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Abstract: GRTH/DDX25 is a testis-specific DEAD-box family of RNA helicase, which plays an
essential role in spermatogenesis and male fertility. There are two forms of GRTH, a 56 kDa non-
phosphorylated form and a 61 kDa phosphorylated form (pGRTH). GRTH-KO and GRTH Knock-In
(KI) mice with R242H mutation (lack pGRTH) are sterile with a spermatogenic arrest at step 8 of
spermiogenesis due to failure of round spermatids (RS) to elongate. We performed mRNA-seq and
miRNA-seq analysis on RS of WT, KI, and KO to identify crucial microRNAs (miRNAs) and mRNAs
during RS development by establishing a miRNA–mRNA network. We identified increased levels of
miRNAs such as miR146, miR122a, miR26a, miR27a, miR150, miR196a, and miR328 that are relevant
to spermatogenesis. mRNA–miRNA target analysis on these DE-miRNAs and DE-mRNAs revealed
miRNA target genes involved in ubiquitination process (Ube2k, Rnf138, Spata3), RS differentiation, and
chromatin remodeling/compaction (Tnp1/2, Prm1/2/3, Tssk3/6), reversible protein phosphorylation
(Pim1, Hipk1, Csnk1g2, Prkcq, Ppp2r5a), and acrosome stability (Pdzd8). Post-transcriptional and
translational regulation of some of these germ-cell-specific mRNAs by miRNA-regulated translation
arrest and/or decay may lead to spermatogenic arrest in KO and KI mice. Our studies demonstrate
the importance of pGRTH in the chromatin compaction and remodeling process, which mediates the
differentiation of RS into elongated spermatids through miRNA–mRNA interactions.

Keywords: miRNAs; miRNA–mRNA network analysis; GRTH; round spermatids; spermatogenesis;
transcriptome analysis

1. Introduction

Spermatogenesis is a highly organized dynamic process whereby male germ cells
develop and differentiate serially into mature spermatozoa [1]. This process requires
timely coordinated gene expression that is tightly regulated at the transcriptional and post-
transcriptional levels. Post-meiotic haploid round spermatids (RS) formed during early
spermatogenesis have unique and complex transcriptomes, and precise quality control
mechanisms are necessary for the transcribed mRNAs with varied functions [2]. In addi-
tion, translational silencing/repression and storage of essential mRNAs occur at specific
cytoplasmic sites called chromatoid bodies (CBs) [3,4].

Gonadotropin-regulated testicular RNA helicase (GRTH; DDX25) is a member of the
DEAD-box family of RNA helicase first identified in our laboratory, which play essential
roles in the completion of spermatogenesis [5,6]. GRTH is expressed exclusively in the
Leydig cells and germ cells. It plays several functions as a post-transcriptional regulator
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of specific genes in germ cells. GRTH knock-out (KO) mice lack sperm and elongating
spermatids (ES), making them infertile. These mice exhibit incomplete spermatogenesis due
to failure of RS to elongate [5]. In germ cells, the GRTH protein exists in two forms: a 61 kDa
phospho form and a 56 kDa non-phospho form. The phospho-GRTH (pGRTH) is found
in the cytoplasm and CBs. The non-phosphorylated form is found in the nucleus, in the
cytoplasm, and in the CBs. The pGRTH protein in the cytoplasm participates in the shuttling
of specific mRNAs in and out of the CBs and becomes associated with polyribosomes for
translation. The non-pGRTH protein is involved in the export of specific mRNAs from
the nucleus to the cytoplasm of germ cells. Earlier studies from our group revealed a
missense mutation (R242H) in exon 8 of GRTH gene in non-obstructive azoospermic men,
which causes loss of pGRTH protein in COS-1 cells expressing the GRTH (R242H) mutant
construct. The 61 kDa phospho-species from the cytoplasm [7] and CBs are absent in
GRTH knock-in (KI) transgenic mice (human GRTH gene with R242H mutation), but the
non-phospho form from the cytoplasm, nucleus, and CBs is unaffected [4]. Recent studies
using GRTH KI and GRTH KO mice revealed an important role of pGRTH in acrosome
biogenesis and its structural integrity during spermiogenesis [8]. There is a significant
reduction in CB size and complete loss of pGRTH inside CBs, revealing the importance
of pGRTH in maintaining the structural integrity of the CB and the associated miRNA
pathways [4,7,9]. CBs are dynamic perinuclear organelles that temporarily store mRNAs
transported by GRTH from the nucleus to cytoplasm and then finally to the CB [4,10].

During spermatogenesis, the germ cells utilize a large subset of small noncoding
regulatory RNAs, such as microRNAs, to control the expression of an array of genes at
transcriptional or post-transcriptional levels [1,11,12]. miRNAs are a class of small non-
coding RNAs (18–25 nucleotides) that act as endogenous gene regulators and participate in
a wide array of biological functions by controlling the stability of mRNAs or promoting
target mRNA degradation and inhibition of translation [12–14]. miRNAs control posttran-
scriptional regulation of essential mRNAs to secure the correct timing of translation, which
are critical for the final stages of spermiogenesis [10]. Several miRNAs were found to be
involved in the regulation of mammalian spermatogenesis and any changes can lead to
male infertility [15,16]. miRNAs, such as miR122-5p, can act as potential biomarkers of
male infertility [17].

Each miRNA has the capacity to target several mRNAs from many genes at once,
thereby tightly regulating gene expression in every organ. Sequence-specific base pairing
in the RNA-induced silencing complex with the Argonaute proteins allows miRNAs to
identify their target mRNAs (AGO). The Drosha–DGCR8 complex processes primary
miRNA transcripts to produce precursor miRNAs, which are where majority of miRNAs
originate (pre-miRNAs). These pre-miRNAs are carried to the cytoplasm, where Dicer-
dependent or -independent pathways are used to produce mature miRNAs. Germ cells
and Sertoli cells have been shown to contain the transcripts for the AGO proteins Drosha
and Dicer [11,18]. At the mRNA and protein levels, GRTH controls the expression of
numerous microprocessor complex proteins, Drosha, and DGCR8 (which is involved in
miRNA synthesis) [11]. In haploid RS, it has been shown that miRNA biogenesis pathway
proteins accumulate in the CBs, indicating that the CB and GRTH play a significant role in
miRNA-dependent gene regulation [11,19]. The main components of CBs are mRNAs, short
RNAs (including piRNA and miRNA), long non-coding RNAs, RNA-binding proteins
(including DDX25 and the germ cell marker mouse Vasa homolog [MVH/DDX4]), and
other proteins involved in RNA processing [3,4,9]. Owing to the relative importance of RNA
regulatory and transport functions of GRTH and its involvement in miRNA biogenesis (at
the mRNA and protein levels), it is imperative to study the functions of these components
during spermatogenesis.

To understand the precise role of pGRTH in the regulation of germ-cell-specific mRNA
and implications of miRNAs during spermiogenesis, RS isolated from germ cells of WT,
GRTH-KO, and GRTH-KI mice were analyzed using RNA-seq to compare their transcrip-
tome (mRNA-seq) profiles with miRNA profiles. This study delineates the impact of
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pGRTH/DDX25 on putative mRNA–miRNA interaction in the regulation of chromatin
compaction, remodeling, and ubiquitination processes, which are essential for the progres-
sion and completion of spermiogenesis.

2. Materials and Methods
2.1. Animals

GRTH-KO and GRTH-KI transgenic mice were generated as described previously [5,7].
Briefly, the WT, GRTH-KO, and GRTH KI transgenic mice (10–12 weeks) were genotyped
and used for all experiments. All animals were housed in pathogen-free, temperature- and
light-controlled conditions (22 ◦C), with 14 h: 10 h light:dark cycle and ad libitum access to
water and food. All animal experiments were performed in accordance with the guidelines
established by the National Institute of Child Health and Human Development Animal
Care and Use Committee.

2.2. Isolation of RS from Mice Seminiferous Tubules

RS were isolated from the testes of GRTH-KO, GRTK-KI, and WT mice (75–85 days
old) using a standardized procedure as described previously with minor modifications [20].
Briefly, testes (all genotypes) were decapsulated, seminiferous tubules mildly dispersed and
digested using 1 mg/mL collagenase solution (in 1× Krebs buffer; Worthington, Lakewood,
NJ, USA) at 37 ◦C for 3 min to remove Leydig cells. The tubules were washed with Krebs
buffer (2 times) at RT and then digested with 0.6 mg/mL trypsin (in 1× Krebs buffer;
Sigma-Aldrich, St. Louis, MO, USA) containing DNase I (Thermo Scientific, Waltham,
MA, USA) at 34 ◦C for 15 min (~15 rpm). The obtained germ cell suspension was pre-
chilled on ice (7 min) and filtered with a 40 µm filter (Falcon, Corning, NY, USA). The
cells were centrifuged (600 g, 5 min, 4 ◦C) and washed with ice-cold Krebs buffer. The cell
pellet was mixed with 3 mL of 0.5% BSA (in 1× Krebs buffer) and filtered again with a
40 µm filter to obtain single-cell suspension of germ cells. The germ cells (in 0.5% BSA)
were added onto a BSA gradient (1% to 5% BSA-Krebs Buffer, top to bottom) and allowed
to settle for 90 min on ice. Following sedimentation, 1 mL fractions were collected and
washed in ice-cold Krebs buffer before cell viability was determined using an automated
cell counter (Cell countess, Thermo Scientific). DAPI staining (Thermo Scientific) was used
to confirm the purity of the RS cell fractions, which was then examined under a microscope
(EVOS M-5000, Thermo Scientific).

2.3. mRNA Libraries and Sequencing

RNAeasy Plus micro kit was used to isolate total RNA from six RS samples obtained
from the testes of WT, GRTH-KO, and GRTH-KI mice (N = 6; Qiagen, Germantown,
MD, USA). RNA quantity and integrity were evaluated in an Agilent Bioanalyzer 2100
system using the RNA Nano 6000 Assay Kit (Agilent Technologies, Santa Clara, CA, USA).
Sequencing libraries were prepared using a Takara Pico-RNA-seq kit (Takara) without the
polyA selection step. The prepared libraries were quality-checked using a bioanalyzer
(Agilent) and used for sequencing using an S1 reagent kit v1.5 (SR100 cycles flow cell
(~60 million reads per sample) in a Novaseq 6000 (Illumina, San Diego, CA, USA) platform.
The RNA-seq data have been submitted to the Gene Expression Omnibus (GEO; accession
number GSE222626).

2.4. mRNA-seq Data and Differential Expression of Genes (DEGs)

Quality control was performed on paired-end reads using FastQC (Andrews), RseQC [21],
Picard (Broad Institute), and MultiQC [22] both before and after trimming reads with cu-
tadapt v3.4 [23] with arguments -q 20, -A, -a, and –minimum-length 25 (arguments for light
quality trimming, adapter removal, and retains only reads >25 bp, respectively). Reads
were aligned to the GRCm38 mouse reference genome using the STAR aligner v2.7.8a [24]
with arguments –outFilterType BySJout –outFilterMultimapNmax 20 –alignSJoverhangMin 8
–alignSJDBoverhangMin 1 –outFilterMismatchNmax 999 –outFilterMismatchNoverReadLmax
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0.04 –alignIntronMin 20 –alignIntronMax 1000000 –alignMatesGapMax 1000000 to match EN-
CODE standard options for long RNA sequencing. To quantify reads in genes, the GENCODE
release 18 annotation was used with featureCounts (in the subread package v2.0.1 [25]) in
strand-specific mode (-s2 argument). Differential expression analysis between genotypes was
conducted on gene counts using DESeq2 v1.34.0 using the model ~genotype. Genes were
identified as differentially expressed if, when using lfcThreshold of 1 to test the null hypothesis
that the LFC between conditions is different from 1, they had an adjusted p-value < 0.1. Note
that the “ashr” shrinkage method [26] was used instead of the default “apeglm” method.

2.5. Gene Ontology (GO) and Pathway Analysis

All mRNA identified as differentially expressed in the KO vs. WT and/or KI vs. WT
comparisons were further used for functional enrichment analysis, conducted with clus-
terProfiler v3.18.1 across the GO Biological Processes (BP), Cellular Component (CC), and
Molecular Function (MF) databases. Genes were annotated with the three main GO cate-
gories (BP, CC, and MF) and were represented separately. A q-value threshold of 0.1 was
imposed for the functional enrichment analysis.

2.6. Validation of mRNA-seq Data

To validate selected differentially enriched mRNA from RNA-seq transcriptome anal-
yses, real-time quantitative PCR (qRT-PCR) was used. Total RNA was extracted from RS
(N = 3) of WT, GRTH-KO, and GRTH-KI mice testes using mRNeasy Micro Kit (Qiagen).
Iscript’s first-strand synthesis kit was used to generate cDNA from one microgram of total
RNA (Biorad, Hercules, CA, USA). qRT-PCR was carried out on a Quantstudio 3 Fast
Real-Time PCR device (Thermo Scientific, CA, USA) with Fast SYBR green and a set of par-
ticular gene primers (Supplementary Table S1). All qRT-PCR reactions were performed in
triplicates and 18srRNA was used as the reference gene for normalization. The comparative
quantification of mRNA was performed using the 2−∆∆Ct method.

2.7. miRNA Libraries and Sequencing

Small RNAs (<200 bp) were purified from isolated RS (>94% purity) obtained from
testes of GRTH-KI, GRTH-KO, and WT mice (N = 5) using miRNeasy Micro Kit (Qiagen).
RNA quality and quantity were assessed using the RNA Nano 6000 Assay Kit in an Agilent
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Small RNA library construction
was carried out using a small RNA-seq Library Kit (Qiagen). The prepared libraries were
quality checked using a bioanalyzer (Agilent) and were sequenced using a Novaseq 6000
(Illumina) SP reagent kit v1.5 (100 cycles). The miRNAs were given a general name (e.g.,
miR26a) without specifying the strand name (e.g., miR26a-5p) for ease of use. All miRNAs
identified and discussed in the study are -5p (strand) unless otherwise specified. The
miRNA-seq data have been submitted to the Gene Expression Omnibus (accession number
GSE222627).

2.8. miRNA-seq Data and Differential Abundance of miRNAs

miRNA sequencing analysis was conducted similarly to the described mRNA-seq
analysis, with the following modifications. Sequenced reads were obtained in single-ended
fastq files. When trimming reads with cutadapt [23], only the -a argument was used to
trim QIAseq miRNA 3′ adapters and –minimum-length was reduced to 15 to account for
shorter reads following trimming. Reads were aligned to the GRCm38 mouse reference
genome using Bowtie2 v2.4.2 [27] with arguments –local, –very-sensitive-local, –k 100 to
match suggested parameters for optimized miRNA alignment [28]. Reads were counted
in annotated miRNA genes according to the miRBase release 18 annotation, with the
appropriate stranded mode (-s1 argument) indicated for featureCounts. When conducting
differential expression analysis, two experimental batches were analyzed independently.
The KI vs. WT contrast was performed using the first batch and the KO vs. WT contrast
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was conducted using the second batch. Due to the batch effect, the KI vs. KO contrast could
not be confidently executed. No lfcThreshold was imposed for these contrasts.

2.9. Validation of miRNA-seq Data

To validate the differentially enriched miRNA obtained from miRNA-seq transcrip-
tome analyses, small RNA prepared from the RS (N = 3) of GRTH-KO, GRTH-KI, and
WT were used. Small RNA (<200 bp) was extracted using miRNeasy Micro Kit (Qiagen);
quantity and quality were checked prior to cDNA synthesis. Ten nanograms of small
RNA (for miRNA quantification) was used to prepare cDNA using the miRCURY LNA
RT Kit (Qiagen). qRT-PCR analysis was carried out with set of specific LNA gene probes
(Qiagen; Supplementary Table S2) using with miRCURY LNA SYBR® Green (Qiagen) in a
Quantstudio 3 Fast Real-Time PCR machine (Thermo Scientific, CA, USA). The following
conditions were used: 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 3s and 60 ◦C for 30 s.
The cycle threshold (Ct) values were normalized to U6 small nuclear RNA as the reference
gene, and each experiment was carried out in triplicate. The 2−∆∆Ct method was used to
determine the relative miRNA quantification.

2.10. Identification of DE-miRNA–mRNA Target Genes

A stringent set of miRNA–mRNA target pairs were compiled by taking the intersection
of three miRNA databases, TargetScan v8.0 [29], TarBase v8 [30], and miRDB v6.0 [31]. This
set of predicted miRNA–mRNA target pairs was further filtered to include only miRNAs
identified as differentially expressed in this analysis, then subsequently reduced to miRNA–
mRNA pairs for which the mRNA target was differentially expressed in the mRNA-seq
analysis. This was performed separately for the KO vs. WT and the KI vs. WT. That
is, for each of these contrasts, a miRNA–mRNA pair was considered to be supported by
this study if all of the following conditions were true: (1) the miRNA–mRNA pair was
known or predicted in all three databases; (2) the miRNA was differentially expressed; and
(3) the target mRNA was differentially expressed. Note that multiple miRNAs can target
one mRNA, and one miRNA can target multiple mRNAs. We did not restrict pairs to be
exclusive one-to-one miRNA–mRNA pairs, and we did not restrict pairs to require the
opposite direction of miRNA and mRNA so this analysis would include indirect effects.

2.11. mRNA–miRNA Interaction Network Analysis

A directed graph was built using the miRNA–mRNA pairs that met the criteria de-
scribed above, where each pair was further characterized by the following qualities and
where “contrast” refers to a single comparison, such as KO vs. WT: (1) miRNA differen-
tially expressed in both contrasts; (2) mRNA differentially expressed in both contrasts;
(3) canonical (miRNA and mRNA have opposite log2 fold change sign) or not in a contrast;
(4) magnitude of mRNA differential expression in a contrast; (5) identity of miRNA–mRNA
targets based on criteria described above. These data were encoded into node and edge
attributes of the graph using the networkx Python package and plotted using the matplotlib
Python package.

2.12. mRNA–miRNA Interaction—Luciferase Assay

COS-1 cells (0.1 × 106 cells/well) were seeded in 12-well plates 24 h before transfec-
tion. Cells (70% confluence) were transfected with psiCHECK-2 construct carrying the TP2
coding region alone or together with its 3′ UTR. In addition to DNA constructs, miR122
miRNA mimic (5 nM) alone or miR122 miRNA mimic together with miR122 miRNA in-
hibitor (20 nM) or negative control (5 nM) were co-transfected using HiPerFect transfection
reagent (Qiagen) in a serum-free medium. After incubation (8 h), the media with serum
(10%) without antibiotic was changed and further incubated at 37 ◦C, 5% CO2. After 48 h
of transfection, the cells were lysed with 1X passive lysis buffer (Promega, WI). Firefly and
Renilla luciferase activities were measured with the Dual-Luciferase reporter assay system
(Promega) using a Glomax navigator microplate luminometer (Promega).
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2.13. Statistical Analyses

All data were obtained from three or more experiments and the results are presented
as mean ± standard error of the mean (SEM). Significance of the differences between the
groups was determined by a two-tailed Student t-test using the GraphPad Prism software
program (GraphPad Software, Inc., San Diego, CA, USA) and Microsoft Excel (Microsoft).
p < 0.05 was considered statistically significant.

3. Results
3.1. Transcriptome Analysis of RS from KO, KI, and WT Mice Reveal Unique RS
mRNA Signatures

We initially performed mRNA-seq from the isolated RS of KO, KI, and WT mice
(N = 6) to analyze the transcriptome changes in the KO and KI compared to WT. In total,
we obtained more than 70 million reads in each RNA-seq library from the RS of KO, KI,
and WT mice. Heterogeneity among these individual samples is highlighted in a principal
components analysis (PCA) plot (Supplementary Figure S1). WT samples show a clear
separation compared to KO and KI, while there is no distinction between KO and KI
genotypes. An MA plot (log2 fold change vs. average of counts) was created using the
DEGs from KO, KI, and WT groups. Significantly upregulated and downregulated DEGs
in each RS of KO or KI compared to WT were shown as red dots (Figure 1A,B). A total
of 255 genes downregulated and 114 genes upregulated were identified with a log2 fold
change magnitude greater than one fold in the KO group compared to WT. There were
297 genes downregulated and 113 genes upregulated in KI compared to WT. Most enriched
mRNAs in KO overlap with KI (Supplementary Figure S3).
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3.2. Functional Gene Enrichment Analysis of DEGs from RS Transcriptomic Data

To further analyze and classify the biological function of identified DEGs, we per-
formed functional enrichment analysis using GO in the biological process (BP), cellular
component (CC), and molecular function (MF). BP revealed that the genes which play
critical roles in germ cell development, spermatid differentiation, and development, such
as Tnp1/2, Tssk3/6, Prm1/2, H2al2a, Tbc1d20, Fscn3, Spem1, H1f7, Neurl1a, and Paqr5, were
altered significantly. DNA packaging and conformation (Tnp1/2, Prm1/2/3, H2al2a, H2bl1,
Tssk6, H1f7, Naa60), histone exchange (Prm1/2/3, H1f7), and sperm motility (Tnp1/2, Prm3,
Smcp, Cabs1, Gapdhs, Spem1, Tppp2, Efcab1, Neurl1a, Akap4) also demonstrated a significant
downregulation in KO compared to WT. The BP of KI vs. WT was similar to the KO vs. WT.
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Changed genes are also enriched in CC categories, including DNA–protein complex, nucle-
osomes, DNA packaging complex (Tnp1/2, Prm1/2/3, H2al2a, H2bl1, H2ap), sperm flagella
and cilia (Oaz3, Oxct2b, Spata18, Cabs1, Gapdhs, Camsap3, Atp1b3, Tppp2, Odf1, Efcab1, Akap4)
in both KO and KI compared to WT (Figure 2A,B). Thus, differentially expressed genes
appear to be related to spermatid differentiation, as would be expected from RS.
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3.3. Validation of DEGs from mRNA-seq Data Reveals Comparable Transcriptomic Profiles

To validate the mRNA-seq transcriptomic data, genes relevant to spermatogenesis
and genes which were found to be interacting with identified miRNAs (mRNA–miRNA
interaction studies) were selected. Their expression levels were confirmed by qRT-PCR
analyses. Genes such as Rnf138, Ube2k, Csnk1g2, Hipk1, Pim1, Jag1, Mical3, Pdzd8, and
Ppp2r5a show a significant downregulation (p < 0.05) in the RS of KO mice compared to RS
of WT mice (Supplementary Table S3). In the RS of KI mice, the transcripts such as Rnf138,
Ube2k, Csnk1g2, Hipk1, Pim1, Jag1, Mical3, Pdzd8, Akap1, Mbd2, and Prkcq downregulated
significantly (p < 0.05) compared to RS of WT group. Rnf138 and Ube2k are involved in
ubiquitination pathways which are critical for the later stages of spermatid development.
Genes such as Jag1 (notch pathway), Akap1 (regulate cAMP levels), and Pdzd8 (acrosome
stability) regulate spermatogenesis. Other genes such as Csnk1g2, Pim1, Prkcq, and Ppp2r5a
mediate protein phosphorylation and dephosphorylation. The RNA-seq and GO analysis
results suggest altered ubiquitination, phosphorylation, and dephosphorylation events
which are comparable with the expression data of qPCR (Figure 3). The list of mRNAs
(which are altered and show an interaction with altered miRNA profiles), together with
their role in spermatogenesis and general cellular functions, is given in Table 1.
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were determined from three independent qRT-PCR experiments with each sample run in triplicates.
p values were calculated by a two-tailed Student t-test (asterisks indicate p < 0.05).

3.4. miRNA-seq Profiles of RS from KO, KI, and WT Mice Reveal miRNAs Targeting Spermatid
Differentiation Process

Since each mRNA is regulated by more than one miRNA and one miRNA regulates
more than one mRNA, it is essential to assess the entire RS population of miRNAs. miRNA-
seq was performed from the isolated RS of KO, KI, and WT mice (N = 5). A total of around
80 million reads was obtained from each miRNA-seq library made from the RS of KO, KI,
and WT mice. miRNA-seq was carried out in two different batches, KO vs. WT and KI
vs. WT, and the overall results were compared between all the genotypes. A PCA plot of
these samples shows a clear separation of WT compared to KO and KI, while there is no
distinction between KO and KI genotypes (Supplementary Figure S2). Several miRNAs,
such as miR32, miR184, miR335, miR140, miR141, miR1981, miR202, miR880, and miR669c,
were downregulated in both KO and KI mice (Figure 4; Supplementary Table S4). These
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are involved in the positive regulation of spermatid differentiation, sperm motility, mRNA
processing, and decay. The miRNAs miR150, miR196a-2, miR652, miR146, miR10b, miR379,
miR122a, miR26a, miR27a, miR127, and miR328 were upregulated in both KO and KI mice
(Figure 4; Supplementary Table S4), which negatively regulate the spermatid differentiation.
Several enriched miRNAs in KO overlap with KI (Supplementary Figure S4).

Table 1. Important genes and their associated functions.

Rnf138
Ring Finger Protein 138, E3 ubiquitin-protein ligase involved in DNA damage response, highly

expressed in spermatogonia and spermatocytes. Rnf138 deficiency promotes apoptosis of
spermatogonia in male mice

Ube2k Ubiquitin conjugating enzyme E2 K, interact with Ring finger proteins, Ube2k deficiency cause
failure of germ cells to undergo meiosis results in male infertility

Csnk1g2

Casein Kinase 1 Gamma 2, enables protein serine/threonine kinase activity, involved in
peptidyl-serine phosphorylation, CSNK1G2-attenuated necroptosis mediate testis-aging

program, CSNK1G2-knockout mice showed significantly enhanced necroptosis response and
premature aging of testis

Hipk1 Homeodomain-interacting protein kinase 1, phosphorylates homeodomain transcription factors
(acts as co-repressor)

Pim1 Encodes for the serine/threonine kinase, role in regulation of DNA damage repair

Jag1 NOTCH ligand, JAG1 regulates GDNF expression in Sertoli cells

Mical3 Microtubule-Associated Monooxygenase, Calponin, and LIM Domain Containing 3, MICAL3
work together in the process of docking and fusing of vesicles that are involved in exocytosis

Pdzd8 PDZ domain containing 8, cytoskeletal regulatory protein that interacts with moesin and
regulates stable microtubule abundance, acrosome stability.

Ppp2r5a Major Ser/Thr phosphatases, role in negative control of cell growth and division

Akap1 A-kinase anchoring protein, role in Star production and steroidogenesis

Mbd2 Methyl-CpG Binding Domain Protein 2,

Prkcq Protein kinase C theta, member of serine/threonine kinases, critically regulates cell growth and
survival, mutation leads to male infertility
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indicate the significantly (p < 0.1) upregulated or downregulated miRNAs in each of RS of KO or KI
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3.5. Validation of Differential Gene Expression Analysis of miRNAs Using qRT-PCR

Expression analysis of selected miRNAs from RS of KO and KI groups were com-
pared with RS of WT mice using qRT-PCR analysis. Bar graphs represent the fold change
expression between KO vs WT or KI vs WT group (Figure 5A,B). The miRNAs such as
miR140, miR141, miR32, miR184, and miR202 show a decrease in abundance and miRNAs
miR150, miR146, miR122a, miR27a, miR328, and miR26a show an increase in abundance
in the RS of the KO mice (Figure 5A). In KI, miR138, miR140, miR34a, miR202, miR32,
miR335, and miR141 show a decrease in abundance and miR196a, miR223, miR485, miR322,
miR24, miR26a, miR150 and miR146 show an increase in abundance in the RS of the KI
mice (Figure 5B). The results of qPCR studies correspond to expression profiles from the
miRNA-seq data. The miRNAs, miR322, and miR24 target Rnf138, miR322 target Pim1,
miR26a target Ube2k, Jag1, Mical3, Pim1, Prkcq, and Hipk1 (Supplementary Table S5). All
miRNA qRT-PCR experiments used LNA probes to obtain highly efficient expression data
and validation.
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Figure 5. qRT-PCR analysis of selected miRNAs from RS of KO and KI groups. Bar graphs represent
the fold change expression between (A) KO vs. WT or (B) KI vs. WT groups. Means ± SEM were
determined from three independent qRT-PCR experiments with each sample run in triplicates using
LNA probes. p values were calculated by two-tailed Student t-test (asterisks indicate p < 0.05).

3.6. Correlation of mRNA–miRNA Interaction to Understand Network of Interactions

We selected the DEGs from mRNA-seq and miRNA-seq and then compared log2 fold
changes between miRNA and putative mRNA targets based on the intersection of three
published databases. The expected interaction relationship between a miRNA–mRNA pair
should exhibit a negative correlation of expression (i.e., as miRNA expression increases,
the expression of its mRNA target is expected to decrease). The mRNAs and miRNAs
identified from the RS of KO, KI, and WT groups showing expected correlation (canonical,
mRNA down = miRNA up or mRNA up = miRNA down) or not were highlighted in
different color dots (Figure 6). Several target pairs are verified in this study to reveal the
importance of these targets during late stages of spermiogenesis.
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Figure 6. Correlation of mRNA–miRNA changes in the RS of KO, KI, and WT groups. mRNAs and
miRNAs identified from the RS of (A) KO and WT group or (B) KI and WT group showing canonical
correlation (Red, mRNA down and miRNA up or mRNA up and miRNA down) or non-canonical
correlation (Black, mRNA down and miRNA down or mRNA up and miRNA up).

3.7. mRNA–miRNA Interaction Network Reveals Canonical mRNA–miRNA Role in
Ubiquitination and Chromatin Compaction

All mRNA–miRNA pairs showing both canonical or expected (miRNA down and
mRNA up or vice versa) and non-canonical (miRNA down and mRNA down) interactions
were used for the network construction. We observe essential protein-coding genes such
as Ube2k, RNF138, Pim1, Hipk1, Slc30a4, and Csnk1g2 regulated by miR26a (solid red lines
indicate canonical for both KI and KO; solid black lines indicate just in KO or KI only)
and other miRNAs mediate several essential pathways and intracellular function during
spermatid differentiation and development. miRNAs (from the canonical mRNA–miRNA
pairs) target multiple mRNAs and degrade them both in the cytoplasm and the CBs. The
loss of mRNAs possibly resulted in the loss of essential proteins involved in ubiquitination,
acrosome stability, and chromatin compaction that are required for spermatid differentiation
and elongation events (Figure 7). The failure of these events resulted in spermatogenic halt
and apoptosis of the RS.

3.8. mRNA–miRNA Interaction: miR122a Regulates Tnp2 Expression by Binding to Its 3′UTR

Temporal Tnp2 gene translation is critical for the spermatid chromatin compaction pro-
cess, which precedes protamine transition. Even subtle changes will impact the downstream
processes in spermatid development that result in infertility [7]. miR122a was found to be
upregulated in the RS of KO mice. Modulation of translation of Tnp2 depends on the presence
of regulators, such as specific miRNA, which binds to its 3′ UTR region and regulates it. To
validate the interaction, a psiCheck2 luciferase reporter construct carrying the Tnp2 coding
sequence with or without 3′ UTR was used to transfect COS-1 cells. In addition, miR122
mimic or miR122 mimic together with miR122 inhibitor or miR negative control was used for
co-transfection. A schematic representation of the psiCheck2 reporter gene carrying the Tnp2
coding sequence with or without 3′ UTR is given in Figure 8A. The luciferase activity of Tnp2
with 3′ UTR was decreased significantly in the presence of miR122a mimic. In contrast, Tnp2
coding region (without 3′ UTR) did not alter the luciferase activity in the presence of miR122
mimic. To check the specificity of miR122a binding to the Tnp2 3′UTR, miR122a inhibitor was
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used together with miR122a mimic, which did not alter the luciferase activity (Figure 8B). This
clearly shows that the miR122a binds to Tnp2 at its 3′UTR in a sequence-dependent manner
and decreases its translation specifically, which altered the TP2 protein levels that directly
impacted later stages of spermiogenesis.
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Figure 7. Putative mRNA–miRNA target regulation (from miRNA and mRNA DEGs) in the RS
of KO, KI, and WT groups. mRNA–miRNA pairs in (A) KO vs. WT or (B) KI vs. WT group
showing interaction (network). mRNA–miRNA pairs (only miRNA and mRNA changed in RS) in
the genotype of interest showing interaction (positive or negative) identified jointly across databases.
Red circles = upregulated compared to WT. Blue circles = downregulated compared to WT. Darker
color circles = higher magnitude change. Each line represents a connection of a miRNA to an mRNA
if it was identified jointly across databases. Thicker line = canonical change “miRNA down and
mRNA up or miRNA up and mRNA down”. Dotted line = non-canonical “miRNA down and mRNA
down or miRNA up and mRNA down”. Bright red line (dotted or not) = KO and KI behave similarly.
Black outline around a node (circle) = node was shared in both KO and KI DEGs. A white outline
around a node means that the node was unique to that genotype.
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Figure 8. Tnp2 mRNA–miRNA122a interaction. Modulation of translation of Tnp2 depends on the
presence of Tnp2 3′ UTR region. (A) Schematic representation of the psiCheck2 reporter gene carrying
the Tnp2 coding sequence with or without 3′ UTR. (B) Relative luciferase activity in COS-1 cells
co-transfected with Tnp2 with 3′UTR reporter constructs (or Tnp2 coding region without 3′UTR)
and miR122a mimic and/or miR122a inhibitor or negative control. Asterisks (*) indicate statistically
significant change between psi-Tnp2 and psi-Tnp2 + miR122a mimic group (Student’s t-test; p < 0.05).
All the data represent means ± SEM from three independent experiments, with each sample running
in triplicates.
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4. Discussion

Spermatogenesis is a highly controlled serial developmental process resulting in the
formation of functional spermatozoa. During spermiogenesis, RS undergoes 16 steps
of development with elongating, condensing, and condensed spermatids. Regulation of
spermatogenesis occurs at multiple levels, starting from post-transcriptional to translational
regulation. Previously, we have shown that the KO and KI male homozygous mice are
infertile due to the arrest of RS at step 8 of spermiogenesis resulting in the loss of ES
and mature sperm [5,7]. Single-cell RNA-seq analysis of testicular germ cells revealed a
crucial role of GRTH in round spermatid differentiation into elongated spermatids and
acrosome biogenesis [8]. Given the intricacies of different germ cell heterogeneity and
specific differentiation pathways, GRTH/DDX25 plays a critical role in mRNA regulation
both directly and by regulating miRNA biogenesis [11]. In this study, we used mRNA-seq,
miRNA-seq data, and mRNA–miRNA interaction studies to address the changing gene
expression signatures and the role of miRNA regulation in the developing RS. This study
provides clues on the role of pGRTH and mRNA–miRNA dynamics in the developing RS
of WT, KO, and KI mice.

In the current study, downregulation of several DEGs related to spermatogenesis,
spermatid development, sperm motility, chromatin condensation, and DNA compaction
were identified. Specifically, RNF138, UBE2K related to ubiquitination pathway and
chromatin remodeling and transition proteins, Tnp1/2, Prm1/2/3, Spata 3/18, Tssk3/6, and
several protein kinases and phosphatases altered during spermiogenesis. This current
study demonstrated that the loss of pGRTH changed the transcriptomic profiles and may
have indirectly impaired RNF138-, SPATA3-, and UBE2K-dependent histone modifications
and nuclear transition protein-mediated chromatin remodeling [32]. This directly impacted
the initiation of spermatid elongation at step 8 of spermiogenesis. Ring finger protein 138
(RNF138) is a member of an E3 ligase family that has been shown to be recruited to the
regions of DNA double-strand breaks and repair them by homologous recombination [33].
Rnf138 is highly expressed in spermatogonia and spermatocytes, and Rnf138 deficiency
promotes apoptosis of spermatogonia [34]. Histone ubiquitination and acetylation play a
crucial role in chromatin remodeling, which is essential for the development of spermatids
during spermiogenesis [35,36]. During step 8 of spermiogenesis, hyperacetylation of
histones (H) leads to the replacement of histone followed by nuclear elongation and
extension of the acrosome. Ubiquitin-conjugating enzyme E 2K interacts with Ring finger
proteins, and its deficiency causes the failure of germ cells to undergo meiosis, resulting
in male infertility. UBE2K is a component of the PRC1 complex that ubiquitinates histone
H2A. UBE2K, in combination with RNF138, robustly induces the formation of ubiquitinated
H3 [37]. The early-stage germ cells synthesize transcripts of these proteins and store them
prior to nuclear condensation events. Differential expression of important mRNAs that
mediate these events resulted in spermiogenesis halt.

The final stages of spermiogenesis require several proteins that are essential for the dif-
ferentiation of the RS, such as proteins involved in chromatin remodeling and compaction
processes. During the chromatin remodeling process, 90% of the nucleosomal histones are
replaced by testis-specific TP1/2. Subsequently it is replaced by sperm-specific PRM1/2 to
form a highly condensed spermatid/sperm chromatin [38,39]. Differential expression analy-
sis identified several genes such as Tnp1/2, Prm1/2/3, Spem1/2, Spata3/18, and Tssk3/6, which
play critical roles in spermatid development, elongation, and chromatin compaction that
were downregulated in KI and KO mice. SPATA 3 (spermatogenesis-associated protein 3),
also known as Tsarg1, is expressed specifically at lower levels in pachytene spermatocytes
and peaks in spermatids [40,41]. SPATA3 interacts with KLHL10, which is expressed
exclusively in spermatids, and its inactivation leads to the disruption of spermiogenesis
and complete male infertility in mice [42]. KLHL10 is a substrate-specific adapter that
interacts with CUL3 (Cullin3), a core component of cullin-RING-based E3 ubiquitin-protein
ligase complex functions specifically during spermiogenesis [43]. Our data shed light on
the plausible role of SPATA3 and the involvement of GRTH in the SPATA3-, UBE2K-, and
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KLHL10-mediated protein ubiquitination pathway during spermiogenesis. The current
study also identified mRNAs of several protein kinases and phosphatases, such as Csnk1g2,
Hipk1, Prkcq, Pim1, and Ppp2r5a, which mediate several intercellular protein regulations
inside developing spermatids which were targeted by miRNAs. Transition proteins and
protamines are arginine-rich nuclear proteins that replace histones late in the haploid
phase of spermatogenesis. Lack of these proteins leads to impaired nuclear condensation
in the spermatid head, resulting in infertility. GRTH binding of Tnp2 mRNA decreased
significantly in KI mice testis and inside the CB of germ cells [4]. Increased miR122a levels
in the loss of GRTH in KO mice suggest that GRTH might have an intrinsic regulatory role
in regulating the levels of miR122a. Another important miRNA identified in this study
is miR26a, which targets several important mRNAs such as Ube2k, Rnf138, Pim1, Hipk1,
Slc30a4, and Csnk1g2. These genes mediate several essential pathways and intracellular
functions, which are critical for spermatid differentiation and development. miR26a reg-
ulates Jag1 (NOTCH ligand) expression, thereby regulating GDNF expression in Sertoli
cells [44]. It also regulates sperm apoptosis by directly targeting PTEN and has a link with
decreased sperm motility [45]. There is a significant overexpression of miR27a in infertile
men with nonobstructive azoospermia [46], which target several genes, including H3K9
demethylase that regulates transcriptional suppression of Tnp1/Prm1, resulting in infertility
in animal models and humans [47,48]. Prkar2a codes for cAMP-dependent protein kinase
type II-alpha regulatory subunit (enzyme) and is regulated by miR322 in the RS of KO and
KI mice. Prkar2a is involved in cAMP signaling and mediates membrane association by
binding to the anchoring proteins, including the microtubule-associated protein 2 (MAP2)
kinase. A-kinase anchoring proteins are functionally diverse polypeptides that compart-
mentalize PKA within the cell and are critical due to their unique ability to directly and/or
indirectly interact with proteins that determine the cellular content of cAMP. The study
identified miR130b as the targeting miRNA which acts on akap1 and decreases its expres-
sion. AKAP1 is a transcriptional target of Myc and supports the growth of cancer cells [49].
These are strong interactions and correlations between several kinases and phosphatases,
and spermatid development.

Transgenic mice studies showed that the 3′ UTR of Prm1/2 and Tnp1/2 is responsible
for the correct temporal translation of their mRNAs during spermatogenesis. Putative
functional response elements were identified within the coding region of Tp2 and Prm2 [11],
and here we confirmed that miR122a targets Tnp2 by binding to 3UTR. Although there
was no significant differential expression of miR122a in our miRNA-seq data, we found a
significant reduction (4-fold) in their levels in qPCR expression analysis. This discrepancy
between assays may be due to the fact that high-throughput sequencing libraries, by
necessity, use the same number of PCR cycles for all transcripts, which may not be optimal
for low-expression transcripts such as miR122a. In addition, luciferase reporter assays
validated the interaction of miR122a and Tnp2 mRNA. miR122a binds to 3′ UTR of Tnp2
and modulates its translation in a site-specific manner which directly impacts later stages
of the spermiogenesis process. miR122-5p was shown as a potential biomarker of male
infertility [17]. Translation of Prm2 and Tnp2 mRNA were destined for ES stages (from
steps 9–16 of spermiogenesis) but were actively transcribed early in the RS stage and
stored temporarily inside the CB [4]. High levels of miR122a present during the RS
stage result in their binding to Tnp2 mRNA and subsequently suppressing its translation.
Furthermore, GRTH is one of the essential components of the CB, which also harbors
miRNA–mRNA control mechanisms that mediate post-transcriptional regulation, including
mRNA silencing or processing during spermiogenesis [9]. These findings could provide
novel insights into the role of small RNAs and their interaction with a selective group of
important mRNAs at the post-transcriptional level during spermiogenesis.

Taken together, our studies indicate that the identified miRNAs target several mRNAs
involved in ubiquitination, histone removal, and chromatin compaction processes, thereby
controlling post-transcriptional regulation resulting in spermatogenic halt in KO and
KI mice. In conclusion, pGRTH plays a critical role during RS development through
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miRNA-mediated mRNA regulation, thereby maintaining the overall regulation at the
transcriptional, post-transcriptional, and translation levels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12050756/s1. Figure S1: PCA plot of mRNA samples colored
by genotype. Note KI sample is nearly hidden in the lower right. Supplementary Figure S2: PCA
plot of miRNA samples colored by genotype. Note the strong batch effect (PC1) that was controlled
for during differential expression analysis. Supplementary Figure S3: Combinatorial overlaps of
mRNAs A. Downregulated or B. Upregulated in KO, KI, and WT groups. Supplementary Figure S4:
Combinatorial overlaps of miRNAs A. Downregulated or B. Upregulated in KO, KI and WT groups.
Supplementary Table S1: List of primers used for validation of mRNA-seq using qPCR. Supplemen-
tary Table S2: List of LNA probes used for validation of miRNA-seq using qPCR. Supplementary
Table S3: List of DEGs, mRNA from KO, KI, and WT mice RS. Supplementary Table S4: List of
DEGs, miRNA from KO, KI, and WT mice RS. Supplementary Table S5: Canonical mRNA-miRNA
interaction pairs (all) from the DEGs in the KI and KO mice RS.

Author Contributions: R.A., R.K. and M.L.D. conceived and planned the experiments. R.A. per-
formed the experiments and analyzed the data. R.A. and M.L.D. discussed the results and wrote the
manuscript. R.D. and K.C. performed all RNA-seq and miRNA-seq data analyses and contributed to
discussions. F.R.F. contributed with sequencing the libraries. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Institutes of Health Intramural Research Program
through the Eunice Kennedy Shriver National Institute of Child Health and Human Development.
Grant # 1ZIAHD000150-44 to M.L.D. and 1ZICHD008986-03 to R.D.

Institutional Review Board Statement: The animal study was reviewed and approved by the Na-
tional Institute of Child Health and Human Development Animal Care and Use Committee (Approval
Code: 21-067 dated 02-25-2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The mRNA-Seq and miRNA-seq data files (KO, KI, and WT samples)
in this study have been submitted to the NCBI (https://www.ncbi.nlm.nih.gov/geo, accessed on
22 February 2023) Gene Expression Omnibus (GEO accession number: GSE222628; Super Series
record). All other RNA-Seq results analyzed during this study are included in this article and its
supplementary files.

Acknowledgments: We thank Tianwei Li and James Iben, NICHD Molecular Genomic Core, for their
assistance with the sequencing of mRNA and miRNA libraries. This work was supported by the
National Institutes of Health Intramural Research Program through the Eunice Kennedy Shriver
National Institute of Child Health and Human Development. This work utilized the computational
resources of the NIH HPC Biowulf cluster (https://hpc.nih.gov, accessed on 22 February 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kimmins, S.; Sassone-Corsi, P. Chromatin remodelling and epigenetic features of germ cells. Nature 2005, 434, 583–589. [CrossRef]
2. Steger, K. Haploid spermatids exhibit translationally repressed mRNAs. Anat. Embryol. 2001, 203, 323–334. [CrossRef]
3. Kotaja, N.; Sassone-Corsi, P. The chromatoid body: A germ-cell-specific RNA-processing centre. Nat. Rev. Mol. Cell Biol. 2007, 8,

85–90. [CrossRef]
4. Anbazhagan, R.; Kavarthapu, R.; Dufau, M.L. Role of phosphorylated gonadotropin-regulated testicular RNA helicase

(GRTH/DDX25) in the regulation of germ cell specific mRNAs in chromatoid bodies during spermatogenesis. Front. Cell Dev.
Biol. 2020, 8, 580019. [CrossRef] [PubMed]

5. Tsai-Morris, C.H.; Sheng, Y.; Lee, E.; Lei, K.J.; Dufau, M.L. Gonadotropin regulated testicular RNA helicase (GRTH/DDX25)
is essential for spermatid development and completion of spermatogenesis. Proc. Natl. Acad. Sci. USA 2004, 101, 6373–6378.
[CrossRef] [PubMed]

6. Tsai-Morris, C.H.; Koh, E.; Sheng, Y.; Maeda, Y.; Gutti, R.; Namiki, M.; Dufau, M.L. Polymorphism of the GRTH/DDX25 gene in
normal and infertile Japanese men: A missense mutation associated with loss of GRTH phosphorylation. Mol. Hum. Reprod. 2007,
13, 887–892. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells12050756/s1
https://www.mdpi.com/article/10.3390/cells12050756/s1
https://www.ncbi.nlm.nih.gov/geo
https://hpc.nih.gov
http://doi.org/10.1038/nature03368
http://doi.org/10.1007/s004290100176
http://doi.org/10.1038/nrm2081
http://doi.org/10.3389/fcell.2020.580019
http://www.ncbi.nlm.nih.gov/pubmed/33425888
http://doi.org/10.1073/pnas.0401855101
http://www.ncbi.nlm.nih.gov/pubmed/15096601
http://doi.org/10.1093/molehr/gam065
http://www.ncbi.nlm.nih.gov/pubmed/17848414


Cells 2023, 12, 756 16 of 17

7. Kavarthapu, R.; Anbazhagan, R.; Raju, M.; Morris, C.T.; Pickel, J.; Dufau, M.L. Targeted knock-in mice with a human mutation in
GRTH/DDX25 reveals the essential role of phosphorylated GRTH in spermatid development during spermatogenesis. Hum. Mol.
Genet. 2019, 28, 2561–2572. [CrossRef]

8. Kavarthapu, R.; Anbazhagan, R.; Pal, R.; Dufau, M.L. Single cell transcriptomic profiling of testicular germ cells reveals important
role of phosphorylated GRTH/DDX25 in round spermatid differentiation and acrosome biogenesis during spermiogenesis. Int. J.
Mol. Sci. 2023, 24, 3127. [CrossRef]

9. Anbazhagan, R.; Kavarthapu, R.; Dufau, M.L. Chromatoid Bodies in the Regulation of Spermatogenesis: Novel Role of GRTH.
Cells 2022, 11, 613.

10. Sato, H.; Tsai-Morris, C.H.; Dufau, M.L. Relevance of gonadotropin-regulated testicular RNA helicase (GRTH/DDX25) in the
structural integrity of the chromatoid body during spermatogenesis. Biochim. Biophys. Acta 2010, 1803, 534–543. [CrossRef]

11. Dai, L.; Tsai-Morris, C.H.; Sato, H.; Villar, J.; Kang, J.H.; Zhang, J.; Dufau, M.L. Testis-specific miRNA-469 up-regulated
in gonadotropin-regulated testicular RNA helicase (GRTH/DDX25)-null mice silences transition protein 2 and protamine 2
messages at sites within coding region: Implications of its role in germ cell development. J. Biol. Chem. 2011, 286, 44306–44318.
[CrossRef]

12. Chen, X.; Li, X.; Guo, J.; Zhang, P.; Zeng, W. The roles of microRNAs in regulation of mammalian spermatogenesis. J. Anim. Sci.
Biotechnol. 2017, 8, 35. [CrossRef]

13. Yao, C.C.; Liu, Y.; Sun, M.; Niu, M.H.; Yuan, Q.Q.; Hai, Y.A.; Guo, Y.; Chen, Z.; Hou, J.M.; Liu, Y.; et al. MicroRNAs and DNA
methylation as epigenetic regulators of mitosis, meiosis and spermiogenesis. Reproduction 2015, 150, 25–34. [CrossRef] [PubMed]

14. Bartel, D. Metazoan microRNAs. Cell 2018, 173, 20–51. [CrossRef] [PubMed]
15. Vashisht, A.; Gahlay, G.K. Using miRNAs as diagnostic biomarkers for male infertility: Opportunities and challenges. Mol. Hum.

Reprod. 2020, 26, 199–214. [CrossRef]
16. Walker, W.H. Regulation of mammalian spermatogenesis by miRNAs. Semin. Cell Dev. Biol. 2022, 121, 24–31. [CrossRef]
17. Joshi, M.; Andrabi, S.W.; Yadav, R.K.; Sankhwar, S.N.; Gupta, G.; Rajender, S. Qualitative and quantitative assessment of sperm

miRNAs identifies hsa-miR-9-3p, hsa-miR-30b-5p and hsa-miR-122-5p as potential biomarkers of male infertility and sperm
quality. Reprod. Biol. Endocrinol. 2022, 20, 122. [CrossRef] [PubMed]

18. Papaioannou, M.D.; Pitetti, J.L.; Ro, S.; Park, C.; Aubry, F.; Schaad, O.; Vejnar, C.E.; Kühne, F.; Descombes, P.; Zdobnov, E.M.; et al.
Sertoli cell Dicer is essential for spermatogenesis in mice. Dev. Biol. 2009, 326, 250–259. [CrossRef]

19. Kotaja, N.; Bhattacharyya, S.N.; Jaskiewicz, L.; Kimmins, S.; Parvinen, M.; Filipowicz, W.; Sassone-Corsi, P. The chromatoid body
of male germ cells: Similarity with processing bodies and presence of Dicer and microRNA pathway components. Proc. Natl.
Acad. Sci. USA 2006, 103, 2647–2652. [CrossRef]

20. Da Ros, M.; Lehtiniemi, T.; Olotu, O.; Meikar, O.; Kotaja, N. Enrichment of pachytene spermatocytes and spermatids from mouse
testes using standard laboratory equipment. J. Vis. Exp. 2019, 151, e60271.

21. Wang, L.; Wang, S.; Li, W. RSeQC: Quality control of RNA-seq experiments. Bioinformatics 2012, 28, 2184–2185. [CrossRef]
22. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single

report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]
23. Martin, M. Cutadapt removed adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [CrossRef]
24. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast

universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]
25. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An efficient general purpose program for assigning sequence reads to genomic

features. Bioinformatics 2014, 30, 923–930. [CrossRef]
26. Stephens, M. False discovery rates: A new deal. Biostatistics 2016, 18, 275–294. [CrossRef] [PubMed]
27. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie2. Nat. Methods 2012, 9, 357–359. [CrossRef] [PubMed]
28. Ziemann, M.; Kaspi, A.; El-Osta, A. Evaluation of microRNA alignment techniques. RNA 2016, 22, 1120–1138. [CrossRef]
29. Agarwal, V.; Bell, G.W.; Nam, J.W.; Bartel, D.P. Predicting effective microRNA target sites in mammalian mRNAs. eLife 2015, 4,

e05005. [CrossRef] [PubMed]
30. Sethupathy, P.; Corda, B.; Hatzigeorgiou, A.G. TarBase: A comprehensive database of experimentally supported animal microRNA

targets. RNA 2006, 12, 192–197. [CrossRef] [PubMed]
31. Chen, Y.; Wang, X. miRDB: An online database for prediction of functional microRNA targets. Nucleic Acids Res. 2020, 48, 127–131.

[CrossRef]
32. Kavarthapu, R.; Anbazhagan, R.; Sharma, A.K.; Shiloach, J.; Dufau, M.L. Linking Phospho-Gonadotropin Regulated Testicu-

lar RNA Helicase (GRTH/DDX25) to Histone Ubiquitination and Acetylation Essential for Spermatid Development during
Spermiogenesis. Front. Cell Dev. Biol. 2020, 8, 310. [CrossRef]

33. Ismail, I.H.; Gagne, J.P.; Genois, M.M.; Strickfaden, H.; McDonald, D.; Xu, Z.; Poirier, G.G.; Masson, J.-Y.; Hendzel, M.J. The
RNF138 E3 ligase displaces Ku to promote DNA end resection and regulate DNA repair pathway choice. Nat. Cell. Biol 2015, 17,
1446–1457. [CrossRef]

34. Xu, L.; Lu, Y.; Han, D.; Yao, R.; Wang, H.; Zhong, S.; Luo, Y.; Han, R.; Li, K.; Fu, J.; et al. Rnf138 deficiency promotes apoptosis of
spermatogonia in juvenile male mice. Cell Death Dis. 2017, 8, e2795. [CrossRef]

35. Rathke, C.; Baarends, W.M.; Awe, S.; Renkawitz-Pohl, R. Chromatin dynamics during spermiogenesis. Biochim. Biophys. Acta
2014, 1839, 155–168. [CrossRef] [PubMed]

http://doi.org/10.1093/hmg/ddz079
http://doi.org/10.3390/ijms24043127
http://doi.org/10.1016/j.bbamcr.2010.02.004
http://doi.org/10.1074/jbc.M111.282756
http://doi.org/10.1186/s40104-017-0166-4
http://doi.org/10.1530/REP-14-0643
http://www.ncbi.nlm.nih.gov/pubmed/25852155
http://doi.org/10.1016/j.cell.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29570994
http://doi.org/10.1093/molehr/gaaa016
http://doi.org/10.1016/j.semcdb.2021.05.009
http://doi.org/10.1186/s12958-022-00990-7
http://www.ncbi.nlm.nih.gov/pubmed/35971175
http://doi.org/10.1016/j.ydbio.2008.11.011
http://doi.org/10.1073/pnas.0509333103
http://doi.org/10.1093/bioinformatics/bts356
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1093/biostatistics/kxw041
http://www.ncbi.nlm.nih.gov/pubmed/27756721
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1261/rna.055509.115
http://doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/26267216
http://doi.org/10.1261/rna.2239606
http://www.ncbi.nlm.nih.gov/pubmed/16373484
http://doi.org/10.1093/nar/gkz757
http://doi.org/10.3389/fcell.2020.00310
http://doi.org/10.1038/ncb3259
http://doi.org/10.1038/cddis.2017.110
http://doi.org/10.1016/j.bbagrm.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24091090


Cells 2023, 12, 756 17 of 17

36. Sheng, K.; Liang, X.; Huang, S.; Xu, W. The role of histone ubiquitination during spermatogenesis. Biomed. Res. Int. 2014, 2014,
870695. [CrossRef] [PubMed]

37. Fatima, A.; Irmak, D.; Noormohammadi, A.; Rinschen, M.M.; Das, A.; Leidecker, O.; Schindler, C.; Sánchez-Gaya, V.; Wagle, P.;
Pokrzywa, W.; et al. The ubiquitin-conjugating enzyme UBE2K determines neurogenic potential through histone H3 in human
embryonic stem cells. Commun. Biol. 2020, 3, 262. [CrossRef]

38. Shirakata, Y.; Hiradate, Y.; Inoue, H.; Sato, E.; Tanemura, K. Histone H4 modification during mouse spermatogenesis. J. Reprod.
Dev. 2014, 60, 383–387. [CrossRef]

39. Boa, J.; Bedfors, M.T. Epigenetic regulation of the histone-to-protamine transition during spermiogenesis. Reproduction 2016, 151,
55–70.

40. Vatin, M.; Girault, M.-S.; Firlej, V.; Marchiol, C.; Ialy-Radio, C. Identification of a New QTL region on mouse chromosome 1
responsible for male hypofertility: Phenotype characterization and candidate genes. Int. J. Mol. Sci. 2020, 21, 8506. [CrossRef]
[PubMed]

41. Girault, M.S.; Dupuis, S.; Ialy-Radio, C.; Stouvenel, L.; Viollet, C.; Pierre, R.; Favier, M.; Ziyyat, A.; Barbaux, S. Deletion of the
Spata3 gene induces sperm alterations and In vitro Hypofertility in Mice. Int. J. Mol. Sci. 2021, 22, 1959. [CrossRef] [PubMed]

42. Wu, Q.; Song, R.; Yan, W. SPATA3 and SPATA6 Interact with KLHL10 and participate in spermatogenesis. Biol. Reprod. 2010, 83,
177. [CrossRef]

43. Wang, S.; Zheng, H.; Esaki, Y.; Kelly, F.; Yan, W. Cullin3 is a KLHL10-interacting protein preferentially expressed during late
spermiogenesis. Biol. Reprod. 2006, 74, 102–108. [CrossRef]

44. Garcia, T.X.; Parekh, P.; Gandhi, P.; Sinha, K.; Hofmann, M.C. The NOTCH ligand JAG1 regulates GDNF expression in Sertoli
cells. Stem Cells Dev. 2017, 26, 585–598. [CrossRef]

45. Ma, J.; Fan, Y.; Zhang, J.; Feng, S.; Hu, Z.; Qiu, W.; Long, K.; Jin, L.; Tang, Q.; Wang, X.; et al. Testosterone-Dependent miR-26a-5p
and let-7g-5p Act as Signaling Mediators to Regulate Sperm Apoptosis via Targeting PTEN and PMAIP1. Int. J. Mol. Sci. 2018, 19,
1233. [CrossRef]

46. Norioun, H.; Motovali-Bashi, M.; Javadirad, S.M. Hsa-miR-27a-3p overexpression in men with nonobstructive azoospermia: A
case-control study. Int. J. Reprod. Biomed. 2020, 18, 961–968. [CrossRef]

47. Okada, Y.; Scott, G.; Ray, M.K.; Mishina, Y.; Zhang, Y. Histone demethylase JHDM2A is critical for Tnp1 and Prm1 transcription
and spermatogenesis. Nature 2007, 450, 119–123. [CrossRef] [PubMed]

48. Javadirad, S.M.; Hojati, Z.; Ghaedi, K.; Nasr-Esfahani, M.H. Expression ratio of histone demethylase KDM 3A to protamine-1
mRNA is predictive of successful testicular sperm extraction in men with obstructive and non-obstructive azoospermia. Andrology
2016, 4, 492–499. [CrossRef] [PubMed]

49. Rinaldi, L.; Sepe, M.; Delle Donne, R.; Conte, K.; Arcella, A.; Borzacchiello, D.; Amente, S.; De Vita, F.; Porpora, M.; Garbi, C.; et al.
Mitochondrial AKAP1 supports mTOR pathway and tumor growth. Cell Death Dis. 2017, 8, e2842. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1155/2014/870695
http://www.ncbi.nlm.nih.gov/pubmed/24963488
http://doi.org/10.1038/s42003-020-0984-3
http://doi.org/10.1262/jrd.2014-018
http://doi.org/10.3390/ijms21228506
http://www.ncbi.nlm.nih.gov/pubmed/33198087
http://doi.org/10.3390/ijms22041959
http://www.ncbi.nlm.nih.gov/pubmed/33669425
http://doi.org/10.1093/biolreprod/83.s1.177
http://doi.org/10.1095/biolreprod.105.045484
http://doi.org/10.1089/scd.2016.0318
http://doi.org/10.3390/ijms19041233
http://doi.org/10.18502/ijrm.v13i11.7963
http://doi.org/10.1038/nature06236
http://www.ncbi.nlm.nih.gov/pubmed/17943087
http://doi.org/10.1111/andr.12164
http://www.ncbi.nlm.nih.gov/pubmed/27027467
http://doi.org/10.1038/cddis.2017.241
http://www.ncbi.nlm.nih.gov/pubmed/28569781

	Introduction 
	Materials and Methods 
	Animals 
	Isolation of RS from Mice Seminiferous Tubules 
	mRNA Libraries and Sequencing 
	mRNA-seq Data and Differential Expression of Genes (DEGs) 
	Gene Ontology (GO) and Pathway Analysis 
	Validation of mRNA-seq Data 
	miRNA Libraries and Sequencing 
	miRNA-seq Data and Differential Abundance of miRNAs 
	Validation of miRNA-seq Data 
	Identification of DE-miRNA–mRNA Target Genes 
	mRNA–miRNA Interaction Network Analysis 
	mRNA–miRNA Interaction—Luciferase Assay 
	Statistical Analyses 

	Results 
	Transcriptome Analysis of RS from KO, KI, and WT Mice Reveal Unique RS mRNA Signatures 
	Functional Gene Enrichment Analysis of DEGs from RS Transcriptomic Data 
	Validation of DEGs from mRNA-seq Data Reveals Comparable Transcriptomic Profiles 
	miRNA-seq Profiles of RS from KO, KI, and WT Mice Reveal miRNAs Targeting Spermatid Differentiation Process 
	Validation of Differential Gene Expression Analysis of miRNAs Using qRT-PCR 
	Correlation of mRNA–miRNA Interaction to Understand Network of Interactions 
	mRNA–miRNA Interaction Network Reveals Canonical mRNA–miRNA Role in Ubiquitination and Chromatin Compaction 
	mRNA–miRNA Interaction: miR122a Regulates Tnp2 Expression by Binding to Its 3'UTR 

	Discussion 
	References

