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Abstract Spermatogenesis is a continual process that occurs in the testes, in which diploid sper-
matogonial stem cells (SSCs) differentiate and generate haploid spermatozoa. This highly efficient
and intricate process is orchestrated at multiple levels. N°-methyladenosine (m°A), an epigenetic
modification prevalent in mRNAs, is implicated in the transcriptional regulation during spermato-
genesis. However, the dynamics of m®A modification in non-rodent mammalian species remains
unclear. Here, we systematically investigated the profile and role of m°A during spermatogenesis
in pigs. By analyzing the transcriptomic distribution of m°A in spermatogonia, spermatocytes,
and round spermatids, we identified a globally conserved m°®A pattern between porcine and murine
genes with spermatogenic function. We found that m°A was enriched in a group of genes that
specifically encode the metabolic enzymes and regulators. In addition, transcriptomes in porcine
male germ cells could be subjected to the m°A modification. Our data show that m®A plays the reg-
ulatory roles during spermatogenesis in pigs, which is similar to that in mice. Illustrations of this
point are three genes (SETDBI, FOXO1, and FOXO3) that are crucial to the determination of
the fate of SSCs. To the best of our knowledge, this study for the first time uncovers the expression
profile and role of m°A during spermatogenesis in large animals and provides insights into the intricate
transcriptional regulation underlying the lifelong male fertility in non-rodent mammalian species.
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Introduction

N®-methyladenosine (m®A) is a ubiquitous epigenetic marker in
mammalian mRNAs [1]. As the first reversible RNA modifica-
tion, m®A is installed by methyltransferase (METTL3,
METTLI14, and WTAP) [2], and reversed by demethylases
FTO and ALKBHS [3.4]. m°®A is recognized by YTHDFI,
YTHDF2, elF3, and others [5,6]. Of these mC®A-reader proteins,
YTHDF2 recognizes m°A in mRNAs and targets the transcripts
triggering the rapid degradation of m®A-containing mRNAs,
whereas YTHDF 1 and eI F3 bind to m®A-containing transcripts
and promote the translation [2]. The critical roles of m°A
involved in numerous biological processes, such as maternal
mRNA clearance, DNA repair, embryonic development, sex
determination, and spermatogenesis [7-12], have been revealed
in recent studies using knockout mouse models.

The testis offers lifelong male fertility by producing billions
of sperm daily [13]. Sperm are derived from spermatogonial
stem cells (SSCs), which undergo self-renewal divisions to
maintain the stem cell pool or differentiation to generate pro-
genitors and spermatogonia (SPG). The differentiated SPG
further develop into preleptotene spermatocytes, which
undergo a last round of DNA replication before entering meio-
sis. Through meiosis, haploid round spermatids (RS) are gen-
erated with dramatic changes in morphology and physiology
[14,15]. This highly organized process, named spermatogenesis,
requires timely coordinated gene expression at the transcrip-
tional and post-transcriptional levels [16]. Spermatogenesis
also involves unique characteristics, such as premade tran-
scripts, high levels of alternative splicing, and decreased or
ceased transcriptional activity at onset of meiotic prophase I
and late spermiogenesis [17]. Note that m®A modification that
mediates mRNA splicing, stability, and translation [18-20] is
involved in spermatogenesis, as demonstrated by loss-of-
function studies for m°®A writers [11,21], erasers [4,22], and
readers [23] in mice.

Pigs (Sus scrofa), which are responsible for more than one
third of meat produced worldwide, are important to global liv-
ing demands and food security [24]. In addition, pigs are an
excellent large animal model in biomedical research, owing
to their similarities to humans in anatomy, physiology, and
genetics. Although the mechanisms for spermatogenesis have
been investigated extensively in mice, they remain poorly
understood in pigs, and the roles of m°A in porcine spermato-
genesis remain largely elusive. Here, we isolated porcine SPG,
pachytene spermatocytes (PS), and RS, and performed the
m®A affinity purification followed by m°A sequencing (m°A-
seq) and RNA sequencing (RNA-seq). By analyzing the abun-
dance of m°A and its roles in porcine spermatogenesis, we
highlight for the first time the magnitude of m°®A in transcrip-
tional regulation in porcine spermatogenesis, thereby laying
the foundation for future endeavors to link m°A to research
and therapy for male infertility.

Results

Enrichment and characterization of porcine male germ cells

To obtain the transcriptome-wide map of m®A during sper-
matogenesis, we first isolated SPG, PS, and RS from porcine

testes using STA-PUT velocity sedimentation. The purity of
the isolated SPG, PS, and RS was determined by several
biomarkers. Immunocytochemical analysis showed that the
isolated SPG, PS, and RS were positive for ubiquitin
carboxyl-terminal esterase L1 (UCHLI1), synaptonemal com-
plex protein 3 (SYCP3), CD63 Molecule (CD63), respectively
(Figure 1A—C). In addition, the nuclei of the isolated SPG, PS,
and RS were around 7-8 um, 12-13 um, and 5 um in diameter,
respectively (Figure 1A-C). These results suggest that the
freshly isolated germ cells were SPG, PS, and RS with bio-
chemical and nuclear characteristics.

mC®A-seq analysis of porcine male germ cells

To elucidate the m°A methylome in different stages of sper-
matogenesis, the liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) was performed to quantify the
changes of m°A modification in the isolated germ cells
(Figure 2A). The m°A was presented in all mRNAs of the
tested male germ cells, and the level of m®A remained relatively
stable (~ 0.3%) during the developmental stages. To further
uncover the dynamics of m°®A, the m®A-seq was performed
and the locations of m°A peaks along the transcripts were
determined. We found that m°®A peaks were highly enriched
near the start codon (startC), coding sequence (CDS), and stop
codon (stopC) in the germ cells, but there were some differ-
ences among the three stages of germ cells (Figure 2B). The
m®A peaks near the startC were 17.1% in SPG, 15.6% in
PS, and 18.3% in RS (Figure 2B). m°A peaks near the CDS
increased 5.5% from SPG to PS, followed by a 2.4% drop
from PS to RS (Figure 2B). Furthermore, the abundance of
m®A peaks near the stopC decreased 2.6% in PS (36.2%; Fig-
ure 2B) and then stabilized in RS (35.9%; Figure 2B).

The distribution of m®A in the whole transcriptome was
validated by the m®A reads along transcripts. Consistent with
the distribution of m°A peaks, mC®A reads were distributed
throughout the mRNA transcripts, in which the reads
increased in the CDS and reached the peak at the 3’ UTR (Fig-
ure 2C). Specifically, in the CDS, the density of m°A reads in
PS was higher than that in RS, followed by in SPG (Figure 2C).
In addition, the density of m°A reads in the 3' UTR of SPG
was higher than that in PS and RS (Figure 2C). Together,
the results reveal that m°A is dynamic in porcine male germ
cells, which suggests its critical roles during spermatogenesis.

To determine whether the RRACH is the m°A consensus
sequence in porcine germ cells, we analyzed the 1000 most sig-
nificant peaks. The GGACU was a top motif in all tested sam-
ples (Figure 2D-F), suggesting that the RRACH motif
adopted in porcine spermatogenesis is conserved in pigs and
mice [11]. It is important to note that as a top motif in SPG
(Figure 2D), PS (Figure 2E), and RS (Figure 2F), the GGACU
is an m®A-modified sequence prevalent in porcine male germ
cells.

m®A-enriched genes are involved in important biological
processes

We discovered 11,241 methylated genes in porcine male germ
cells. Of these, 2378, 277, and 841 methylated genes were exclu-
sively expressed in SPG, PS, and RS, respectively (Figure 3A).
Gene Ontology (GO) biological process analysis revealed that



Liu Z et al | m°A Methylome of Porcine Male Germ Cells 731

A UCHL1

0,
o
()]

B SYCP3
w
o

C CD63
(V5]
(he

Figure 1  Identification of porcine male germ cells
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A. Immunocytochemistry showing the expression of UCHLI in the SPG. B. Immunocytochemistry showing the expression of SYCP3 in
the freshly isolated PS. C. Immunocytochemistry showing the expression of CD63 in the RS. SPG, spermatogonium; PS, pachytene
spermatocyte; RS, round spermatid; UCHLI, ubiquitin carboxyl-terminal esterase L1; SYCP3, synaptonemal complex protein 3; CD63,
CD63 Molecule; DAPI, 4',6-diamidino-2-phenylindole. Scale bar, 100 pm.

the 4886 continuously methylated genes were mostly involved
in metabolic processes (Figure 3B). We then analyzed the genes
containing altered m°A peaks (fold change > 2, P < 10E—5) to
uncover more insights into m®A in porcine spermatogenesis.
Results showed that 692 and 3662 genes were up- and down-
methylated in PS, respectively, when compared to SPG; 3058
and 884 genes were up- and down-methylated in RS, respec-
tively, when compared to PS (Table S1). GO biological process
analysis revealed that up-methylated genes in PS (vs. SPG)
were involved in spermatogenesis, whereas down-methylated
genes were mostly involved in metabolic processes (Figure 3C).
In addition, the up-methylated genes in RS (vs. PS)

participated in developmental and metabolic processes, and
down-methylated genes were mostly involved in the regulation
of chromosome organization, nucleic acid metabolic, and
microtubule-based process (Figure 3D).

Next, we compared the m°®A-modified genes between
porcine and mouse germ cells [11]. A total of 6090, 3172,
and 5123 m®A-modified genes were uniquely found in porcine
SPG, PS, and RS, respectively, whereas 3525, 3157, and 2816
m°A-modified genes were shared by both murine and
porcine SPG, PS, and RS, respectively (Figure 3E). Notably,
these overlapping m®A-methylated transcripts were preferen-
tially enriched and reported to be essential for mouse
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Figure 2  Distribution pattern of m°®A peaks along transcripts
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A. LC-MS/MS analysis of m°A percentage relative to adenosine in SPG, PS, and RS. B. m°A peak distribution within different gene
contexts: startC, CDS, stopC, 3' UTR, and 5" UTR. C. Accumulation of mPA-IP reads along transcripts in SPG, PS, and RS. Each
transcript is divided into three parts: 5 UTR, CDS, and 3 UTR. D.—F. The top 3 used motifs among m°A peaks in SPG (D), PS (E), and
RS (F). LC-MS/MS, liquid chromatography-tandem mass spectrometry; startC, start codon; CDS, coding sequence; stopC, stop codon;

UTR, untranslated region.

spermatogenesis [11] (Figure 3F), indicating that m°A medi-
ates conserved processes in male germ cells.

Gene expression during spermatogenesis

To further probe the regulatory roles of m°A, we performed
RNA-seq analysis on these germ cells. We analyzed differen-
tially expressed genes (DEGs; fold change > 2, P < 0.05,
FPKM > 0.1) between continually developing germ cells.
Results showed that 4393 and 5949 genes were up- and
down-regulated in PS, respectively, when compared to SPG
(Figure 4A; Table S2); 5119 and 2872 genes were up- and
down-regulated in RS, respectively, when compared to PS
(Figure 4B; Table S2). GO biological process annotation anal-
ysis revealed that in PS, the up-regulated genes (vs. SPG)
mainly participated in cilium organization and spermatogene-
sis, while the down-regulated genes were involved in anatomi-
cal structure morphogenesis and regulation of developmental

processes (Figure 4C). In RS (vs. PS), the up-regulated genes
mainly regulated cell communication and developmental pro-
cesses, whereas the down-regulated genes regulated chromo-
some organization and DNA metabolic process (Figure 4D).
Given these findings on m®A-mediated processes (Figure 3C
and D), we propose that the m®A modification might influence
gene expression, thereby regulating spermatogenesis.

m®A modification is involved in gene expression regulation

We found that 36.8%, 30.6%, and 39.7% of the stage-specific
transcripts, i.e., for SPG, PS, and RS, respectively, were mlA
modified (Figure 5A). To explore whether the m®A modifica-
tion influences gene expression, we conducted a paired analysis
of differentially methylated genes (DMGs) and DEGs between
each two adjacent stages.

Among m®A up-methylated genes, 1172 and 1620 genes
showed up-regulated expression during the transition from
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Figure 3 m°A modification pattern during porcine spermatogenesis
A. Venn diagram showing the pattern of m®A-modified genes in SPG, PS, and RS. B. The enriched biological processes of continuously
methylated genes during spermatogenesis by GO analysis. C. The enriched biological processes of DMGs between PS and SPG by GO
analysis. D. The enriched biological processes of DMGs between RS and PS by GO analysis. Each dot plot shows gene ratio values of the
top 10 significant enrichment terms. E. Venn diagram showing the overlapping m°A-modified genes between murine and porcine in SPG,
PS, and RS. F. Different proportions of the overlapping methylated genes related or unrelated to spermatogenesis in murine and porcine
in SPG, PS, and RS. The P value of such difference was calculated with the Chi-square test. GO, Gene Ontology; DMG, differentially

methylated gene.

SPG to PS and from PS to RS, respectively (Figure 5B), while
160 and 633 genes showed down-regulated expression during
the transition from SPG to PS and from PS to RS, respectively
(Figure 5B). Among the m®A down-methylated genes, the
expression levels of 2812 and 795 genes were decreased during
the transition from SPG to PS and from PS to RS, respectively
(Figure 5C), whereas those of 1082 and 146 genes were
increased during the transition from SPG to PS and from PS
to RS, respectively (Figure 5C). Hence, m®A exhibits positive
correlation with gene expression.

To further uncover the biological significance of the
dynamically modified m®A genes, we performed the GO bio-
logical process analysis with positive correlations with m°A
modification. Compared to SPG, the up-regulated genes in
PS mainly participated in the regulation of spermatogenesis
and microtubule-based process (Figure 5D), and the down-
regulated genes in PS were involved in the regulation of
metabolic processes and developmental process (Figure SE).
Compared to PS, the up-regulated genes in RS regulated the
developmental process and tube morphogenesis, and the
down-regulated genes in RS participated in the sister
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chromatid segregation, DNA metabolic process, and
microtubule-based process. Together, these findings reveal that
m®A regulates gene expression and spermatogenesis.

m®A-regulated gene expression is associated with the fate of
SSCs

Previous studies have shown that the methyltransferase SET
domain Dbifurcated histone lysine methyltransferase 1
(SETDB1) catalyzes tri-methylation of histone H3 lysine 9
(H3K9me3) and plays important roles for SSC survival [25—
27]. Meanwhile, deficiencies in FOXO1, FOXO03, and FOX04
impair the self-renewal and differentiation of SSCs [28]. To
determine whether m°®A regulates the expression of these
genes, we analyzed m®A modification patterns on SETDBI
and FOXO3 transcripts by m®A-RIP-qPCR. We found that
both SETDBI and FOXO3 transcripts contained at least one
m°®A peak (Figure 6A). SETDBI was up-methylated from
SPG to PS and down-methylated from PS to RS, whereas
FOXO03 was down-methylated from SPG to PS and then
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DEGs between PS and SPG by GO analysis. D. The enriched biological processes of DEGs between RS and PS by GO analysis. Each dot
plot shows gene ratio values of the top 10 significant enrichment terms. DEG, differentially expressed gene.

up-methylated from PS to RS (Figure 6B). Quantitative real-
time PCR (qRT-PCR) analysis revealed that the mRNA levels
of SETDBI and FOXO3 were strongly positively correlated
with m®A modifications (Figure 6C).

To further validate the regulatory roles of m°A, we
knocked down METTLS3 in porcine SSCs by a small interfer-
ing RNA (siRNA) [29,30] (Figure 6D). Knockdown of
METTL3 (SiMETTLS3) led to a decrease in m®A level, com-
pared to the scramble control (siCtrl) (Figure 6E). Neverthe-
less, EAU incorporation showed that cell proliferation was

not significantly different between cells transfected with siCtrl
and siIMETTL3 (Figure 6F). m°A-RIP-qPCR revealed that
knockdown of METTLS3 significantly reduced the relative level
of m®A in SETDBI, FOXOI, and FOX03 (Figure 6G). In
addition, qRT-PCR analysis showed that the expression of
these three targeted genes was significantly down-regulated
(Figure 6H), consistent with the dynamics in SPG and PS
showed by RNA-seq data (Figure 6A and C). Thus, these data
suggest that m°®A regulates the dynamic gene expression during
porcine spermatogenesis.



Liu Z et al | m°A Methylome of Porcine Male Germ Cells 735

SPG mOA up-regulated mCA down-regulated
497 Gene expression up—regulated Gene expression down—regulated
SPG/,,._\ PS £ ____\RS SPG/ .. N PS « ___ “RS
1172 1620 2812 795
Ps e e @ 3
N, i N )
59 160 633 1082 146
\ /) \ /Jﬁ \ ,,vf \ - ’
Gene expression down-regulated Gene expression up-regulated
RS
P <22E-16 P <22E-16
333
PS vs. SPG m°®A up-regulated RS vs. PS m°A up-regulated
Gene expression up-regulated Gene expression up-regulated
Cell cycle process- [} Developmental process - )
Organelle assembly - ° P value Anatomical structure development - @ Pvalue
Microtubule—-based process - [ I3E 04 Negat'g&[ﬁg%ar%%gg 1 ® IgE_12
Male gamete generation- e 1E-06 Regul%t}og of mullt‘ljcellular J ° 2E-13
Cell projection assembly- o Cels@ﬁgﬁr(\:ge pr)eace\?vtao; 4
Spermatogenesis- e Count AnatomlcaA structure . Count
Plasma membrane bounded . 16 orpno elo?]sosf e 100
cell projection assembly 20 developmentgl process - 2 ® 150
Ml.cthmeIoevlle)%s.een({ - :%g Regulation of phosphorylation - ® 200
Cilium organization -+ @32 Tube development -«

Cilium assembly ..

0.05 0.08 0.11
Gene ratio

PS vs. SPG m°A down-regulated
Gene expression down-regulated

Regulation of metabolic process - o
Regulation of m%cromolecule
lic process -
Re: ulatlon of cellular
etabolic process -
Re%l]JIatlgn of primary
olic proces:
ogulatlobn of nitrogen _ °
compound metabolic procéss
Negatlve regv ation of _ °
biologic rocess Count

®  pualue

tion of .
develop mental process S «100
Regulatlon ?f mull |ce||u|ar. . 0200
organlsma development @300
egulation of anatomlcal B
str cture morphogenesis

Cell morphogenesis ~
01 02 03 04
Gene ratio

[ ] 2.5E-09
- |
8.0E-12

Microtubule-based movement - =

Tube morphogenesis - -
0.1 02 03 04
Gene ratio
RS vs. PS m°A down-regulated
Gene expression down-regulated

Cellular process - [ ]

Organelle organization - ° P value

Cellcycle- o 8E-4
Cell cycle process - I
) 3E-5
DNA metabolic process - =
Microtubule-based process -« Count
Chromosome segregation - « * 50
® 100
Nuclear chromosome, o 1
segregation ® 150
® 200

Sister chromatid segregation - -

0.00 025 050 075 1.00
Gene ratio

Figure 5 m°A-regulated gene expression during porcine spermatogenesis

A. The m®A modification distribution within stage-specific gene contexts. Number in the red part represents the number of genes
specifically methylated in SPG, PS, or RS. B. and C. The number of up- or down-regulated genes during porcine spermatogenesis stratified
by up-methylated (B) or down-methylated (C) genes. The P value of such difference was calculated with the Chi-square test. D. The
enriched biological processes of m°A positively regulated genes between PS and SPG by GO analysis. E. The enriched biological processes
of m®A positively regulated genes between RS and PS by GO analysis. Each dot plot shows gene ratio values of the top 10 significant

enrichment terms.

Discussion

Growing evidence has demonstrated the critical roles of m°A
in murine spermatogenesis [11,21]. The highly dynamic sper-
matogenesis process requires precise regulation of gene expres-
sion. Here, we reported that m®A  modification was
dynamically present in the transcripts of porcine male germ
cells, which influenced gene expression.

In this study, m®A was distributed predominantly on the
consensus motif of GGACU, which is consistent with murine
male germ cells [23]. The m°®A was present throughout mRNA
transcripts in porcine germ cells, especially increased the read
density in the CDS. The m°A reached its highest value around
the stopC and then decreased in the 3’ UTR. This distribution
pattern agrees with the previous findings in mouse [11]. Hence,

m®A modification exhibits evolutionally conserved features in
male germ cells in mouse and pig.

Note that the abundance of m°A in transcripts varied by
the developmental stage during spermatogenesis. We found
that m®A read density in the CDS was greater in PS and RS,
whereas in the 3’ UTR it was greater in SPG. In a previous
study, Lin et al. reported that m®A read density in the CDS
in PS/diplotene spermatocytes and RS was higher than that
in the undifferentiated SPG, type Al SPG, and preleptotene
spermatocytes [11]. The highest density of m®A reads was in
the 3’ UTR close to the stopC of PS/diplotene spermatocytes,
and the lowest of that was in type A1 SPG [11]. In addition,
Tang et al. reported that m®A was enriched in long 3’ UTR
transcripts of murine RS and elongating spermatids [22]. In
general, m®A in the CDS is correlated with translational
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Figure 6 Knockdown of METTL3 in porcine SSCs induced the abnormal gene expression

A. Distribution of m®A on SETDBI and FOXO3 during porcine spermatogenesis. Blue and red bars indicate the input and IP read
coverage, respectively. B. Bar chart showing the m®A levels of SETDBI and FOXO03 in SPG, PS, and RS validated by m®A-RIP-qPCR. C.
Bar chart showing the mRNA levels of SETDBI and FOXO3 in porcine SPG, PS, and RS validated by qRT-PCR. D.
Immunocytochemistry showing the expression of UCHLI in porcine SSCs. E. m®A dot blot analysis of the METTL3 knockdown
(SIMETTLS3). siCtrl was used as a negative control. Methylene blue staining was used to evaluate RNA amount. F. Representative images
of EdU incorporation in the cells transfected with siMETTL3 or siCtrl. The quantification analysis of EAU incorporation in the cells
transfected with siMETTL3 or siCtrl was shown on the right. G. Bar chart showing the m°A levels of the targeted genes in the cells
transfected with siMETTL3 or siCtrl validated by m®A-RIP-qPCR. H. Bar chart showing the relative expression level of METTL3,
SETDBI, FOXOI1, and FOXO3 in the cells transfected with siMETTL3 or siCtrl detected by qRT-PCR. Data are presented as
mean = SEM. The P value was calculated with one-way ANOVA analysis followed by Bonferroni multiple-comparison test and unpaired
t-test, *, P < 0.05; **, P < 0.01; ns, no significance. SSC, spermatogonial stem cell; IP, immunoprecipitation; EdU, 5-ethynyl-2’'-
deoxyuridine; SEM, standard error of mean. Scale bar, 100 um.
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products, and m®A in the 3’ UTR is preferentially bound by
factors regulating alternative splicing and polyadenylation,
subcytoplasmic compartmentalization, and stability [31,32].
Therefore, dynamically changed m°A around these landmarks
could mediate specific transcript outputs in a stage-specific
manner during mammalian spermatogenesis.

During spermatogenesis, SPG undergo mitosis to give rise
to spermatocytes. Depletion of METTL3 or METTL14 in
germ cells induced a 70% reduction of m°®A in undifferentiated
SPG and a 55%—65% reduction of m®A in PS [11]. METTL3
deficiency induced the abnormal initiation of spermatogonial
differentiation and disrupted the ability of spermatocytes to
reach the pachytene stage of meiotic prophase [21]. In this
study, the down-methylated genes from SPG to PS mainly par-
ticipated in metabolic processes, and most m°A down-
methylated genes that were also mainly involved in metabolic
and developmental processes were down-regulated. It is inter-
esting that SPG that are localized in the basal compartment of
seminiferous tubules exhibit high glycolytic activity [33]. In
contrast, PS and RS, which are distributed in the luminal com-
partment, satisfy their ATP supply mainly through the aerobic
(OXPHOS) pathway. Therefore, m®A might play critical roles
in mediating mitochondrial function from SPG to PS.

A report showed that the loss of ALKBHS markedly
increased m°A levels in testes [4]. A delay in spermatocyte
development occurred in the AL KBHS5-knockout testes, which
was due to the dysregulation of genes involved in meiotic pro-
gression [4,22]. The up-methylated genes in PS preferentially
participated in spermatogenesis and cell cycle process. These
genes were also up-regulated by m®A modification, indicating
an important role of m°®A at early developmental stages. To
generate the haploid spermatids, spermatocytes must undergo
two meiotic divisions. The first meiotic division promotes the
pairing and exchange of genetic materials, and the second mei-
otic division is more comparable to mitotic divisions as it con-
tains the segregation of sister chromatids [34]. In addition,
m®A in PS was also enriched in genes that functioned in sper-
matid development and up-regulated the expression of genes
involving in microtubule-based process, cilium organization,
and cilium assembly. It is reasonable to speculate that m®A-
methylated mRNAs may repress translation before
spermiogenesis.

During spermiogenesis, RS go through multistep cytologi-
cal changes, such as the formation of an acrosome and a flag-
ellum, chromatin remodeling, and the removal of the residual
body [15.35]. METTL3-knockout or METTLI4-knockout
result in a 45% reduction of m®A abundance in RS [11]. The
seminiferous tubules contain very few spermatozoa, and
sperms exhibit defects in motility, flagella, and head [11]. In
the present study, m®A up-methylated genes in RS showed
up-regulated expression, and these genes mainly participated
in regulating developmental process, including the develop-
ment of multicellular organisms, anatomical structures, and
tube morphogenesis, suggesting the conserved roles of m°A
in mediating porcine spermiogenesis. At the beginning of
spermiogenesis, nuclear condensation begins and histones are
rapidly replaced by protamines [36,37]. The mRNAs are mas-
sively eliminated during spermiogenesis [38]. m°A in PS shows
heavy enrichment in genes regulating chromosome organiza-
tion and nucleic acid metabolic, which are essential for meiosis
and down-regulated in RS. Because of the greater m®A reten-
tion in the longer pre-mRNA of the 4LKBH-knockout testis,

the splicing of these transcripts is enhanced and further causes
the production of shorter transcripts. m®A modification of the
short transcripts further serves as a signal to quickly degrade
elongating spermatids [22]. Piwi-interacting RNAs (piRNAs)
are responsible for degrading large populations of mRNAs
in the late stage of spermiogenesis [38]. It is intriguing that
piRNA target sites are preferentially located in the 3" UTR
of the target mRNAs [39]. Given the high-level m®A modifica-
tion on the mRNA 3 UTR, it is possible that m°®A mediates
the piRNA-dependent mRNA degradation pathway during
spermiogenesis.

Expression of FOXOs in germ cells is intimately associated
with cell fate, which are responsible for cell cycle arrest and
programmed cell death [40]. Our previous studies revealed that
knockdown of SETDBI to an extremely low level could acti-
vate FOXO1 that is the most important FOXOs in spermato-
genesis [25-27]. Here, we provide evidence that m°A
regulates the expression of SETDBI, FOXOI1, and FOX0O3
during porcine spermatogenesis. Unlike the hypo-
proliferation in SETDBI-knockdown SSCs or gonocytes
[26,27], METTLE3-knockdown mildly promotes proliferation,
suggesting that other methyltransferases, such as SUV39H1
and SUV39H2, may partially compensate for SETDBI1 defi-
ciency [41]. Moreover, deleting METTL3 from murine SSCs
induces the hyper-proliferation and impaired differentiation
[11,21]. Recent work has showed that m®A on retroviral ele-
ment RNAs recruit SETDBI1 to regulate heterochromatin in
mouse embryonic stem cells [42.43]. It would be worthwhile
to study whether and how m°A regulates SETDBI expression
and H3K9 methylation, which further govern the fate of SSCs.

In conclusion, we present here the first m°A transcriptome-
wide map of porcine spermatogenesis. Our findings provide a
roadmap for uncovering m®A functions that might improve
porcine fertility and treat infertility in humans.

Materials and methods

Animals

Testis samples of 5-month-old pigs were acquired from the
Besun farm, Yangling, China. After the castration, testes were
transported to the pre-cold PBS (4 °C) contained 2% of peni-
cillin and streptomycin  (Catalog No. SV30010,
HyClone, Logan, UT) and brought to the laboratory within
2 h. Testes were cut into small pieces and subjected to two-
step enzyme digestion as previously described [44]. After diges-
tion with collagenase Type IV (0.2% w/v; Catalog No.
17104019, Gibco, Grand Island, NY) at 37 °C for 30 min,
the obtained seminiferous tubules were further digested by
0.25% trypsin-EDTA (Catalog No. SV30031.01, HyClone)
at 37 °C for 15 min. Then, the germ cells were collected by
the differential plating.

The isolation of SPG, PS, and RS was conducted as previ-
ously described [45]. In brief, 1 x 107-1 x 10® dispersed germ
cells were suspended in 50-ml DMEM plus 0.5% BSA and
load onto a 600-ml gradient of 2%-4% BSA for 3 h sediment
at 4 °C. Approximately 100 6-ml fractions were collected in
tubes and analyzed by the morphology and immunostaining.
Fractions with high purity of SPG, PS, and RS were resus-
pended with TRIzol (Catalog No. 15596026, Invitrogen, Vil-
nius, Lithuania) and stored at —80 °C until usage.
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LC-MS/MS quantification of m®A levels

LC-MS/MS quantification of m°A was performed by Cloud-
seq Biotech Inc. (Shanghai, China) following the vendors rec-
ommended protocol. Total RNA was isolated using TRIzol
reagent (Catalog No. 15596026, Invitrogen) following to the
manufacturer’s instruction. In brief, 1 pg of total RNA was
digested by 4-pul nuclease P1 (Catalog No. N8630, Sigma, St.
Louis, MO) in 40-ul buffer solution (10 mM Tris-HCI
pH 7.0, 100 mM Nacl, 2.5 mM ZnCl,) at 37 °C for 12 h, fol-
lowed by incubating with 1-ul alkaline phosphatase (Catalog
No. P5931, Sigma) at 37 °C for 2 h. RNA solution was diluted
to 100 pl and injected into LC-MS/MS. The nucleosides were
separated by reverse phase high-performance liquid chro-
matography on an Agilent C18 column (Catalog No. 5188—
5328, Agilent Technologies, San Diego, CA), coupled with
MS detection using AB SCIEX QTRAP 5500 (Catalog No.
AB Sciex QTrap 5500, AB Sciex LLC, Framingham, MA).
Pure nucleosides were used to generate standard curves, from
which the concentrations of adenosine (A) and m°A in the
sample were calculated. The level of m®A was then calculated
as a percentage of total unmodified A.

Cell culture and RNA-interference-mediated METTL3 knock-
down

The porcine SSC line was cultured in the complete medium
made up of DMEM (high glucose, pyruvate; Catalog No.
11995065, Gibco), 5% (v/v) fetal bovine serum (FBS; Catalog
No. 12664025, Gibco, Mesenchymal Stem Cell FBS Qualified),
5% (v/v) knockout serum replacement (KSR; Catalog No.
10828028, Gibco), 2 mM Glutamax (Catalog No. 35050061,
Gibco), 1x MEM Non-Essential Amino Acids Solution
(Catalog No. 11140076, Gibco), 1x MEM Vitamin Solution
(Catalog No. 11120052, Gibco), 5 x 10° M 2-
mercaptoethanol (Catalog No. M6250, Sigma), 1x penicillin—
streptomycin (Catalog No. SV30010, HyClone), 20 ng/ml
recombinant human GDNF (Catalog No. 45010,
PeproTech, Rocky Hill, NJ), 40 ng/ml recombinant human
GFRAI1 (Catalog No. 788104, BioLegend, San Diego, CA),
and 10 ng/ml recombinant human bFGF (Catalog No.
10018B, PeproTech). The cells were maintained at 37 °C in
the presence of 5% CO,. For METTL3 knockdown, porcine
SSCs were transfected with S0 pM of siRNA duplexes against
porcine METTL3 (GenePharma, Shanghai, China; the RNA
oligos are listed in Table S3), using Advanced DNA RNA
Transfection Reagent (Catalog No. AD600025, ZETA
LIFE, Menlo Park, CA) in antibiotic-free medium. Cells were
collected for analysis 72 h after transfection. The cells were
lysed by TRIzol (Catalog No. 15596026, Invitrogen) and stored
at —80 °C until usage.

Immunocytochemistry

The isolated SPG, PS, and RS were fixed with 4%
paraformaldehyde for 25 min at 4 °C and washed with PBS
for three times. Then, the cells were permeabilized for
10 min using 0.1% Triton-X 100 followed by washing with
PBS for three times. The cells were further blocked with
10% donkey serum for 2 h at room temperature, and incu-
bated with primary antibodies, including UCHLI1 (Catalog

No. ab8189, Abcam, Cambridge, Britain), SYCP3 (Catalog
No. ab15093, Abcam), and CD63 (Catalog No. 25682-1-AP,
Proteintech, Wuhan, China) at a dilution with 1:200 overnight
at 4 °C. Next day, the cells were washed with PBS for 4 times
and incubated with secondary antibody (Yeasen, Shanghai,
China) at a dilution with 1:400 for 1 h at room temperature.
For cell proliferation detection, porcine SSCs were detected
for the EdU incorporation by Cell-Light EAU Apollo488
in vitro Kit (Catalog No. C10310-3, RiboBio, Guangzhou,
China) according to the manufacturer’s protocol. The nucleus
was labeled with DAPI (Catalog No. BD5010, Bioworld Tech-
nology, St. Louis Park, MN). A fluorescence microscope
(Leica, Germany) was used for fluorescence observation and
photographing.

m®A-RIP-seq and data analysis

mC®A-RIP-seq was performed by Cloudseq Biotech Inc.
(Shanghai, China) as previously described [46]. In brief, total
RNA was extracted by using TRIzol (Catalog No. 15596026,
Invitrogen). Denaturing agarose electrophoresis was used for
confirming RNA integrity. Then, mRNA was isolated from
total RNA by Seq-Star poly(A) mRNA Isolation Kit (Catalog
No. AS-MB-006-01, Arraystar, Rockville, MD). The mCA
RNA immunoprecipitation (IP) was conducted by GenSe
m°A RNA [P Kit (Catalog No. GS-ET-001, GenSeq,
Shanghai, China) according to the manufacturer’s instruc-
tions. Libraries were constructed from the samples with and
without m°A IP by NEBNext Ultra II Directional RNA
Library Prep Kit (Catalog No. E7760, New England Biolabs,
Ipswich, MA). Library was evaluated by the BioAnalyzer
2100 system (Catalog No. G2939BA, Agilent Technologies)
and sequenced on an Illumina Hiseq 4000 (Catalog No.
SY-401-4001, Illumina, San Diego, CA) with 150 bp paired-
end reads.

After quality controlled by Q30, 3’ adaptor and low-quality
reads were removed by cutadapt software (v1.9.3). Clean reads
of all libraries (n = 3 for each group) were aligned to the ref-
erence genome (susScrll) by Hisat2 software (v2.0.4; —p 10
—q ——rna—strandness RF). Methylated sites were identified
by MACS (v1.4) software (P < 0.00001) and visualized by
Integrative Genomics Viewer (IGV; v2.5.0). Motifs enriched
in m®A peaks were identified using DREME [47]. Fifty nucleo-
tides on each side of the top 1000 peaks in each sample were
used for motif enrichment. GO analysis was performed by R
package topGo (v3.2). The dot plot shows the gene ratio values
of the top 10 significant enrichment terms.

Dot-blot

RNA was isolated and loaded on the positively charged nylon
transfer membrane. After crosslinking by UV, the membrane
was blocked by the 5% non-fat milk for 2 h, and followed
by incubation with rabbit anti-m®A antibody (1:1000; Catalog
No. 202003, Synaptic Systems, Gottingen, Germany) at
4 °C overnight. Then, the membrane was incubated with
HRP-conjugated goat anti-rabbit IgG at room temperature
for 2 h followed by ECL imaging system (Catalog No.
WBKLS0100, Millipore, Burlington, MA). Finally, the mem-
brane was stained with 0.02% methylene blue to evaluate
RNA amount.
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RNA-seq and data analysis

The rRNAs were removed from total RNA by NEBNext
rRNA Depletion Kit (Catalog No. E6310, New England Bio-
labs) following the manufacturer’s instruction. NEBNext
Ultra II Directional RNA Library Prep Kit (Catalog No.
E7760, New England Biolabs) was used to construct RNA
libraries. Library quality was confirmed by BioAnalyzer 2100
system (Catalog No. G2939BA, Agilent Technologies).
Library sequencing was performed on an Illumina Hiseq
4000 (Catalog No. SY-401-4001, Illumina) with 150 bp paired
end reads.

After raw data process (n = 3 for each group), high-quality
clean reads were aligned to the reference genome (susScrll)
with Hisat2 software (v2.0.4; —p 10 —q ——rna—strandness
RF). Then, HTSeq software (v0.9.1) was used to get the raw
count, and edgeR was used to perform normalization based
on the Ensembl gtf gene annotation file (v11.1.103). The differ-
entially expressed mRNA was identified and used for further
analysis. The R package heatmap.2 was used for heat-map
drawing.

m°A-RIP-qPCR

Total RNA was extracted from porcine SPG, PS, and RS
using TRIzol (Catalog No. 15596026, Invitrogen). mRNA
was isolated using the PolyATtract mRNA Isolation Systems
(Catalog No. 725310, Promega, Madison, WI) following the
manufacturer’s instructions. IP mixture was composed by
6 pg of rabbit anti-m°®A antibody (Catalog No. 202003, Synap-
tic Systems), mRNA, IP buffer (50 mM Tris-HCl pH 7.4,
750 mM NaCl, and 0.5% NP-40), RNase inhibitor (Catalog
No. AM?2682, Invitrogen), and RNase-free water up to
500 pl in total volume. After being mixed by rotating for 2 h
at 4 °C, the IP mixture was incubated with the Protein A beads
(Catalog No. 10002D, Invitrogen) which have been washed for
three times and blocked by 0.5 mg/ml BSA, followed by rotat-
ing overnight at 4 °C. Precipitated mRNA was eluted using
elution buffer (1x IP buffer, 6.7 mM m°A). For the detection
of the fold enrichment of m°®A level, precipitated mRNA and
input RNA were subjected to ¢cDNA synthesis and qRT-
PCR, respectively. The primers are listed in Table S3.

qRT-PCR

gqRT-PCR analysis was performed with FastStart Essential
DNA  Green Master (Catalog No. 06402712001,
Roche, Mannheim, Germany) using an 1Q-5 (Bio-Rad, Her-
cules, CA). The relative expression was normalized to GAPDH
and HPRTI, and then calculated using the comparative Ct
method (2724Y). The primers are listed in Table S3.
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