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Abstract

Background: Spermatid perinuclear RNA-binding protein (STRBP) facilitates RNAs
transportation and translational activation during spermatid development. STRBP
deficiency impairs male fertility and causes premature death of mouse offspring.
However, the mechanisms underlying the regulation of spermiogenesis remain elusive.
Methods: RNA immunoprecipitation sequencing and immunoprecipitation, followed
by liquid chromatography-mass spectrometry, were used to explore how RNAs and
proteins interact with STRBP. Results: These results suggest that STRBP is involved
in spermiogenesis, mainly through precursor messenger RNA (mRNA) maturation by
the spliceosome, RNAs transportation, translation-activating or translation-inactivating
processes, and interaction with long noncoding RNAs. The transport action exerted by
STRBP involves interactions with RNAs and proteins, including centromere protein
E (Cenpe), dynein axonemal intermediate chain 3 (Dnai3), kinesin family member
23 (Kif23), kinesin family member 20b (Kif20b), dynein axonemal intermediate chain
1 (Dnail), tubulin tyrosine ligase like 3 (7t/[3), DExH-Box helicase 9 (DHX9)
and heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2BI1). Transformer
2 beta homolog (TRA2B), HNRNPA2BI1, serine and arginine rich splicing factor
2 (SRSF2), apoptotic chromatin condensation inducer 1 (ACIN1), sin3A associated
protein 18 (SAP18), la ribonucleoprotein 7 (Larp7) and transcription elongation
regulator 1 (Tcergl), may mediate nuclear precursor mRNA maturation. Poly(RC)
binding protein 2 (PCBP2), DHX9, synaptotagmin binding cytoplasmic RNA interacting
protein (SYNCRIP), heterogeneous nuclear ribonucleoprotein D (HNRNPD) and N-
acetyltransferase 10 (NAT10) are involved in the translation process, whereas UPF1
RNA helicase and ATPase (UPF1) and ribosomal protein L13a (RPL13A) probably
impose a delayed action on mRNA translation. Conclusions: Our study not only
provides preliminary evidence on STRBP-regulated processes involved in sperm
physiology but also indicates potential candidates for investigating their roles in
spermatogenesis.
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Busqueda global de proteinas y ARN testiculares que interactian con STRBP

Resumen

Antecedentes: La proteina de union al ARN perinuclear de los espermatozoides (STRBP) facilita el transporte de ARN
y la activacion traslacional durante el desarrollo de los espermatozoides. La deficiencia de STRBP afecta a la fertilidad
masculina y causa la muerte prematura de las crias de raton. Sin embargo, los mecanismos subyacentes a la regulacion de la
espermiogénesis siguen siendo esquivos. Métodos: En este trabajo se utilizo la secuenciacion por inmunoprecipitacion de
ARN y la inmunoprecipitacion, seguidas de cromatografia liquida-espectrometria de masas, para explorar como interactuan
los ARN y las proteinas con la STRBP. Resultados: Estos resultados sugieren que la STRBP interviene en la espermiogénesis,
principalmente a través de la maduracion del ARNm precursor por el espliceosoma, el transporte de ARNS, los procesos de
activacion o desactivacion de la traduccion y la interaccion con ARN no codificantes largos. La accion de transporte ejercida
por la STRBP implica interacciones con ARN y proteinas, entre ellas la proteina E del centromero (Cenpe), la cadena
intermedia axonemal 3 de la dineina (Dnai3), el miembro 23 de la familia de la kinesina (Kif23), el miembro 20b de la
familia de la kinesina (Kif20b), la cadena intermedia axonemal 1 de la dineina (Dnail), la tubulina tirosina ligasa como 3
(Ttl13), la helicasa 9 DExH-Box (DHXD9) y la ribonucleoproteina nuclear heterogénea A2/B1 (HNRNPA2B1). El homélogo
beta del transformador 2 (TRA2B), la HNRNPA2BI, el factor de empalme 2 rico en serina y arginina (SRSF2), el inductor
1 de la condensacion apoptdtica de la cromatina (ACIN1), la proteina 18 asociada a sin3A (SAP18), la ribonucleoproteina 7
(Larp7)y el regulador 1 de la elongacion de la transcripcion (7cergl), pueden mediar en la maduracion del ARNm precursor
nuclear. La proteina de union a poli(RC) 2 (PCBP2), DHXO9, la proteina de interaccion con el ARN citoplasmatico de union
a sinaptotagmina (SYNCRIP), la ribonucleoproteina nuclear heterogénea D (HNRNPD) y la N-acetiltransferasa 10 (NAT10)
participan en el proceso de traduccion, mientras que la ARN helicasa y ATPasa UPF1 (UPF1) y la proteina ribosémica L13a
RPL13A probablemente imponen una accion retardada en la traduccion del ARNm. Conclusiones: En conclusion, nuestro
estudio no s6lo aporta pruebas preliminares sobre los procesos regulados por STRBP implicados en la fisiologia espermatica,

sino que también indica posibles candidatos para investigar sus funciones en la espermatogénesis.
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1. Introduction

RNA-binding proteins (RBPs) bind to RNAs at special sites
and further alter the function or fate of the binding RNAs [1].
The originally transcribed RNA, known as precursor messen-
ger RNA (pre-mRNA), can be affected by RBP to a large extent
after binding to 3’-untranslated regions generally, and are in-
volved in RNA splicing, storage, transportation and translation
[2]. During spermatogenesis, de novo RNA transcription is
silenced in leptotene/zygotene spermatocytes and elongating
spermatids, and a large number of RNAs are synthesized,
stored, and translated to be available at specific stages. RBPs
are closely associated with these post-transcriptional events,
ensuring the production of fertile spermatozoa [2].
Spermiogenesis is the terminal phase of spermatogenesis,
which is a highly orchestrated developmental process that
consists of the differentiation of newly formed spermatids into
spermatozoa by the formation of acrosomes, flagellation, and
head shaping, with three primary stages: round, elongating
and elongated spermatids [3]. During spermiogenesis, most
of the transcription terminates and many RNAs are stored
in the cytoplasm as ribonucleoprotein (RNP) complexes until
they are recruited for translation. The spermatid perinuclear
RNA-binding protein (STRBP) is initially detected in step 9
spermatids (the transitional stage from round to elongating
spermatids) [4]. Mice deficient in STRBP exhibit abnormal-
ities in spermatogenesis and sperm physiological functions,
as shown by thin seminiferous epithelium, decreased sperm
motility, and defective transportation in oviducts [5]. More-
over, STRBP is highly expressed in the brain in various forms

and exhibits neurological abnormalities upon mutation [5].
Additionally, protein transportation to the head and tail is
essential for spermiogenesis. The manchette is a microtubular-
based protein transportation platform surrounding the elon-
gating head that is only detected in the spermatid elongation
process [6]. STRBP maintains manchettes in their normal
state, as indicated by spatial or temporal immunolocalization,
which coincides with manchette formation [7]. Furthermore,
direct binding of STRBP to manchette microtubules or indirect
interaction through microtubule-associated protein (MAP) was
observed, and the binding of STRBP to microtubules has also
been observed in vitro [7]. Two STRBP motifs with binding
activities have been well established. First, Schumacher et al.
[4] showed STRBP binding to the 3’-untranslated region (3'-
UTR) of Protamine 1 (Prm1) mRNA and that is associated with
Prml transportation and translational activation in elongating
spermatids. Second, STRBP also interacts with protein kinase
R (PKR), which mediates translation initiation by phospho-
rylating eukaryotic initiation factor 2 alpha (elF2«) in stress
responses [8].

To date, the proteins or RNAs interacting with STRBP in the
male reproductive system have not been systematically identi-
fied. We determined STRBP-binding RNAs and proteins us-
ing RNA immunoprecipitation sequencing (RIP-seq) and im-
munoprecipitation (IP) combined with liquid chromatography-
mass spectrometry (LC-MS), respectively. The primary inves-
tigation will provide an insight into the mechanism of STRBP
involvement in protein transportation and translation, and the
candidate genes and proteins will be screened to establish



a foundation for uncovering the genetic mystery occurring
during spermatogenesis.

2. Materials and methods

2.1 Testicular sample collection

Adult (56 days) wild-type C57BL/6J mice were prepared for
testis collection. Briefly, mice were euthanized by cervical
dislocation, the testes were isolated and cryopreserved at —80
°C for RIP-seq and LC-MS analyses. Six mixed samples
(two samples from the (immunoprecipitation, IP) group, two
samples from the immunoglobulin G (IgG)-IP group, and two
samples from the input group) were collected for RIP-seq.
Four mixed samples (two for the STRBP group, and two
samples for the IgG group) were prepared for LC-MS analysis.
Each mixed sample contained eight samples.

2.2 RIP-seq

The RIP assay was performed as previously described with
some modifications [9]. Briefly, 500-600 mg testis tissue
was homogenized in radioimmunoprecipitation assay (RIPA)
lysis buffer (P0013B, Beyotime Biotechnology, Shanghai,
China) containing 1x protease inhibitors (11206893001,
Roche, Basel, Switzerland) and 100 U/mL RNase inhibitor
(TAKARA.2313A, TaKaRa, Kusatsu, Japan). The suspension
was incubated in an ice bath for 30 min and then centrifuged
at 12,000 g, 4 °C, for 5 min to remove debris. Lysates were
ultraviolet (UV)-irradiated at 254 nm (400 mJ/cm?) for 1.5
min and allowed to lyse at 4 °C for 30 min. The lysates were
fragmented by disruptive sonication (10 s ON and 15 s OFF)
for 5 min. After the lysate was pre-cleared with protein A/G
beads binding IgG at 4 °C for 30 min, it was incubated with
STRBP (17362-1-AP, Proteintech, Wuhan, Hubei, China)
or an IgG (30000-0-AP, Proteintech, Wuhan, Hubei, China)
antibody at 4 °C overnight on an inverse rotator. The beads
were subsequently washed five times in RIP buffer 150 mM
potassium chloride (KCI), 0.5 mM dithiothreitol (DTT), 25
mM Tris pH 7.5, 5 mM ethylene diamine tetraacetic acid
(EDTA), 0.5% NP-40, 1x protease inhibitors, and 100 U/mL
RNase inhibitor). Finally, RNA was extracted using TRIzol
(15596-026, Invitrogen, Carlsbad, CA, USA) and RNA
sequencing was conducted by Novogene (Beijing, China).

2.3 RNA isolation, RIP-quantitative
polymerase chain reaction (qPCR)

Total RNAs from the STRBP complexes were extracted using
the TRIzol reagent (15596026CN, Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s instructions. Then
RNA was reverse-transcribed to cDNA using PrimeScript™
RT reagent Kit with gDNA Eraser (RR092A, TaKaRa, Osaka,
Japan). qPCR was performed by TB Green® Premix Ex Taq™
(TIi RNase H Plus) (RR420A, TaKaRa, Osaka, Japan) with an
ABI StepOnePlus real-time PCR system (Applied Biosystems,
Foster City, CA, USA), with primers specific for transcripts.
The primers matching exons were randomly selected. The
2-AACt guantification method combined with the [-actin
level was employed to calculate the gene expression levels.
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The PCR assay was as follows: 98 °C for 2 min, followed by 40
cycles of 98 °C for 10 s, 60 °C for 20 s, and 72 °C for 20 s, with
a final extension at 72 °C for 2 min. All primers were designed
using the national center of biotechnology information (NCBI)
for Biotechnology Information Primer-BLAST tool and sent to
Genewiz Inc. (Suzhou, China) for synthesis. Primer sequences
for the detected genes are listed in Supplementary Table
1. Selected genes including (Hspb2, Olfri281, mt-AtpS, mt-
Nd3, Gm26594, Gm7976 and Inc00700) were quantified three
times.

2.4 Protein identification by LC-MS

Testis proteins were isolated using RIPA buffer (Beyotime
Biotechnology). After the lysate was pre-cleared with IgG
and protein A/G beads, the supernatant was incubated with
STRBP antibody-magnetic bead conjugate at 4 °C under rotary
agitation for 4 h. Beads that combined the STRBP com-
plexes were washed five times with lysis buffer to remove
non-specific binding. Finally, the proteins were eluted and
denatured using 2x sodium dodecyl sulfate (SDS) loading
buffer. The total protein extracted from the STRBP complex
was separated using SDS-polyacrylamide gel electrophoresis
(PAGE). The stained protein bands were excised, sliced into
0.5-1 mm? pieces, and destained with 50% acetonitrile in
50 mM triethylammonium bicarbonate. The gel pieces were
dehydrated by washing with 100% acetonitrile, followed by
natural drying. Proteins were reduced with 10 mM DTT for
40 min at 56 °C and subsequently alkylated with 50 mM
iodoacetamide for 30 min in the dark. The dehydrated proteins
were digested with 10 ng/uL trypsin. The digested peptides
were desalted using a C18 cartridge and dried using vacuum
centrifugation. Shotgun proteomic analyses were performed
using an EASY-nLCTM 1200 UHPLC system (Thermo Fisher,
Waltham, MA, USA) coupled with an Orbitrap Q Exactive HF-
X mass spectrometer (Thermo Fisher, Waltham, MA, USA)
operating in data-dependent acquisition mode. The identified
peptides were aligned to STRBP using BLAST and analyzed
with the Uniprot database using the Proteome Discoverer 2.2
software (PD 2.2, ThermoFisher, Waltham, MA, USA).

2.5 Bioinformatics analysis

The raw data produced by the Illumina HiSeq™ 4000 platform
(Illumina, San Diego, CA, USA) with a pair-end 150 bp strat-
egy was subjected to quality control tests, including removing
the adaptors and empty reads before filtering the low-quality
reads. BWA (Burrows-Wheeler Aligner) was used to align
the reads to reference sequences [10]. Peak calling analysis
was performed using MACS?2 software (p < 0.05) [11]. To
elucidate the sequence-binding preferences of STRBP, motif
enrichment was performed after peak calling. MEME and
Dreme [12] were used to detect the consensus sequences (mo-
tifs) within the peak sequences of all samples. Subsequently,
a position-specific probability matrix (PSPM) was assigned
to each motif. Tomtom [13] was used to compare the query
motif sequences with a database of known motifs. mRNAs
and long noncoding RNAs (IncRNAs) were analyzed and iden-
tified as previously described [14]. After aligning the reads
to reference sequences using TopHat2 [15], the transcripts
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were quantified using HTSeq [16]. Gene expression levels
were calculated using the FPKM method. Gene Ontology
(GO; http://www.geneontology.org/) and Kyoto Encyclopedia
of Genes and Genomes (KEGG; http://www.genome.jp/kegg
pathway analyses were performed to determine the functional
roles of STRBP interaction genes and proteins using DAVID
tools (https://david.ncifcrf.gov/home.jsp). The heatmap and
protein-protein interaction network were analyzed using Rstu-
dio version 4.2.3 and the STRING database at http://string-
db.org respectively. NPInter v5.0 [17] was used for IncRNA
target prediction at http://bigdata.ibp.ac.cn/npinter5/.

2.6 Statistical analysis

Differential mRNAs and IncRNAs were screened when p <
0.05 (Fig. 1 A). Results were expressed as the mean =+ standard
error of mean (SEM) (Fig. 1B). GO terms and KEGG path-
ways with corrected p < 0.05 were considered significantly
enriched. All statistical analyses were performed using SPSS
19.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1 Genes interacting with STRBP

Total RNA isolated from RIP complexes (Fig. | A) was used to
identify STRBP-interacting RNAs by RNA-sequence (RNA-
seq). After the raw data were trimmed and filtered, peak calling
was performed using MACS2. Numerous peaks were observed
for the STRBP-IP group (Fig. 1B). Among the upregulated
peaks, 359 overlapped with specific genes. Interestingly,
most peaks were located in the intronic region. The higher
ratio of STRBP interacting with the introns of pre-RNAs is
likely due to its involvement in pre-RNA splicing. A total
of 155 protein-coding RNAs and 60 long non-coding RNAs
(IncRNAs) were significantly enriched in the STRBP group
(Fig. 1C, Supplementary Table 2). Seven transcripts were
selected randomly to confirm our results using RIP, including
Hspb2, Olfri1281, mt-Atp8, mt-Nd3, Gm26594, Gm7976 and
Inc00700, followed by qPCR. These genes were found to be
significantly enriched in the STRBP database (Fig. 1D).

3.2 The characterization of mRNAs
interacting with STRBP by GO and KEGG
annotations

GO analysis based on RNA-seq data is used to reduce genome
complexity and enhance the biological processes, molecular
functions, and cellular components through gene function an-
notation [18]. Many of the interacting RNAs encode proteins
involved in cilium assembly, microtubule-based movement,
spermatid development, regulation of protein ubiquitination,
axoneme assembly, RNA processing, and intracellular trans-
port (Fig. 2A). KEGG mapping is applied to reveal the high-
level functions and reconstruct the biological system using the
cellular or organism genome sequences [19]. In the current
study, we found that motor protein and nucleocytoplasmic
transport signal cascades were mediated by protein-coding
RNAs attached to STRBP (Fig. 2B). Dynein 2 intermedi-
ate chain 2 (Dync2i2), Dnai3, Ttll3, intraflagellar transport

140 (Ift140), cilia and flagella associated protein 53 (Cfap53)
and Dnail mediated cilium assembly, cilium organization,
and microtubule-based process. Kinesin-like genes includ-
ing Cenpe, Kif20b and Kif23 present in microtubule-based
movement. Dnai3, TtlI3 and Dnail also perform indispens-
able functions in cilium movement, axoneme assembly, and
microtubule bundle formation. TATA element modulatory
factor 1 (Tmf1), TtlI3, cilia and flagella associated protein
58 (Cfap58), Cfap53 and Dnail were found to functionally
mediate flagellated sperm motility. Tmf1, adhesion regulating
molecule 1 26S proteasome ubiquitin receptor (Adrml), H3.3
histone A (H3f3a), Cfap58, meiosis specific with coiled-coil
domain (Meioc), calcium and integrin binding 1 (Cibl) and
eukaryotic translation initiation factor 4 gamma 3 (Eif4g3)
were annotated during spermatid development. Siah E3 ubig-
uitin protein ligase 2 (Siah2), SUMO/sentrin specific peptidase
2-like 1 (Semp2ll), ubiquitin protein ligase E3A (Ube3a),
SUMO/sentrin specific peptidase 2-like 2A (Semp2i2a), au-
tophagy related 7 (4¢g7), and GTP binding protein 4 (Gtpbp4)
have been implicated in the regulation of protein ubiquitina-
tion. Cytidylate tRNA unprecedented 2 (Ctu2), polyribonu-
cleotide nuclease Nedd4 (Pnn), Tcergl, DEAD box helicase 49
(Ddx49), ribosomal protein S8 (Rps8), zinc finger CCCH type
containing 3 (Zc3h3), Larp7, serine/threonine kinase receptor
associated protein (Strap), nucleolar and occasional coiled
body associated protein 10 (Noll0), CBF1 interacting core-
pressor 1 (Cirl) and GTP binding protein 4 (Gtpbp4) are shown
in RNA processing (Fig. 2C). A total of 60 IncRNAs were
identified in the STRBP complex, of which 24 IncRNAs had
an established gene name while the others were novel IncRNA
transcripts (Supplementary Table 3). A total of 58 potential
targets were identified from the 19 IncRNAs (Supplementary
Table 4). Five targets, CUGBP, clav-like family member
1 (Celfl), YTH domain containing 2 (YTHDC?2), deleted in
azoospermia-like (Dazl), lin-28 homolog B (LIN28B) and
ELAV like RNA binding protein 1 (Elavi]) were annotated in
spermatogenesis or germ cells, as shown in Supplementary
Table 4.

3.3 The profiling analysis of proteins
interacting with STRBP

We identified 80 proteins in the STRBP complex
(Supplementary Table 5). Multiple biological events
are driven by proteins attached to STRBP (Fig. 3A). The
annotated metabolic pathways extracted from the KEGG
database comprised the ribosome and spliceosome signaling
pathways (Fig. 3B). Thyroid hormone receptor associated
protein 3 (THRAP3), U2 small nuclear ribonucleoprotein
auxiliary factor 2 (U2AF2), TRA2B, HNRNPA2B1, SRSF2,
ACIN1, and SAP18 regulate RNA splicing via spliceosomes.
DHX9, SYNCRIP, HNRNPD, PCBP2, etc. are involved
in cytoplasmic translation. NAT10, WD repeat domain 3
(WDR3), NOP56 ribonucleoprotein (NOP56), efc. were
enriched in ribosomal small subunit biogenesis. Splicing
factor proline and glutamine rich (SFPQ), small RNA binding
exonuclease protection factor La (SSB), THRAP3, DHX9 and
HNRNPA2B1 were associated with nucleic acid transport.
The negative regulation of translation was mediated by
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FIGURE 1. The identification and characterization of RNAs and proteins expression in the spermatid perinuclear
RNA-binding protein (STRBP) complex. (A) RNA immune-precipitation (RIP) of STRBP. The STRBP-RNA complexes were
isolated by RIP with STRBP antibody. IgG was used as a negative control. (B) Peak-related genes. Peak-related genes were
counted on the genome and the location of the enriched peaks in genes was analyzed. (C) Numbers of the STRBP-interacting
protein-coding RNAs and long noncoding RNAs (IncRNAs). (D) Validation of sequencing data using quantitative PCR (qPCR).
Total RNA was isolated from STRBP complexes, and then qPCR was performed to detect the RNA expression levels. The 5-actin
gene was used as a reference to normalize RNA expression levels of desired genes. IP: immunoprecipitation; UTR: untranslated

region; IgG: immunoglobulin G.

SYNCRIP, UPFI, interleukin enhancer binding factor 3
(ILF3), DHX9, HNRNPA2B1, HNRNPD, RPLI13A and
heterogeneous nuclear ribonucleoprotein R (HNRNPR).
Ribosomal protein L5 (RPLS), RPS14 and RPS19 are
involved in multiple processes, including RNP complex
biogenesis and assembly, ribosome assembly, ribosomal
RNA (rRNA) metabolic processes, and rRNA processing.
SYNCRIP, DHX9, HNRNPD, HNRNPR, heterogeneous

nuclear ribonucleoprotein C (HNRNPC), efc. are involved
in the regulation of mRNA stability (Fig. 3C). As shown in
Fig. 3D, an interaction network was formed by the detected
enrichment of KEGG annotations, with all protein links
present interactively and visually emphasized in the network.



102

protein localization to microtubule cytoskeleton
transcription from RNA polymerase Il promoter

intracellular transport

GO Enrichment of mRNA

Thermogenesis

o
S

1 2 3
—logg (b value)

citum assernbry
microtubule-based movement _ )
cilium organization [ KEGG Enrichment of mRNA
microtubule-based process [ Amyotrophic lateral sclerosis [
spermatid development [ Pathways of neurodegeneration - ]
flagellated sperm motility [ multiple diseases
microtubule cytoskeleton organization [N Huntington disease _
sperm motiity [ Alzheimer disease [
cilium movement _ . -
regulation of protein ubiquitination _ Motor proteins
axoneme assembly [ Nucleocytoplasmic transport -
spermatogenesis [ Oxidative phosphorylation -
RNA processing _ -

microtubule bundle formation

C

STRBP IgG

o

-
N
w

—logo (p value)

000.0:00000..000000.000000000000
S
o
(V)

Cir1
Semp2/2a

ar
H3r3a
Siah?2
Cib1
C;‘)anp53 FPKM
Tmf1 200
Igfa 858 150
e o
Strap 20
Semp2l1 0

GO Terms

cilium assembly/cilium organization/
microtubule-based process
® microtubule-based movement
® spermatid development
® regulation of protein ubiquitination
® RNA processing

FIGURE 2. mRNAs interacting with STRBP by GO and KEGG annotations. (A,B) show GO and KEGG terms for protein-
coding RNAs, respectively. (C) The levels of prime GO terms are shown by the heatmap. “FPKM?” is defined as Fragments per
kilo base of transcript per million mapped fragments. mRNA: messenger RNA; GO: Gene Ontology; KEGG: Kyoto Encyclopedia
of Genes and Genomes.



KEGG Enrichment of Protein

cytoplasmic translation

ribosomal small subunit biogenesis
ribonucleoprotein complex biogenesis
regulation of mMRNA processing

rRNA metabolic process

regulation of mMRNA splicing, via spliceosome
regulation of mMRNA stability

rRNA processing

negative regulation of translation

negatjve regulation of nuclear-transcribed mRNA
catabolic process, deadenylation-dependent decay
regulation of alternative mRNA splicing, via
spliceosome

nucleic acid transport
ribosome assembly
ribosomal large subunit biogenesis

o

5 10
—logo(p value)

KEGG Enrichment of Protein

Ribosome
Coronavirus disease -
COVID-19

Spliceosome

Ferroptosis

0 2 4
|Og10(p value)

103

C

GO term

Regulation of mMRNA
splicing, via spliceosome

Proteins

THRAP3, U2AF2,
TRA2B, HNRNPA2B1,
SRSF2, ACIN1, SAP18
RPL5, RPS14, RPS19
RSL1D1, RPL5, RPL26

Ribosome assembly
Ribosomal large subunit
biogenesis

Cytoplasmic translation RPLS, SSB, RPL21,
DHX9, RPL13A, RPS14,
SYNCRIP, RPS17,
RPS15A, RPS19,
PCBP2, HNRNPD,
RPL26, RPS13

NOP56, RPS14, RPS17,
RPS15A, RPS19,
WDR3, NAT10, RPS13
SYNCRIP, UPF1,
THRAP3, DHX9,
HNRNPD, HNRNPR,
HNRNPC

SFPQ, SSB, THRAPS,
DHX9, HNRNPA2B1
SYNCRIP, UPF1, ILF3,
DHX9, HNRNPA2B1,
HNRNPD, RPL13A,
HNRNPR

Ribosomal small subunit
biogenesis

Regulation of mMRNA
stability
Nucleic acid transport

Negative regulation of
translation

|
F2@HNRNPC
Ribosome

TRA2B —— Spliceosome

f

CDC5L

S)

PCB PhSRSFZ
()

FIGURE 3. Proteins interacting with STRBP. (A,B), The distribution of annotated GO and KEGG terms of proteins. (C)
Proteins in specific GO terms. (D) The potential ribosome and spliceosome signaling pathways were linked with STRBP. Proteins
with KEGG annotations were shown as a sphere. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes.

4. Discussion

The manchette forms in step 8 spermatids, extends to the
cauda around the developing flagellum, and disappears in
elongated spermatids before being released into the lumen.
The mechanical forces generated by the manchette are nec-
essary for nuclear shaping and for promoting the movement
of cellular components with cytoplasmic extension. The ki-
nesin and dynein moving unidirectionally along microtubules
are both localized in the manchette, as are the intermediate
filament proteins SAK57 and MAP Tau [7]. RBP can attach

to either dynein or kinesin after forming a special complex
with STAUFEN, an mRNA transportation protein [20], and
the study indicated that STRBP is expressed in the manchette
and is tightly linked to manchette microtubule concentration
[7]. Our data showed that the kinesin-like genes Cenpe,
Kif20b and Kif23 and dynein functionally dependent genes,
including T#//3, Dnai3 and Dnail, interacted with STRBP.
The interaction of STRBP with kinesin- and dynein-related
genes provides new insights into the processes of manchette
formation and disassembly, which further regulate proteins and
RNAs transport. TTLL3 is a tubulin glycine ligase mediating
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flagellar beat activity [21]. Impaired dynein motors in the
axonemum have been observed following Dnail and Dnai3
mutations [22]. With evidence that the extended manchette
was observed in the cauda of developing flagella in sper-
matids [7] and that mice show abnormal sperm morphology
and motility abnormalities after STRBP deletion [5], we as-
sume that STRBP is necessary for the maintenance of flagellar
function. Furthermore, IFT140 is necessary for cilia and
flagella assembly in most mammals [23]. Cfap58 loss could
result in disorders of the mitochondrial sheath and flagellar
axoneme [24]. The interactions of STRBP with [ft/40 and
Cfap58 identified in this study provides new insights into
spermiogenesis. RNA metabolism under stress showed a
vital function in the pathogenesis of some neurodegenerative
disorders, such as Alzheimer’s disease and amyotrophic lateral
sclerosis, and RBP regulated mRNA employment under stress
by regulating the formation and post-translational modifica-
tions of stress granules (SGs, membrane-less organelles) to
some degree [25]. The study also indicated that STRBP
deficiency can cause brain anatomical abnormalities and aber-
rant clutching reflex in mice [5]. Besides, multiple common
proteins were found in the testis and brain, sharing biochemical
characteristics reflected by similar signal pathways, receptors,
as well as exocytosis process [26]. Our data present the
KEGG mapping of pathways related to neurodegeneration
associated with STRBP-binding RNAs, suggesting a potential
pathological role of STRBP in neurodegenerative diseases,
and identifying STRBP as a candidate regulator for further
investigation.

Spliceosomes are well-established mRNA-RNP complexes
(mRNP) in the nucleus, the function of which is to ligate the
exons together after cutting out the intron in pre-mRNAs to
produce functionally mature transcripts [27]. During alterna-
tive splicing, various mRNA isoforms are produced through
the removal of distinct introns. RBPs, including STRBP bound
to pre-mRNA, are also known as heterogeneous nuclear RNP
(hnRNPs). These exert a stimulating or inhibitory action on the
splicing of immature RNA, eventually forming an alternative
splice [2]. RNA processing and mRNA splicing via spliceo-
somes were enriched in GO annotations. TRA2B, which
is expressed in round and elongating spermatid, is involved
in pre-RNA splicing events via direct RNA binding [28].
HNRNPA2BI1 is mainly found in round spermatid and con-
tributes to multiple nuclear RNA processes including splicing,
transportation, and translation [29]. SRSF2, localized in round
spermatid maintain RNA splicing under normal conditions
[30]. ACIN1 and SAP18 can be fused with NUT midline
carcinoma family member 1 (NUTM1), which is exclusively
expressed in the mid-spermatid stage in the testis [31]; this
interaction may be involved in regulating transcription and
RNA splicing [32]. Tcergl is expressed strongly in sperma-
tocytes and moderately in spermatids [33]. Larp7 is detected
in the nucleus of round spermatid and maintains the stability
of the alternative splicing process [34]. STRBP interacts with
proteins or genes that are RNA splice regulators, suggesting an
indispensable role in pre-RNA processing.

Some mRNPs are removed from mRNA before nuclear
export, while others promote the export of related transcripts,
primarily shuttling between the nucleus and cytoplasm through

the nuclear pores [35]. Quality control steps are implemented
prior to mRNA export, including mRNP complex packaging
and mRNP surveillance signals that have been implicated in the
degradation of aberrantly assembled or incorrectly processed
mRNPs [35]. mRNA surveillance was among the KEGG
database annotations, albeit this result exhibited no significant
difference (data not shown). Furthermore, SIAH2 functionally
upregulates the overall proteolytic activity, and was found in
the STRBP complex. A previous study has indicated that
SIAH?2 [36], which is highly expressed in spermatid, triggers
the degradation of proteins and contribute to multiple cellular
physiological processes. One fate of the processed transcripts
after being exported to the cytoplasm in conjunction with
RBP, is immediately translation by ribosomes [2]. DHXO,
HNRNPD, PCBP2 and SYNCRIP, which regulate cytoplas-
mic translation and ribosome-related protein NAT10, were
enriched in this study (Fig. 3B). DHXO9 signals are found in the
cytoplasm and nucleus of pachytene spermatocytes and early
round spermatid [37]; they are involved in diverse cellular
processes including DNA replication and transcription, RNA
stability, and translation [38]. HNRNPD appears initially in
pachytene spermatocytes and is highly accumulated in round
spermatid, functioning in RNA stability and decay, transporta-
tion, and translation [39]. SYNCRIP mainly mediates RNA
processing and local protein synthesis [40]. PCBP2 is localized
in round spermatid and regulates RNA translation [41]. NAT10
is localized in the zygotene and round spermatid stage, enhanc-
ing RNA stability and transcriptional efficiency [42]. Another
fate for mRNAs is delayed translation by directing them to
chromatoid bodies (CBs), which are perinuclear structures that
predominantly form in round spermatids, storing transcripts
and initiating translation according to demand [43]. Coinci-
dentally, proteins related to the negative regulation of transla-
tion were found to interact with STRBP, including UPF1 and
RPL13A. UPF1 is highly expressed in CBs [44]. The transla-
tional initiation complex is repressed by UPF1 phosphorylation
after interacting with elF3 [45]. The complex of RPL13A
combined with glutamyl-prolyl tRNA synthetase (EPRS) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) can be
bridged to eIF4G, which is bound to the 5'-UTR cap to inhibit
translation [46]. This study showed that STRBP promotes
translation initiation by phosphorylating eIF2« [8]. Therefore,
we hypothesized that elFs are more likely to be involved
in STRBP-inhibited translation. Intracellular RNA content
depends on the rate of transcription and mRNA decay. RBP
binding is crucial either for maintaining RNA stability or pro-
moting their unstable state [2]. Here, the annotated terms for
the regulation of mRNA stability and deadenylation-dependent
mRNA decay may reveal the dual roles of STRBP in the
mRNA metabolic process of developing spermatids. Overall,
our data highlighted the significance of STRBP in regulating
mRNA translation during spermiogenesis. Moreover, RPL5,
RPS14, RPS17, RPS15A, RPS19, RPL21, RPL13A, RPL26
and RPS13 interacting with STRBP were annotated in Coro-
navirus disease—COVID 19 by KEGG analysis. Ribosomal
proteins (RPs), including ribosomal protein small unit (RPS)
and ribosomal protein large unit (RPL), along with rRNA,
are involved in translation. Protein biosynthesis, replication
and infection of SARS-COV?2 are initiated by the actions of



multiple RPs interacting with viral mRNA and proteins, and is
vital for SARS-COV?2 accumulation and activation [47].

In our study, the RIP-seq and LC/MS assays were con-
ducted using the whole testis lysate, and RNA and protein
profiles identified in this study indicate a global screen of
testicular proteins and RNAs interacting with STRBP, rather
than any specificity. A variety of molecules contribute to
testicular development and spermatogenesis, and the current
data strengthen the genetic regulatory systems regulated by
STRBP during sperm production, primarily including RNAs
transportation, pre-mRNA maturation by splicing, positive and
negative regulation of translation, and IncRNAs interacting
with STRBP. The genes and proteins involved are summarized
in Fig. 4. Further localization and quantitative analysis in testis
must be performed on the screened factors interacting with
STRBP, some of which require special focus due to their lim-
ited description in male fertility, including HNRNPD, PCBP2,
KIF20B, SYNCRIP, UPF1, DHX9, SAP18 and ACINI1. The
highest signal of HNRNPD appears in the nuclei of Sertoli
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cells, and germ cells [39]. PCBP2 (also known as HNRNPE2)
is found to increase substantially in P21 testis, and displays a
declined level in P56 testis, suggesting its indispensable role
during the first wave of spermatogenesis [39]. A functional
study concentrating on the cellular signaling of HNRNPD
and PCBP2 during spermatogenesis is warranted. A loss of
function of KIF20B causes a development defect in the brain
and reduced neurogenesis [48]; however, the phenotypes of
testis from mutant mice have not been carefully investigated.
In neuronal dendrites, SYNCRIP was found in mRNA granule.
It is transported dependent upon microtubules and plays a part
in mRNA stabilization and protein synthesis [49]. The char-
acterization of SYNCRIP in testicular development is worthy
of further investigation. It has been well-established that the
nonsense-mediated mRNA decay regulated by UPF2 regulator
of nonsense mediated mRNA decay (UPF2) is indispensable
for spermatogenesis [50]. Considering that translation inhi-
bition can be initiated by UPF1 [51], the negative influence
on testicular protein synthesis exerted by UPF1 needs to be

RNA TRA2B,
~ Splicing HNRNPA2Bf,
) = SRSF2, ACIN1
// \ % \ \ a i SAP18, Larp7,
” ﬂ ﬂ “ Tcerg1
RNA DHX9, HNRNPD,
wstabimy Larp7
RNA Cenpe, Kif20b, Kif23, TtlI3,

transport Dnai3,Dnai1 in manchette

DHX9, HNRNPA2B1

Translation

DHX9, HNRNPD, NAT10, SYNCRIP,

regulation PCBP2, UPF1, RPL13A

FIGURE 4. Schematic diagram showing the potential STRBP-interacting genes and proteins in multiple RNA metabolic
processes. TRA2B, HNRNPA2B1, SRSF2, ACIN1, SAPI18, Larp7 and Tcergl are likely involved in the RNA splicing
mechanism. The RNA stability may be depending on the interaction of STRBP with DHX9, HNRNPD and Larp7. The enriched
factors including Cenpe, Kif20b, Kif23, Ttll3, Dnai3, Dnail, DHX9 and HNRNPA2B1 provided new insight into STRBP-
mediated RNA transport. UPF1, RPL13A, DHX9, HNRNPD, NAT10, SYNCRIP and PCBP2 were assumed to regulate the
translation inactivation process in the STRBP complex. TRA2B: transformer 2 beta homolog; HNRNPA2BI1: heterogeneous
nuclear ribonucleoprotein A2/B1; SRSF2: serine and arginine rich splicing factor 2; ACIN1: apoptotic chromatin condensation
inducer 1; SAP18: sin3A associated protein 18 (SAP18); Larp7: laribonucleoprotein 7; Tcergl: transcription elongation regulator
1; DHX9: DExH-Box helicase 9; HNRNPD: heterogeneous nuclear ribonucleoprotein D; Cenpe: centromere protein E; Kif20b:
kinesin family member 20b; Kif23: kinesin family member 23; 7¢//3: tubulin tyrosine ligase like 3; Dnai3: dynein axonemal
intermediate chain 3; Dnail: dynein axonemal intermediate chain 1; UPF1: UPF1 RNA helicase and ATPase; RPL13A: ribosomal
protein L13a; NAT10: N-acetyltransferase 10; SYNCRIP: synaptotagmin binding cytoplasmic RNA interacting protein; PCBP2:
Poly(RC) binding protein 2.
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carefully defined. The testis specialized protein transcription
factor-like 5 (TCFLS) interacts with DHX9, serving a dual
function by binding to both DNA and RNA, in which is
essential for sustaining male fertility [37]. The actions of
DHXO9 need to be verified in future research.

Although this study provides comprehensive profiles of
STRBP-interacting RNAs and proteins through RIP-seq and
LC-MS, a primary limitation is the lack of experimental vali-
dation for the identified candidates. The interactions inferred
from mass spectrometry and bioinformatic analyses remain pu-
tative without confirmation by complementary methods such
as co-immunoprecipitation, western blotting, or in situ hy-
brization. Thus, the biological roles of these potential factors
in spermiogenesis and their mechanisms alongside STRBP
require further investigation.

5. Conclusions

In current assay, molecules interacting with STRBP involving
in RNA splicing, stability, transport and translation process
were screened, making a contribution to uncover the regulating
mechanism during testicular development and spermatogene-
sis.
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