very few eggs from
female wild-type mice through in vitro fertilization, sug-
gesting that a very small amount of normal sperm were
generated in hnRNPM-deficient male mice. According to
clinical experience, some patients diagnosed with oligo-
asthenoteratozoospermia are unable to produce offspring
during the natural mating process but need to rely on
microdissection testicular sperm extraction techniques
to obtain a very small amount of normal sperm to fer-
tilize normal eggs, which may be similar to our results
[36]. Due to a severe deficiency of normal sperm, we
failed to observe normal spermatozoa in experiments
assessing sperm morphology. More detailed observa-
tions of hnRNPM-deficient mice using electron micros-
copy revealed abnormalities in the formation of sperm
acrosomes and axonemes, which suggested that the
main cause of infertility is the large number of abnormal
spermatozoa. Defects in the “9+2” arrangement of axo-
nal microtubules and malformed acrosomes lead to a
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loss of sperm motility and ability to penetrate the zona
pellucida.

Through immunoprecipitation and immunofluores-
cence staining, we found that hnRNPM interacts with
PTBP1 and colocalizes within the germ cell nucleus,
which suggests that alternative splicing exerts great influ-
ence on the process of spermatogenesis. Similarly, germ
cells showed increased apoptosis and the sperm count
was significantly decreased in Ptbpl-deficient mice, as
observed in hnRNPM-deficient mice [37]. Our results
revealed that the ablation of hnRNPM resulted in a total
of 1617 differential AS events in adult mouse testes,
many of which regulated the formation of spermatids.
However, the loss of PTBP1 results in delayed prolifera-
tion of spermatogonia followed by a gradual decrease in
the sperm count, which differs from our results. Fol-
lowing the loss of PTBP1, the alternative splicing of 85
genes was altered, but none of the genes were differen-
tially expressed in Ptbpl-knockout germline stem cells.
We observed that many layers of germ cells were absent,
leaving only one layer of cells within some seminiferous
tubules from hnRNPM-deficient mice. This phenom-
enon may be related to the proliferation of spermatogo-
nia, which is regulated by both hnRNPM and PTBPI,
but research evidence is lacking. Whether PTBP1 and
hnRNPM share a common regulatory mechanism
remains unclear, although they are derived from the
same protein superfamily. Future studies are necessary to
determine the role of hnRNPM in spermatogonia.

Germ cells undergo substantial changes during sper-
miogenesis to form elongated spermatids [38]. The neck
and long tail are essential for the motility of sperm. A
head-tail coupling device is present in the region of the
neck, which consists of a centrosome-based structure
composed of two centrioles [39]. Moreover, a Drosophila
melanogaster orthologue of Cepl52 is required for axo-
neme formation in the sperm flagellum [33]. In the pres-
ent study, we detected a significant increase in the level of
exon 23 inclusion of Cep152 in hnRNPM-deficient germ
cells, which contributed to abnormal axoneme formation.
Differences in spermatogenesis exist between Drosophila
melanogaster and mice, but our results indirectly provide
more evidence for the function of Cep152 in mice. Future
research on the role of alternative splicing variants of key
genes during spermatogenesis will continue to be refined
in mouse genetic models.

Conclusions

In summary, our explorations identify hnRNPM as a crit-
ical regulator of male fertility. Our study substantiated
that hnRNPM is an important splicing factor associated
with sperm formation in mice. Conditional knockout of
the hnRNPM gene in male germ cells causes decreased
sperm counts and motility, malformed acrosomes, a
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chaotic arrangement of axonemes, and even tailless
sperm. HnRNPM regulates the splicing events of precur-
sor mRNAs associated with flagellar formation by inter-
acting with PTBP1. The elucidated molecular mechanism
underlying the role of hnRNPM in male spermiogenesis
provides insights into the function of alternative splic-
ing in male fertility. Further genetic testing of hnRNPM
in infertile men may give more information to investi-
gate the causes of male infertility, which could provide
an avenue for therapeutic strategies for male infertility in
humans.
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