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Abstract 

Background: The mitosis-to-meiosis switch during spermatogenesis requires dynamic 
changes in gene expression. However, the regulation of meiotic transcriptional 
and post-transcriptional machinery during this transition remains elusive.

Results: We report that methyltransferase-like protein 16 (METTL16), an N6-meth-
yladenosine (m6A) writer, is required for mitosis-to-meiosis transition during sper-
matogenesis. Germline conditional knockout of Mettl16 in male mice impairs sper-
matogonial diferentiation and meiosis initiation. Mechanistically, METTL16 interacts 
with splicing factors to regulate the alternative splicing of meiosis-related genes such 
as Stag3. Ribosome profling reveals that the translation efciency of many meiotic 
genes is dysregulated in METTL16-defcient testes. m6A-sequencing shows that abla-
tion of METTL16 causes upregulation of the m6A-enriched transcripts and downregu-
lation of the m6A-depleted transcripts, similar to Meioc and/or Ythdc2 mutants. Further 
in vivo and in vitro experiments demonstrate that the methyltransferase activity site 
(PP185-186AA) of METTL16 is necessary for spermatogenesis.

Conclusions: Our fndings support a molecular model wherein the m6A writer 
METTL16-mediated alternative splicing and translation efciency regulation are 
required to control the mitosis-to-meiosis germ cell fate decision in mice, with implica-
tions for understanding meiosis-related male fertility disorders.

Background

Spermatogenesis is a highly complicated and delicate process involving mitosis of sper•

matogonia, meiosis of spermatocytes, and spermiogenesis. In mice, gonocytes resume 

mitosis at approximately 1.5 or 2  days after birth and form spermatogonial stem cells 

(SSCs) [1]. Some SSCs maintain their stemness, whereas others subsequently diferen•

tiate into spermatogonia (types A and B), giving rise to primary spermatocytes, which 

†Qian Ma, Yiqian Gui contributed 
equally to this work.

*Correspondence:   
guiyaoting2023@aliyun.com; 
wangfengli@hust.edu.cn; 
shuiqiaoyuan@hust.edu.cn

1 Department of Urology, 
Shenzhen Key Laboratory 
of Male Reproductive Medicine 
and Genetics, Peking University 
Shenzhen Hospital, Shenzhen, 
Guangdong 518036, China
2 Institute of Reproductive 
Health, Tongji Medical College, 
Huazhong University of Science 
and Technology, Wuhan 430030, 
China
3 Laboratory Animal Center, 
Huazhong University of Science 
and Technology, Wuhan, Hubei 
430030, China
4 Shenzhen Huazhong University 
of Science and Technology 
Research Institute, 
Shenzhen 518057, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-024-03332-5&domain=pdf
http://orcid.org/0000-0003-1460-7682


Page 2 of 29Ma et al. Genome Biology          (2024) 25:193 

undergo leptotene (formation of programmed DNA double•stranded breaks), zygotene 

(initiation of synapsis between homologous chromosomes), pachytene (completion of 

synapsis), diplotene (unsynapsis and dissolved crossover), and diakinesis to complete 

meiotic prophase I [2]. One primary spermatocyte produces four round haploid sper•

matids after two successive meiotic events [3]. Although gene expression in germ cells 

at diferent stages is strictly regulated at the transcriptional and post•translational levels, 

the detailed mechanisms remain unclear.

N6•methyladenosine (m6A) is the predominant mRNA modifcation and participates 

in mRNA splicing [4], stability [5], and translation [6]. m6A abundance is dynamically 

regulated by m6A writers, readers, and erasers: writers of non•rRNA include methyl•

transferase•like protein 3 (METTL3)/METTL14, WT1 associated protein (WTAP), and 

METTL16; readers include YTH N6•methyladenosine RNA binding protein C1 and 

2 (YTHDC1/2), YTHDF1/2/3, and proline rich coiled•coil 2A (PRRC2A); and erasers 

include AlkB homolog 5 (ALKBH5) and FTO alpha•ketoglutarate dependent dioxy•

genase (FTO) [7–9]. Tis writer•reader system•controlled gene expression is essential 

for embryonic development in mice [8] and sex determination in Drosophila [10]. Te 

METTL3/METTL14 complex is the main m6A writer involved in spermatogonial dif•

ferentiation, meiosis initiation, and spermiogenesis via translational regulation in an 

m6A•dependent manner [11, 12]. Interestingly, Mettl3/Mettl14 double knockout via 

Stra8 (stimulated by retinoic acid 8)-Cre in the mouse testis, which specifcally inacti•

vates both Mettl3 and Mettl14 in germ cells starting from P3, resulted in normal meiosis 

and impaired spermiogenesis, with negligible changes of m6A levels in spermatocytes 

and signifcant reduction of m6A levels in spermatids [11], suggesting that other m6A 

methyltransferase members might exist to regulate m6A during meiosis.

Human METTL16 is encoded by 562 amino acids, with the methyltransferase domain 

(MTD) and N•terminal region forming a deep•cut groove that binds to the substrate 

RNA [13, 14]. In contrast to the numerous mRNA substrates of METTL3/METTL14, 

the substrates of METTL16 mainly include methionine adenosyltransferase 2A (Mat2a) 

and several noncoding RNAs [15–17]. Global knockout of Mettl16 causes embryonic 

lethality due to the reduced expression of the S•adenosylmethionine (SAM) synthetase 

Mat2a in 16•cell embryos [8]. Additionally, METTL16 exists in the cytosol and directly 

interacts with eukaryotic translation initiation factor 3 subunit A (eIF3a), eIF3b, and 

ribosomal RNA to promote m6A•independent translation [18]. In U2OS osteosarcoma 

cells, METTL16 inhibits the exonuclease activity of MRE11 homolog (MRE11) by form•

ing a complex with RNA in a methyltransferase•independent manner, thus repress•

ing DNA end resection during double•strand break (DSB) repair [19]. A recent study 

showed that METTL16 is essential for genome integrity during erythropoiesis via the 

regulation of BRCA2 DNA repair associated (Brca2) and FA complementation group M 

(Fancm) mRNA expression in a methyltransferase•dependent manner [20]. Interestingly, 

in Caenorhabditis elegans, METT10 (the ortholog of mouse METTL16) could deposit 

m6A modifcation on the 3’•splice site (AG) of the SAM synthetase pre•mRNA to pre•

vent the recognition by the essential splicing factor U2 small nuclear RNA auxiliary 

factor 35 (U2AF35) [16]. In addition, germ cell•specifc knockout of mouse Mettl16 gen•

erated by Vasa•Cre (induces recombination in germ cells as early as embryonic day 15) 
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exhibited male infertility with atrophied testes [16]. However, the specifc functions and 

mechanisms of METTL16 in mammalian spermatogenesis are yet unclear.

In the present study, we used Stra8•Cre (induce recombination at postnatal day 3, 

since type A1 spermatogonia) to construct a germ cell•specifc knockout mouse model 

of Mettl16 to investigate the physiological role of METTL16 during spermatogenesis. 

METTL16 defciency in male germ cells causes a reduction in diferentiated spermato•

gonia and compromised DNA replication before entering the meiotic prophase, which 

ultimately lead to male infertility. Further studies showed that METTL16 could directly 

bind to the mRNA of Stag3 (STAG3 cohesin complex component) and coordinately regu•

late the alternative splicing (AS) by recruiting splicing factors 3b subunit 1 (SF3B1) and 

SF3B3. Mechanistically, we discovered that METTL16 could regulate gene transcription 

and translation efciency (TE) in mouse testes by direct targeting and that METTL16 

modulated the translation efciency of mRNA transcripts with no m6A bias in testicular 

cells. Furthermore, m6A•sequencing (m6A•seq) identifed several diferentially methyl•

ated transcripts in Mettl16 conditional knockout (cKO) testes and demonstrated that 

the methyltransferase activity site of METTL16 is required for normal spermatogenesis 

in mice. In addition, we showed that METTL16 interacts with the meiosis specifc with 

coiled•coil domain (MEIOC)/YTHDC2/RNA binding motif protein 46 (RBM46) com•

plex and is involved in spermatogenesis. Tus, our study revealed a previously undefned 

mechanism that modulates gene expression in spermatogonial diferentiation and mei•

osis initiation, highlighting the crucial role of METTL16 in spermatogenesis to ensure 

male fertility.

Results

METTL16 is highly conserved and essential for spermatogenesis in mice

Since METTL16 has been reported to be highly conserved in vertebrates [21], we per•

formed multi•alignment and phylogenetic analyses of METTL16 orthologs in six verte•

brate species. Consistently, METTL16 was highly conserved across species, and human 

METTL16 shared 89.15% of the amino acid sequence with its mouse orthologs (Addi•

tional fle 1: Fig. S1A). In addition, the N•terminus of the METTL16 protein was more 

conserved than the C•terminus, suggesting a high conservation of the MTD (Additional 

fle 1: Fig. S1B). To explore whether METTL16 plays a role in the reproductive system, 

we frst detected the expression of METTL16 in various mouse organs by Western blot•

ting. As shown in Fig. 1A, METTL16 was predominantly expressed in the adult mouse 

testes, indicating that METTL16 may function in spermatogenesis. We then exam•

ined the mRNA levels of Mettl16 in developing mouse testes by RT•qPCR. Te results 

showed that the expression of Mettl16 mRNA gradually increased after birth, reaching 

its highest level at postnatal day 14 (P14), and then decreased to a low level in adult 

mouse testes (Fig. 1B). Further analysis of Mettl16 expression in adult testes using pre•

viously published single•cell RNA•sequencing (scRNA•seq) datasets [22] revealed that 

Mettl16 mRNA was predominantly expressed in spermatogonia (Additional fle 1: Fig. 

S1C). We next analyzed the Mettl16 expression level among the four P7 spermatogo•

nia clusters[23]: SSCs (SPG1); undiferentiated spermatogonia expressing Utf1, Sall4, 

and Plzf (SPG2); early diferentiating spermatogonia expressing Kit, Stra8, and Dnmt3b 

(SPG3); and diferentiated spermatogonia (SPG4). Te results showed that Mettl16 was 
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Fig.1 Germline-specifc knockout Mettl16 in male mice impairs spermatogenesis and male fertility. A 
Expression of METTL16 in various tissues of adult mice (8 weeks) is detected by Western blot. GAPDH was 
used as a loading control. B Expression of Mettl16 in the developmental testes of mice is assessed through 
RT-qPCR. Gapdh was used for norminalization. Data were presented as mean ± SEM, n = 3 (three biological 
replicates). C scRNA-seq analyses of the expression profle of Mettl16 during spermatogonia diferentiation 
is shown. Spg1, Spg2, Spg3, and Spg4 represent SSCs, undiferentiated spermatogonia, diferentiating 
spermatogonia, and diferentiated spermatogonia, respectively. D Expression of METTL16-EGFP (green) in 
testes from P14 Mettl16EGFP-tagged mice is detected by immunofuorescent staining with marker proteins, 
including c-KIT (red), or SYCP3 (purple) and γH2AX (red). DAPI (blue) was used to counterstain the nuclei. 
Scale bars = 20 μm. E METTL16 expression in Control and Mettl16 cKO mice at P10 is analyzed by Western 
blot. GAPDH was used as a loading control. F Gross images of testes from adult Control and Mettl16 cKO mice 
are shown. Scale bar = 50 mm. G Histogram shows the litter size of adult Control (Ctrl) and Mettl16 cKO (cKO) 
male mice. Data were presented as mean ± SEM, n = 6. ***P < 0.001. H PAS staining of testes from Control 
and Mettl16 cKO mice at P8, P10, P12, and P60. Scale bars = 50 μm. I Immunofuorescent staining of germ cell 
marker (DDX4, green) on testicular sections from Control and Mettl16 cKO mice at P8, P10, and P12. DAPI was 
used to counterstain the nuclei. Scale bars = 20 μm. J The histogram shows the quantifcation of the number 
of  DDX4+ cells per tubule in (I). Data were presented as mean ± SEM. n = 3 for P8 mice, n = 6 for P10 mice, 
and n = 3 for P12 mice. ns, not signifcant. *P < 0.05
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ubiquitously highly expressed in the four clusters of spermatogonia (Fig. 1C), suggesting 

a potential role for METTL16 in spermatogonial self•renewal and diferentiation.

Since the commercially available METTL16 antibodies did not work by immunofuo•

rescence (IF), we generated Mettl16-EGFP•tagged transgenic mice via CRISPR/Cas9 

strategy to study the subcellular localization of METTL16 in the testicular cells. IF stain•

ing with GFP antibody revealed that METTL16 is highly expressed in testicular cells at 

P14 mice, with more intense signals observed in  WT1+ Sertoli cells, c•KIT+ spermat•

ogonia, early spermatocytes with dot•like SYCP3, and weak signals in pachytene sper•

matocytes (Fig. 1D, Additional fle 1: Fig. S1D). In addition, METTL16•GFP signals were 

also seen in  PLZF+ undiferentiated spermatogonia of adult mouse testes (Additional 

fle 1: Fig. S1D).

To determine the function of METTL16 in male germ cell development and spermato•

genesis, we generated a germline conditional Mettl16 knockout mouse model (Mettl16 

cKO) by breeding Mettl16flox/flox mice with Stra8-Cre mice (Additional fle 1: Fig. S2A•B). 

Western blot analysis of METTL16 protein levels in testes showed that METTL16 pro•

tein levels were signifcantly reduced in both P8 and P10 Mettl16 cKO testes compared 

to control testes, and there was no truncated protein of METTL16 in Mettl16 cKO testes 

(Fig. 1E, Additional fle 1: Fig. S2C), suggesting METTL16 was successfully  knocked out 

specifcally  in the testes. Interestingly, adult male Mettl16 cKO mice were viable and 

appeared as healthy as control mice. However, the size of their testes was much smaller 

than those of the controls (Fig. 1F). Fertility tests showed that Mettl16 cKO male mice 

were completely infertile (Fig.  1G), suggesting that spermatogenesis was disrupted in 

Mettl16 cKO male mice.

To trace the morphological changes in Mettl16 cKO testes during spermatogenesis, we 

performed Periodic acid–Schif (PAS) staining of testes from P8, P10, P12, and P60 mice. 

Compared to the control mice, apparent germ cell loss was observed in the seminifer•

ous tubules of P12 Mettl16 cKO testes, and almost no germ cells were found in the inner 

layers of seminiferous tubules in P60 Mettl16 cKO testes (Fig. 1H). Immunofuorescent 

staining using the germ cell marker DDX4 (DEAD•box helicase 4) confrmed a signif•

icant reduction in germ cells from P10 and a remarkable loss of DDX4•positive germ 

cells in the testes of adult Mettl16 cKO mice compared with that of the control mice 

(Fig.  1I•J, Additional fle  1: Fig. S2D•E). However, the number of PLZF•positive germ 

cells was comparable between adult control and Mettl16 cKO mice (Additional fle  1: 

Fig. S2F•G), suggesting that SSCs were not afected and still harbored the capacity to 

constantly produce new spermatogonia. In addition, the PNA signals in Mettl16 cKO 

testes compared with control mice implied that meiosis was defective, and no post•mei•

otic germ cells were present (Additional fle 1: Fig. S2H). Taken together, these results 

indicate that METTL16 is indispensable for male germ cell development and spermato•

genesis in mice.

METTL16 defciency causes defective spermatogonial diferentiation and meiosis initiation

Considering the constitution of germ cells and the signifcant loss of DDX4•posi•

tive germ cells in Mettl16 cKO testes at P10 and P12, we speculated that METTL16 

defciency may have caused abnormal spermatogonial diferentiation or meiosis. To 

test this hypothesis, we frst examined whether spermatogonial diferentiation was 
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afected in the Mettl16 cKO mice through immunostaining for SSCs marker GFRα1, 

undiferentiated spermatogonia marker PLZF, and diferentiated spermatogonia 

marker c•KIT. Te results showed that the number of GFRα1• and PLZF•positive 

cells in Mettl16 cKO mice was comparable to that of control mice, but the number 

of c•KIT•positive cells was signifcantly reduced in Mettl16 cKO mice at P10 com•

pared with controls (Fig.  2A•C). In addition, we found that the expression of genes 

involved in SSC maintenance (Oct4, Gfra1, Etv5, and Bcl6b) were similar to the con•

trols, while the expression of Sohlh2, which participates in SSCs diferentiation, was 

Fig.2 Ablation of METTL16 in mice causes aberrant spermatogonia diferentiation. A Representative images 
of immunofuorescent staining for PLZF on testicular sections from Control (Ctrl) and Mettl16 cKO (cKO) mice 
at P8 and P10 are shown. The DNA was stained with DAPI. Scale bars = 50 μm. The right histogram shows 
the quantifcation of the number of  PLZF+ cells per tubule in (A). Data were presented as mean ± SEM. n = 6. 
ns, not signifcant. B Representative images of immunofuorescent staining for GFRα1 on testicular sections 
from Control and Mettl16 cKO mice at P10 are shown. The DNA was stained with DAPI. Scale bars = 50 μm. 
The right histogram shows the quantifcation of the number of GFRα1+ cells per tubule in (B). Data were 
presented as mean ± SEM. n = 6. ns, not signifcant. C Representative images of co-immunofuorescent 
staining of c-KIT (green) and DDX4 (red) on P10 testicular sections from Control and Mettl16 cKO mice are 
shown. Scale bars = 50 μm. The right histogram quantifes the ratio of c-KIT+  DDX4+ cells to  DDX4+ cells in 
(C). D Histogram shows the expression of genes involved in SSC maintenance and diferentiation in P10 
testes from Control and Mettl16 cKO mice. Gapdh was used for nominalization. Data were presented as 
mean ± SEM, n = 3. *P < 0.05. E Western blotting analyses of DDX4, c-KIT, and STRA8 in P10 testes from Control 
and Mettl16 cKO mice. GAPDH was used as a loading control. F Histogram shows the quantifcation of the 
protein expression in (E). Data were presented as mean ± SEM, n = 3. ***P < 0.001
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signifcantly decreased in P10 testes of Mettl16 cKO mice compared to control mice 

(Fig. 2D). Western blotting also showed a remarkable reduction in DDX4, c•KIT, and 

STRA8 expression in Mettl16 cKO testes at P10 compared with control mice (Fig. 2E•

F). Together, these results suggest that METTL16 is essential for spermatogonia 

diferentiation.

Since no post•meiotic spermatozoa were present in the adult testes of Mettl16 cKO 

mice, we next asked whether the meiosis is afected in Mettl16 cKO mice. To this end, 

we analyzed meiotic hallmarks by immunostaining meiotic marker proteins in P10 

testes of control and Mettl16 cKO mice. Te results showed that germ cells express•

ing both PLZF and STRA8  (PLZF+STRA8+) were present in control and Mettl16 cKO 

mice; however,  PLZF−STRA8+ cells, representing preleptotene spermatocytes, were 

rarely observed in Mettl16 cKO mice (Fig.  3A•C). In addition, we found that phos•

phorylated H2AX (γH2AX)+ or synaptonemal complex protein 3 (SYCP3)+ cells were 

remarkably reduced in Mettl16 cKO P10 testes compared with controls, especially 

 PLZF−STRA8+γH2AX+ or  PLZF−STRA8+SYCP3+ cells corresponding to pre•lepto•

tene spermatocytes (Fig. 3D•E), which suggests the hallmarks of meiosis prophase I, 

including DSB formation and synapsis, were severely defective. In the control P10 tes•

tes, DNA was replicated (5•ethynyl•2′•deoxyuridine  [EdU]+) preceding meiotic pro•

phase I in pre•leptotene spermatocytes  (PLZF−STRA8+EdU+) (Fig.  3C and F, white 

arrows). However, EdU signals were barely detectable in  PLZF−STRA8+ germ cells 

in Mettl16 cKO P10 testes, indicating that DNA replication was abnormal during S 

phase in the mitosis•to•meiosis transition in Mettl16 cKO testes, which is akin to the 

METT•10 knock•out phenotype described in C. elegans [24]. To further investigate 

the defects in DSB and homologous chromosome synapsis in Mettl16 cKO spermat•

ocytes, we performed chromosome surface spreading assays by staining for SYCP3 

and γH2AX in P14 control and Mettl16 cKO mice. In control mice, three types of 

spermatocytes were observed in the testis, accounting for leptotene (38%), zygotene 

(20%) and pachytene (42%) (Fig.  3G). However, in Mettl16 cKO testes, most cells 

were  SYCP3−γH2AX+, and only 1% positive pre•leptotene spermatocyte•like cells 

harboring patchy aggregates of SYCP3 were found (Fig. 3G). Tese data suggest that 

METTL16 is required for the initiation of meiosis during spermatogenesis.

(See fgure on next page.)
Fig.3 Male germline conditional knockout Mettl16 results in meiosis arrested. A Representative images 
of co-immunofuorescent staining of STRA8 (red), PLZF (green), and γH2AX (cyan) on testicular sections 
from Control (Ctrl) and Mettl16 cKO (cKO) mice at P10 are shown. The DNA was stained with DAPI. Scale 
bars = 20 μm. B Representative images of co-immunofuorescent staining of STRA8 (red), PLZF (green), 
and SYCP3 (cyan) on testicular sections from Control and Mettl16 cKO mice at P10 are shown. The DNA 
was stained with DAPI. Scale bars = 20 μm. C Representative images of co-immunofuorescent staining of 
STRA8 (red), PLZF (green), and EdU (cyan) on testicular sections from Control and Mettl16 cKO mice at P10 
are shown. The DNA was stained with DAPI. Scale bars = 20 μm. D-F The histogram shows the quantifcation 
of the number of  PLZF−STRA8+γH2AX+,  PLZF−STRA8+SYCP3+,  PLZF−STRA8+EdU+ cells per tubule in (A-C). 
Data were presented as mean ± SEM. n = 6. ***P < 0.001. G Representative images of co-immunofuorescent 
staining of SYCP3 (red) and γH2AX (green) on spermatocyte spreads from P14 Control and Mettl16 cKO mice 
are shown. The percent of each cell type was calculated in the lower panel. The DNA was stained with DAPI. 
Scale bars = 5 μm
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Fig.3 (See legend on previous page.)
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METTL16 deletion alters expression of meiosis‑related genes

To explore the molecular basis of how METTL16 regulates spermatogenesis, we 

compared the transcriptomes of control and Mettl16 cKO mice at P10 testes, when 

spermatogonial diferentiation and meiosis initiation has been completed, using high•

throughput RNA•seq. Data analysis of three biological replicates yielded 403 upreg•

ulated and 693 downregulated genes (Fig.  4A, Additional fle  2: Tables S1), mainly 

enriched in the meiotic cell cycle and homologous chromosome pairing during meiosis 

and synapsis (Fig.  4B, Additional fle  3: Tables S2). Specifcally, many down•regulated 

genes were involved in DNA replication, DSB repair, the cell cycle, and sister chroma•

tid cohesion (Additional fle  1: Fig. S3A, Additional fle  4: Tables S3). Consistent with 

the defects in meiosis initiation, gene set enrichment analysis (GSEA) revealed that 

METTL16 defciency dramatically decreased the enrichment of STRA8 target genes and 

MEIOSIN•activated genes (Fig. 4C). Validation using reverse transcription•quantitative 

polymerase chain reaction (RT•qPCR) further confrmed the signifcant reduction in 

meiotic genes involved in chromosome axis formation (Stag3, and Rec8), DSB formation 

(Spo11, Msh4, Msh5, and Dmc1), and synapsis (Sycp3, Sycp1, and Sycp2) in P10 Mettl16 

cKO mice compared with that in control mice (Additional fle 1: Fig. S3B). In addition, 

to eliminate the potential bias caused by diferent germ cell composition in control and 

Mettl16 cKO testis, c•KIT+ spermatogonia were also purifed from P10 testes, and used 

to validate the expression of these meiotic genes, which showed similar results to those 

in testes (Fig. 4D). Tese results suggest that METTL16 defciency afects the expression 

of meiosis•related genes, thereby leading to defective meiosis during spermatogenesis.

METTL16 modulates the alternative splicing of Stag3 and Ddb2

Since previous studies reported that METTL16 could regulate the alternative splicing 

(AS) of SAMs in Caenorhabditis elegans [16] and human cell lines[13], we investigated 

whether AS was afected by METTL16 depletion in the mouse testes. We analyzed 

diferential splicing events in the transcriptomes of control and Mettl16 cKO testes 

using replicate multivariate analysis of transcript splicing (rMATS). Compared with 

Fig.4 Mettl16 cKO mouse testes display abnormal gene expression profles and alternative splicing. A The 
volcano plot shows diferentially expressed genes (DEGs) identifed from RNA-seq from P10 Mettl16 cKO and 
control testes. |log2FC|> 0.7 and an adjusted P-value < 0.05 were considered signifcant. Total identifed 403 
genes upregulated and 693 genes downregulated in Mettl16 cKO testes. B GO term enrichment analysis of 
DEGs shows the top 10 enriched biological processes. C GSEA analyses of the RNA-seq data from P10 control 
and Mettl16 cKO testes are shown. FDR q < 25%. NES, normalized enriched score. D RT-qPCR analysis verifes 
the indicated downregulated meiosis-related genes from RNA-seq data in c-KIT+ cells purifed from P10 
testes. Data are presented as mean ± SEM, n = 3. **P < 0.01, ***P < 0.001. Actin was used as an internal control 
for gene expression normalization. E Summary of diferential alternative splicing (AS) events in testes from 
P10 Control and Mettl16 cKO mice. The numbers of predicted AS events in each category are indicated. F 
Venn diagrams show the overlap between DEGs and AS events in Mettl16 cKO versus control testes. G RT-PCR 
analysis for indicated genes (Stag3 and Ddb2) in c-KIT-positive spermatogonia isolated from Control and 
Mettl16 cKO mice at P10. The middle panels represent the schematic diagram of indicated AS exons. Right 
panel shows the quantifcation of percent spliced in (PSI). Data are presented as mean ± SEM, n = 3. *P < 0.05. 
H RIP-qPCR analysis of METTL16 binding genes as indicated. IgG was used as a control versus METTL16 
antibody. RIP-qPCR enrichment was calculated concerning the Input. Mat2a was used as a positive control 
of selected METTL16 targets. I Immunoprecipitation (IP) analysis of METTL16 binding proteins (SF3B3 and 
SF3B1) in the presence or absence of RNase A is shown

(See fgure on next page.)
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the control, a large number of diferential splicing events were identifed in the testes 

of P10 Mettl16 cKO mice, including skipped exon (SE), retained intron (RI), alterna•

tive 5’ splice site (A5SS), alternative 3’ splice site (A3SS), and mutually exclusive exons 

(MXE), with SE being the predominate diferential splicing event (Fig. 4E, Additional 

Fig.4 (See legend on previous page.)
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fle 1: Fig. S3C). Meanwhile, 55.6% of the diferential AS events were upregulated in 

Mettl16 cKO mice compared with control mice (Additional fle 1: Fig. S3D), suggest•

ing that METTL16 may be more likely to repress AS than promote AS in the testes. 

In addition, we found 91 genes that overlapped between diferentially expressed genes 

(DEGs) and AS events, and gene ontology (GO) analysis showed that these genes 

were enriched in DNA recombination, homologous recombination, meiotic nuclear 

division, sister chromatid segregation, and meiotic cell cycle (Fig. 4F, Additional fle 1: 

Fig. S3E). From the 91 overlapping AS genes, three meiotic•related genes, Stag3 [25] 

(engaged in the formation of lateral element), Stra8 [26] (a key regulator of meiosis 

initiation) and Ddb2 [27] (DNA repair and germ cell apoptosis related), were selected 

to validate the reliability of RNA•seq data using RT•PCR on purifed c•KIT•positive 

spermatogonia from P10 control and Mettl16 cKO testes. Compared to controls, 

increased skipping of exons19•21 in Stag3 mRNA and increased retention of intron 

2 in Ddb2 mRNA were observed in Mettl16 cKO c•KIT•positive spermatogonia 

(Fig. 4G). However, despite the decreased skipping of exon3 in Stra8 mRNA observed 

in Mettl16 cKO c•KIT•positive spermatogonia, there were no statistically signifcant 

diferences (Additional fle 1: Fig. S3F•H). Tese data suggest that METTL16 may be 

involved in modulating the AS of mRNA of meiosis•related genes, such as Stag3 and 

Ddb2 to regulate their transcriptional levels.

To further explore whether the Stag3, Ddb2, and Stra8 transcripts were the direct tar•

get of METTL16, RNA immunoprecipitation (RIP) combined qPCR (RIP•qPCR) anal•

ysis was performed using spermatogenic cells isolated from P10 control testes. Tese 

results confrmed that METTL16 binds directly to Stra8 and Stag3 mRNA but not to 

Ddb2, as shown by RIP•qPCR (Fig. 4H). In addition, we performed immunoprecipitation 

(IP) using the METTL16 antibody and found that METTL16 could interact with known 

splicing factors, including SF3B3 and SF3B1, and that their interaction was RNA•inde•

pendent, as the addition of RNase did not afect their binding (Fig. 4I). Taken together, 

these results indicate that METTL16 may be involved in meiosis initiation by directly 

regulating the Stag3 alternative splicing, probably by cooperating with splicing factors, 

such as SF3B3 and SF3B1.

METTL16 regulates the translation efciency of genes in the testes

We employed ribosome profling (Ribo•seq) of P10 testes from control and Mettl16 cKO 

mice to assess the efects of METTL16 deletion on mRNA translation. Translation ef•

ciency refers to the ratio of normalized ribosome•protected fragments (RPFs) to mRNA 

fragments. Combined analysis of their transcriptome and translatome between the con•

trol and Mettl16 cKO mice identifed 1299 diferentially transcribed genes (DTGs; 785 

upregulated and 514 downregulated) and 1567 diferential translation efciency genes 

(DTEGs; 537 upregulated and 1030 downregulated) in Mettl16 cKO testes (Additional 

fle 5: Tables S4). Among them, 921 genes were both DTGs and DTEGs, 378 genes were 

exclusively DTGs, and 646 genes were exclusively DTEGs (Additional fle 1: Fig. S4A). 

In addition, to preliminarily investigate the relationship between altered AS and transla•

tional regulation in Mettl16 cKO mouse testes, we conducted an overlap analysis of AS 

events with DTEGs, and the results revealed that 85 genes underwent alternative splic•

ing and translational regulation (Additional fle  1: Fig. S4B). Further analysis of these 
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85 genes showed that they mainly correlated with cytoplasmic ribosomal proteins, ion 

homeostasis, and other basic biological processes not associated with phenotype•related 

terms (Additional fle 1: Fig. S4C). Functional analysis revealed that the downregulated 

DTGs were enriched for meiotic cell cycle and male gamete formation, whereas no 

enrichment for meiosis• or spermatogenesis•related terms was found among the upreg•

ulated DTGs (Additional fle 1: Fig. S4D). Conversely, terms related to meiotic nuclear 

division and cell cycle transition were enriched among the upregulated DTEGs, whereas 

those enriched among the downregulated DTEGs were unrelated to meiotic progression 

(Additional fle 1: Fig. S4E). Specifcally, many meiotic genes, such as Stra8 and Meioc, 

were downregulated with increasing RPF abundance (Additional fle 1: Fig. S4F). Tese 

opposite change patterns revealed by the transcriptome and translation profles suggest 

a type of translational balance in the testes to compensate for the disruption of the tran•

scriptional landscape in the absence of METTL16.

To further clarify the role of METTL16 in the regulation of transcription and transla•

tion, we performed RIP•sequencing (RIP•seq) using P10 spermatogenic cells to analyze 

the mRNAs directly bound by METTL16. A total of 8554 peaks from 3465 genes were 

identifed, and Stra8 and Stag3 were also present in the RIP•seq datasets (Additional 

fle 6: Tables S5), consistent with the RIP•qPCR data (Fig. 4H). Further peak distribu•

tion and motif analyses revealed that METTL16 was preferentially bound to the cod•

ing sequence regions of mRNA, and the sequence “AGCG” was the top enriched motif 

(Fig. 5A•C). To explore the diferences between METTL16 target and non•target genes 

at the transcriptional or translational level in the testes of Mettl16 cKO mice, we ana•

lyzed the RIP•seq datasets in combination with RNA•seq or Ribo•seq datasets, respec•

tively. Notably, cumulative distribution analyses revealed that in METTL16•defcient 

testes, METTL16 targets showed lower RNA abundance with METTL16 non•targets, 

and the translation efciency of METTL16 targets was lower than that of non•targets 

(Fig. 5D•E). Considering the translation efciency of several METTL16 targets, such as 

Stra8, were elevated, which prompted us to further divide the genes into two groups with 

 Log2FC (cKO/Ctrl) > 0 and  Log2FC (cKO/Ctrl) < 0” for further analysis. Interestingly, for 

the “Log2FC (cKO/Ctrl) < 0” group, METTL16 targets showed higher RNA abundance 

with METTL16 non•targets, and the translation efciency of METTL16 targets was 

higher than non•targets in METTL16•defcient testes (Additional fle 1: Fig. S4G•H). For 

the “Log2FC (cKO/Ctrl) > 0″ group, METTL16 targets showed lower RNA abundance 

with METTL16 non•targets, and the translation efciency of METTL16 targets was also 

lower than non•targets in METTL16•defcient testes (Additional fle 1: Fig. S4I•J). Col•

lectively, these results indicate that METTL16 regulates gene transcription and transla•

tion in the mouse testes by direct targeting.

The m6A transferase activity is essential for the function of METTL16 

during spermatogenesis

Given recent reports have shown that it can deposit m6A into hundreds of its specifc 

messenger RNA targets [18], we used liquid chromatography•electrospray ionization 

tandem mass spectrometry (LC•ESI•MS/MS) to preliminarily investigate whether the 

m6A transferase activity of METTL16 is required for spermatogenesis. To this end, 

we analyzed global m6A levels in total RNA (including rRNA, ncRNA, and mRNA) 
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of testicular cells from control and Mettl16 cKO mice at P8 by LC•ESI•MS/MS (Addi•

tional fle  7: Table  S6). Interestingly, no signifcant changes in the overall m6A levels 

were observed in METTL16•defcient and control testes (Fig.  5F), possibly due to the 

infuence of a high proportion of rRNA and the inclusion of Sertoli cells in the Mettl16 

cKO testes. We next asked if other components of the m6A pathway are afected upon 

METTL16 depleted in the testes. We thus investigated the expression of m6A writers 

(METTL3, METTL14), reader YTHDF2, and eraser ALKBH5 in P8 testes by Western 

blot. Interestingly, the results showed that METTL16 deletion does not afect the pro•

tein levels of these classical m6A pathway proteins (Fig. 5G•H), suggesting a direct role 

of METTL16 in regulating the m6A levels during spermatogenesis. Interestingly, when 

we combined the analysis of DEGs with m6A•enriched or depleted transcripts obtained 

from P8 testes m6A•IP libraries [28], we found that the m6A•enriched transcripts (the 

top 100 or 500 genes enriched in the m6A•IP libraries) were upregulated in the Mettl16 

Fig.5 METTL16 decreases the mRNA abundance and improves the translation efciency of its targets. A Pie 
chart depicting the binding peaks of METTL16 from the RIP-seq data. B The top 3 METTL16 binding peaks 
were identifed through motif analysis based on RIP-seq data. C The distribution of METTL16 RIP peaks along 
the length of mRNA transcripts is shown. CDS indicates the coding sequence. D-E Cumulative distribution 
of RNA abundance (D) and translation efciency (E) changes between Control (Ctrl) and Mettl16 cKO (cKO) 
testes. RNA abundance was presented as the  log2Fold Change(cKO/Ctl) in the X-axis. The blue curves 
indicate non-targets of METTL16, and the red curves indicate METTL16-RIP. P-values were calculated using a 
two-sided Wilcoxon test. F The m6A levels of testes from Control and Mettl16 CKO mice at P8 are analyzed by 
LC-ESI-MS/MS. G Western blot analysis shows the expression levels of other m6A pathway proteins (METTL3, 
METTL14, YTHDF2, and ALKBH5) in testes from control and Mettl16 cKO testis at P8. GAPDH was used as a 
loading control. H Histogram shows the quantifcation of the protein expression in (G). Data were presented 
as mean ± SEM, n = 3
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cKO testes compared to the controls. In contrast, the m6A•depleted transcripts were 

generally downregulated in Mettl16 cKO testes (Fig. 6A). However, translation efciency 

was comparable between the m6A•enriched and m6A•depleted transcripts (Fig.  6B). 

Tese bioinformatic analyses revealed that the m6A•enriched transcripts might not 

be directly mediated by METTL16, but the ablation of METTL16 could cause the dif•

ferential expression between the m6A•enriched and m6A•depleted transcripts, and 

METTL16 might regulate mRNA TE with no m6A bias in testicular cells.

To examine whether METTL16 deletion infuences the m6A modifcation of tran•

scripts in the testes, we performed m6A•seq to determine the changes in m6A peaks in 

P10 testes from control and Mettl16 cKO mice. A total of 19689 and 19367 m6A peaks 

were identifed in control and Mettl16 cKO testes, respectively (Additional fle 8: Tables 

S7). Notably, the combined analyses of METTL16 RIP•seq from purifed P10 spermato•

genic cells and m6A•seq data revealed that 2870 (82.8%) METTL16•binding targets car•

ried m6A modifcations (Fig. 6C). Te m6A peaks identifed in both control and Mettl16 

cKO testes were mainly enriched in the 3’ untranslated region (UTR) and were closer to 

the transcription termination site (TTS) (Fig. 6D). Compared to controls, 196 downreg•

ulated m6A peaks and 106 upregulated m6A peaks were identifed in Mettl16 cKO tes•

tes (Additional fle 9: Tables S8), suggesting that METTL16 depletion in the testes could 

afect the m6A modifcation of transcripts. Further functional gene analyses revealed 

that downregulated m6A peaks were highly enriched in the regulation of G1/S mitotic 

cell cycle transition (Fig.  6E). In addition, combined bioinformatic analysis revealed 

that 459 genes with altered AS events correlated with METTL16 binding and 874 AS 

events changed genes associated with m6A peaks (Fig. 6F). Surprisingly, no m6A mod•

ifcation sites were identifed on stag3 and Stra8 in the m6A•seq. Notably, among the 

downregulated m6A peaks, cell cycle•related genes Fbxo31 and Nsl1 were identifed to 

be bound by METTL16 (Fig. 6G), although the mRNA levels of these two genes remain 

unchanged.

To further test the physiological function of m6A transferase activity in METLL16 

during spermatogenesis, we performed a rescue assay by injecting adeno•associated 

virus 9 (AAV9) vectors carrying wild•type METTL16 or catalytically dead mutant 

Fig.6 The catalytic activity of METTL16 is essential for spermatogenesis in mice. A, B Combined analysis of 
transcripts harboring diferential m6A levels (Top 100 or 500 genes that are m6A-enriched or m6A-depleted 
in m6A-IP libraries) with DEGs (Mettl16 cKO v.s. Control) from RNA-seq (A) or genes with diferential TE (B). The 
m6A-enriched or m6A-depleted genes were identifed based on P-values in P8 testis according to previously 
reported m6A-IP data (PMID: 29033321). C Scatter plots show the combined analysis of RIP-seq and m6A-seq 
from Control and Mettl16 cKO testes. Gray dots (non-target) indicate genes with no METTL16-binding 
sites. Red dots indicate genes with METTL16-binding sites. Orange dots indicate genes with overlapped 
METTL16-binding and m6A-modifed sites. D Distribution of m6A-modifed peaks of Control and Mettl16 cKO 
along the length of mRNA transcripts. E GO term enrichment analyses of genes with m6A-modifcation show 
the top 4 terms enriched in genes with down-regulated (blue) and up-regulated (red) m6A-modifed peaks. 
F Venn diagrams show the overlap among AS genes (Mettl16 cKO vs Control in RNA-seq), METTL16 binding 
genes (RIP-seq), and m6A modifed genes (wild-type in m6A-seq). G Integrative Genomics Viewer (IGV) 
shows the distribution of m6A-modifed peaks and METTL16-binding peaks along with indicated transcripts 
(Fbxo31 and Nsl1) in METTL16 RIP-seq and m6A-seq data. H Histological analyses of testes from Mettl16 cKO 
adult mice injected into AAV9 vectors carrying wild-type or mutant (catalytic dead) METTL16 are shown. No 
injection or NC (empty vector) injection was used as the negative control. The histology was analyzed by PAS 
two weeks after injection. Scale bars = 50 μm

(See fgure on next page.)



Page 15 of 29Ma et al. Genome Biology          (2024) 25:193  

METTL16 (PP185•186AA, inactivated the m6A transferase activity) into the adult 

testes of Mettl16 cKO mice (Additional fle  1: Fig. S5A). Compared with negative 

controls, AAV9 vectors expressing wild•type METTL16 could partially rescue the 

defective spermatogenesis of Mettl16 cKO mice, as pachytene spermatocytes were 

Fig.6 (See legend on previous page.)
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observed in some seminiferous tubules (Fig. 6H, the fourth panel from left). Injection 

of AAV vectors carrying the catalytically dead mutant METTL16 did not afect sper•

matogenesis in Mettl16 cKO mice (Fig. 6H, the fifth panel from left). Altogether, these 

data suggest that METTL16 may play a critical role in spermatogenesis by regulating 

m6A levels of METTL16 bound genes involved in male germ cell development.

METTL16 interacts with the MEIOC/YTHDC2/RBM46 complex

To better understand the mechanism of METTL16•mediated regulation of mRNA 

metabolism and translation in the testes, we performed immunoprecipitation•coupled 

mass spectrometry (IP•MS) using the METTL16 antibody in P10 testes to unbiasedly 

identify the interactomes of METTL16. Consequently, thousands of proteins were iden•

tifed in the METTL16 antibody pull•down products (Additional fle  10: Tables S9). 

Notably, the splicing factor SF3B1 was found in METTL16•interacting proteins with 

highly unique peptides (Fig. 7A), further confrming the potential function of METTL16 

in regulating AS by interacting with splicing factors. GO analysis of the candidate inter•

acting proteins showed enrichment of functional terms related to RNA metabolism, 

cell division, and chromosome organization (Fig. 7B). Importantly, MEIOC, YTHDC2, 

and RBM46 were identifed from METTL16 interactomes as highly unique peptides 

and were verifed to bind to METTL16 using co•immunoprecipitation (Co•IP) (Fig. 7C, 

Additional fle 1: Fig. S5B). Since MEIOC, YTHDC2, and RBM46 have been reported to 

form a complex and responsible for down•regulating mitotic transcripts during meiosis 

entry in mammalian spermatogenesis [28–30], we further examined the protein expres•

sion levels of MEIOC, YTHDC2, and RBM46 in P10 testes. We found that, compared 

to control mice, MEIOC and YTHDC2 were signifcantly downregulated in Mettl16 

cKO mice, whereas the expression level of RBM46 was comparable between control and 

Mettl16 cKO mice (Fig.  7D•E). In addition, we found ‘AAU CAA ’ were also identifed 

among the top 50% of METTL16 binding peaks (Fig. 7F), which was similar to YTHDC2 

and RBM46 binding sites [29]. Tese results suggest that METTL16 may interact with 

the MEIOC/YTHDC2/RBM46 complex and potentially co•regulate its target genes dur•

ing meiotic initiation (Fig. 7G).

Discussion

As revealed by the high•resolution map of m6A modifcations in mouse germ cells, the 

distribution of m6A sites was dynamically regulated during spermatogenesis. However, 

the mechanisms through which m6A writers control these processes remain largely 

unknown. Previous research has shown that germ cell•specifc deletion of m6A writers, 

either Mettl3 or Mettl14, using Vasa-Cre leads to a depletion of SSCs, whereas germ cell•

specifc inactivation of either Mettl3 or Mettl14 using Stra8-Cre does not afect sper•

matogenesis. Interestingly, simultaneous knockout of Mettl3 and Mettl14 via Stra8-Cre 

causes defective spermiogenesis [11], suggesting that m6A modifcations may function 

at diferent stages of male germ cell development. Furthermore, the high enrichment of 

m6A in meiosis•associated transcripts and the dynamic changes in methylated sites on 

these transcripts at diferent developmental stages of meiotic cells support the idea that 

m6A modifcation may regulate mouse meiosis, raising the question that in addition to 

Mettl3 and Mettl14, whether more methyltransferases contribute to the m6A deposition 
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on transcripts during mammalian meiosis [11]. Although Vasa-Cre•mediated Mettl16 

knockout (KO) mice have been reported to be infertile [16], the Stra8-Cre•induced 

KO mouse model was more suitable than the Vasa-Cre•mediated KO mouse model 

for investigating the gene function in spermatogonial diferentiation and meiosis. In 

Fig.7 METTL16 is a binding partner of MEIOC/YTHDC2/RBM46 complex in mouse testes. A A list of eleven 

METTL16-interacting partners in P10 mouse testes identifed by IP-MS is shown. B Go term enrichment 
analyses showing the METTL16-interacting proteins identifed from IP-MS data. C Validation of interactions 
between METTL16 and three putative METTL16-interacting proteins (MEIOC, YTHDC2, and RBM46) in P10 
mouse testes by IP assays are shown. Mouse testis lysates were subjected to IP with anti-METTL16 or IgG 
control antibodies. Asterisk indicates non-specifc bands. D Western blot analyses show the expression levels 
of METTL16-interacting proteins (MEIOC, YTHDC2, and RBM46) in testes from control and Mettl16 cKO testis 
at P10. GAPDH was used as a loading control. E Histogram shows the quantifcation of the protein expression 
in (D). Data were presented as mean ± SEM, n = 3. ns, not signifcant. ***P < 0.001. F The motif analysis shows 
that the top 50% METTL16 binding sites are ‘AAU CAA ’, similar to the YTHDC2 and RBM46 binding sites. G 
A schematic illustration of the function of METTL16 during spermatogenesis is shown. METTL16 interacts 
with alternative splicing factors (e.g., SF3B1 and SF3B3) to regulate AS of meiotic genes for governing the 
meiotic gene expression program in the nuclear of male germ cells. Meanwhile, METTL16 balance translation 
efciency for proper cell cycle and a successful meiosis initiation in the cytoplasm of male germ cells
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addition, as METTL16 was identifed as an m6A writer essential for mouse embryonic 

development [8, 15], we investigated its role in postnatal male germ cell development 

by using the Stra8•Cre-induced conditional KO strategy. As expected, we found that 

Mettl16 is required for spermatogonial diferentiation and meiosis initiation, confrming 

that other m6A writers are involved in this process.

It is worth noting that in spermatids from Mettl3/Mettl14 double•knockout mice, 

the expression of genes essential for spermiogenesis is transcriptionally unchanged but 

translationally inhibited [11]. However, in Mettl16 cKO mice, genes critical for meiotic 

initiation were transcriptionally inhibited and translationally accelerated. One expla•

nation for this paradox is that the elevated TE of these essential meiotic genes may 

be due to eforts made by germ cells to compensate for the sharply decreased mRNA 

under stress. Although TE was upregulated to accelerate the synthesis of meiotic pro•

teins, the mRNA concentration (predicted to regulate ribosome occupancy and density) 

was so low that the protein expression could hardly be rescued [31], resulting in defects 

in meiotic initiation. To the best of our knowledge, this is the frst study to reveal that 

METTL16 is involved in the regulation of meiotic gene expression, both transcription•

ally and translationally.

In mouse testes, some SSCs can maintain the ability to proliferate and self•renew, 

whereas others diferentiate into type A1, type B, and diferentiated spermatogonia. In 

Mettl16 cKO mice, the number of GFRα1•positive SSCs was normal, which may explain 

why DDX4•positive germ cells still remained in the adult testes. However, the number 

of c•KIT+ diferentiating spermatogonia was signifcantly reduced, and  PLZF−STRA8+ 

pre•leptotene spermatocytes undergoing DNA replication before entering meiotic pro•

phase I were barely detected in Mettl16 cKO testes, demonstrating that both spermat•

ogonial diferentiation and entry into meiosis were afected by METTL16 depletion in 

male germ cells. Tis is the frst report in which the conditional knockout of one m6A 

writer (METTL16) in male germ cells driven by Stra8•Cre causes defective spermato•

genesis. Interestingly, a much more profound defect in spermatogenesis was observed 

upon Vasa-Cre mediated Mettl3 or Mettl14 deletion, as SSCs were afected and germ 

cell development was arrested at the zygotene•like stage, exhibiting the Sertoli cell•only 

syndrome phenotype in adults [11]. Terefore, METTL16 displayed a distinct function 

in spermatogonial diferentiation and meiosis initiation, diferent from that of other 

m6A writers (METTL3 and METTL14), adding another layer to the physiological roles 

of m6A modifcation mediated by m6A writers in spermatogenesis.

Furthermore, m6A levels were signifcantly reduced in the spermatids of Mettl3/

Mettl14•double knockout mice [11]; however, the overall m6A level was not signifcantly 

altered in the testes of Mettl16 cKO mice. Tis was likely because m6A modifcation is 

mainly installed by Mettl3/Mettl14 in the RRm6ACH motif near the stop codon of thou•

sands of mRNA transcripts [32], but METTL16 has been reported to only target Mat2a, 

U6, metastasis associated lung adenocarcinoma transcript (Malat), branched chain 

amino acid transaminase 1 (Bcat1), and Bcat2 [15, 33, 34]. In addition, the changes in 

the entire m6A levels were subtle due to the limited substrates, resulting in them hardly 

being detected using LC•MS. However, this does not exclude the possibility that the 

subtle m6A changes also exert profound efects on meiotic gene expression; the expres•

sion of m6A enriched transcripts was upregulated in Mettl16 cKO mice at P10, which 
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is consistent with that in Ythdc2 knockout P8 testes and Meioc mutant P8 testes [28]. 

Notably, translation efciency was altered with no m6A bias after METTL16 ablation, 

similar to previous reports that METTL16 regulates translation efciency in an m6A•

independent manner in human cell lines, facilitating the translation of thousands of 

transcripts by promoting the formation of translation initiation complexes [18]. Impor•

tantly, the combined RIP•seq and m6A•seq analyses of METTL16 revealed that the m6A 

peaks identifed in both control and Mettl16 cKO testes were mainly enriched in the 

3’UTR region and were closer to the TTS, which was consistent with a previous report 

that m6A modifcations were distributed near stop codons and in 3’UTR [7]. Among the 

downregulated m6A peaks in Mettl16 cKO testes, Fbxo31 and Nsl1 were identifed to be 

bound by METTL16. Given that Fbxo31 plays a central role in G1 arrest following DNA 

damage [35] and Nsl1 is required for normal chromosome alignment and segregation 

during mitosis [36, 37], the alterations of m6A modifcation in these cell cycle•related 

genes may explain the pre•leptotene arrest in Mettl16 cKO testes. Recent studies have 

shown that METTL16 binds directly to eIF3A/B or eIF4E to promote translation [38]. 

However, no eukaryotic translational initiation factors with signifcant fold changes were 

found in the METTL16 antibody•immunoprecipitated fraction, nor was the eIF3B band 

observed when Co•IP analysis was applied to the mouse testes. Tus, METTL16 may 

participate in translation control, either indirectly or in an unknown manner.

In C. elegans and human cells, METT•10 (an ortholog of mouse METTL16) deposits 

m6A on the 3’ splice site of SAM pre•mRNA and regulates proper splicing of SAM syn•

thetase Mat2a via either its methyltransferase or non•methyltransferase activities [15, 

16]. In the current study, although Mat2a was identifed in the A3SS events and directly 

bound by METTL16 according to RIP•qPCR data, further analysis suggested that the 

expression level of Mat2a was not altered in Mettl16 cKO testis and the splice site of 

Mat2a in Mettl16 cKO mice was diferent from that in humans (Additional fle 1: Fig. 

S5C). Terefore, the spermatogenesis arrest in Mettl16 cKO mice may not be directly 

correlated with the A3SS splicing of Mat2a in mice. In this study, we found 91 overlap•

ping DEGs and AS genes in P10 Mettl16 cKO testes that were mainly enriched in DNA 

recombination, sister chromosomes segregation, and the meiotic cell cycle, confrming 

that METTL16 functions in mouse meiotic progression by regulating AS. Interestingly, 

we discovered that METTL16 could bind to known splicing factors SF3B1 and SF3B3 

[39, 40], as well as the mRNA of Stag3 and Ddb2. METTL16 knockout caused increased 

exon skipping in Stag3 and increased intron retention in Ddb2. Previous studies have 

shown that Stag3 is a key meiosis•specifc STAG protein that associates with the cohesin 

proteins SYCP2 and SYCP3 to form an axial element (AE) in early meiotic prophase I 

[25]. Moreover, in the meiocytes of Stag3 knockout mice, no AE was formed and syn•

apsis did not occur; only difused dot•like or aggregate SYCP3•positive signals were 

observed in leptonema•like cells [41]. Similar to Stag3•defcient mice, only low•level, dif•

fused, weak SYCP3 signals were found in the meiotic spermatocytes of our Mettl16 cKO 

mice, suggesting that no AE was formed in Mettl16 cKO mice. Terefore, our study is 

the frst to demonstrate that dysregulated AS of key regulators targeted by METTL16 

may be a reason why the mitosis•to•meiosis transition is compromised upon METTL16 

ablation in mice, suggesting that METTL16•mediated AS is essential for male mei•

otic progression. However, it remains to be elucidated whether the m6A modifcations 
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around the AS sites in Stag3 mRNAs also change upon METTL16 deletion. Tis opens 

up renewed interest in studying the role of m6A writers in male meiosis and germ cell 

development. Moreover, we also designed minigenes of Stag3 and Ddb2 (cloning splic•

ing regulated region into pcDNA3.1) and co•transfected them with wild•type METTL16 

or catalytically dead mutant METTL16 into HEK293T cells in vitro, respectively. Sur•

prisingly, the splicing pattern of these two genes in vitro was found to be diferent from 

that in spermatogonia. Te primary transcript of Ddb2 was diferent, and Stag3 did not 

even undergo alternative splicing in HEK293T cells, although wild•type METTL16 and 

the catalytically dead mutant FLAG•METTL16 were normally expressed (Additional 

fle 1: Fig. S5D•E). Tus, this in vitro method may not always be suitable for all gene AS 

studies, and AAV injection into neonatal mouse testis through eferent duct injection 

may be a better way to study gene AS in spermatogonia in the future.

METTL16 may play a critical role in AS regulation through two main axes: the 

METTL16/U6 axis and the METTL16/SF3B axis. METTL16 could methylate U6 snRNA 

and likely infuence interactions with other splicing factors, thereby afecting spliceo•

some assembly and splice site selection, ultimately modulating alternative splicing pat•

terns of specifc genes. In addition, METTL16 directly interacts with SF3B1/ SF3B3 and 

these interactions may regulate the functional states of SF3B proteins, afecting their 

assembly into the spliceosome and their role in AS. Terefore, the METTL16/U6 axis 

and the METTL16/SF3B axis may contribute to the regulation of spliceosome function 

and alternative splicing patterns, which are critical for maintaining gene expression in 

spermatogenesis.

In the current study, the potential diference in germ cell composition between the 

wild•type control and METTL16 cKO groups at P10 likely introduced a bias in the 

detected diferentially expressed genes (DEGs) identifed by RNA•seq. We hypothesized 

that these DEGs may be infuenced by indirect factors rather than direct regulation by 

METTL16. Nevertheless, by choosing the P10 time point for RNA•seq, we were able 

to obtain a large number of DEGs in Mettl16 cKO mice. Our RNA•seq results revealed 

403 up•regulated and 693 down•regulated genes with absolute log2•transformed fold 

changes greater than 1.5 and an adjusted P•value < 0.05, and this number of DEGs is 

acceptable in the context of our study. Despite this bias, we performed RNA•seq at P10 

to study spermatogonial diferentiation and the onset of meiosis simultaneously. To 

overcome this challenge, we strategically isolated cKit + spermatogonia and performed 

qPCR for validation, which increased the relevance of our fndings to spermatogonial 

diferentiation and minimized potential noise from other testicular cell types.

Conclusion

Based on the functions of the m6A writer METTL16, we propose a molecular model 

in which METTL16 regulates spermatogenic•related genes via two mechanisms, m6A 

transferase activity•dependent transcription regulation and m6A•independent mRNA 

TE regulation, to control proper spermatogonial diferentiation and meiotic initia•

tion. A new insight into METTL16 and MEIOC/YTHDC2/RBM46 interaction was 

revealed, forming a complex as the critical transcriptional and translational regulator 

in testes. Te exact mechanism by which the m6A modifcation pathway is mediated 

by METTL16 requires further biochemical and genetic studies. Nevertheless, our data 
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strongly support the hypothesis that METTL16•mediated AS and TE regulation are 

essential for spermatogonial diferentiation and meiosis initiation. Our fndings provide 

a starting point for further elucidation of the functional importance of m6A writers in 

the early stages of mammalian spermatogenesis.

Methods

Ethics statement

All mice were bred and housed under specifc pathogen•free conditions with controlled 

temperature (22–25  °C) and 50–70% humidity in the animal center of Huazhong Uni•

versity of Science and Technology. All animal experiments were approved by the Insti•

tutional Animal Care and Use Committee of Huazhong University of Science and 

Technology and conducted in accordance with the Guide for the Care and Use of Labo•

ratory Animal (approval number: S2795).

Mice

Mettl16flox/+ mice were generated by Cyagen Biosciences company. Te Stra8-Cre mouse 

line was gifted from Professor Minghan Tong of the Center for Excellence in Molecu•

lar Cell Science, Chinese Academy of Sciences (Shanghai, China). Tere are 10 exons in 

the mouse Mettl16 gene, with the ATG start codon in exon 2 and the TAA stop codon 

in exon 10 (Transcript: ENSMUST00000141755). Te loxP sites were inserted into the 

intron 2 and intron 3 of Mettl16 gene to generate the Mettl16+/flox mice. Mettl16flox/flox 

mice were generated by mating Mettl16flox/+ and Mettl16flox/+ mice. Mettl16flox/+; Stra8-

Cre mice were generated by breeding Stra8-Cre mice with Mettl16flox/+ mice. Mettl-

16flox/Del; Stra8-Cre (designated as Mettl16 cKO) mice were generated by crossing male 

Mettl16flox/+Stra8-Cre mice with female Mettl16flox/flox mice. Exon 2 of the Mettl16 gene 

contains 128 bp that encodes protein. Deletion of exon 3 of the Mettl16 gene will result 

in a frameshift and might produce a short peptide encoding about 43 amino acids, which 

is too small (~ 4.7 KDa) to be detected. Te C•terminal EGFP•tagged METTL16 (Met-

tl16EGFP•Tagged) mice were generated by Cyagen Biosciences company. Te sgRNA to 

the mouse Mettl16 gene, the donor vector containing the ‘3xEAAAK•EGFP’ cassette, 

and Cas9 mRNA were co•injected into fertilized C57BL/6 J mouse oocytes to generate 

targeted knockin ofspring. F0 founder mice were identifed by PCR followed by Sanger 

sequence analysis and mated with wild•type C57BL/6  J mice to obtain the F1 genera•

tion. Genotyping of the mice was performed using PCR amplifcation of genomic DNA 

extracted from mouse tails. Te primer sequences used are listed in Additional fle 11: 

Table S10.

Construction of expression plasmids and cell culture

Full•length METTL16, mutant METTL16 expression constructs were generated by PCR 

amplifcation using adult mouse testis cDNA, followed by purifcation with agarose gel 

electrophoresis. Ten, PCR products were subcloned into the p3xFLAG•CMV plasmids 

to yield expression constructs before transfection into 293  T cells. For the generation 

of mini•gene of Stag3 and Ddb2, splicing regions were generated by PCR amplifcation 

using mouse tail genome DNA and were subcloned into pcDNA3.1 plasmids, respec•

tively. HEK293T cells were maintained in DMEM with 10% FBS and seeded into 24 well 
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dishes. Expression plasmids were transfected in 293 T cells using Lipo2000 following the 

manufacturer’s instruction. Cells were collected 48 h after transfection, and RT•PCR was 

performed.

Fertility test

Fertility was analyzed using caged 8•weeks•old wild•type female mice with control or 

Mettl16 cKO male mice for at least 5 months. Generally, two females were mated with 

one male in each cage, and the females were checked for vaginal plugs every morning. 

Pregnant female mice were single•caged and the number of ofspring was recorded.

PAS staining

Mouse testes and epididymides were dissected and fxed in Bouin’s solution (HT10132, 

Sigma•Aldrich, USA) for 24 h at room temperature (RT), followed by fve washes with 

75% ethanol for 30 min. After dehydration, samples were embedded in parafn and sec•

tioned into 5 μm slices. Testicular and epididymal sections were dewaxed and sequen•

tially hydrated, followed by incubation with 0.5% periodic acid solution at RT in the 

dark for 20  min. Te slides were then washed twice with phosphate bufered saline 

(PBS) and incubated with Schif’s reagent at RT for 15 min. Nuclei were counter•stained 

with hematoxylin, and the sections were dehydrated and sealed with neutral gum for 

photographing.

Immunofuorescence staining

For immunofuorescence staining, mouse testes were fxed in 4% paraformaldehyde 

(PFA) for 4–6 h at RT and sequentially dehydrated with a sucrose gradient. After shak•

ing in Tissue•Tek O.C.T compound (4583, Sakura Finetek, Torrance, CA, USA) for 1 h, 

the tissues were embedded using liquid nitrogen. Tissue sections were cut at 5 μm and 

mounted on slides. Antigen retrieval was performed by boiling slides in 0.01 M sodium 

citrate bufer at approximately 95  °C for 20 min in a microwave. Tissue sections were 

washed with PBS, blocked with 3% bovine serum albumin for 30 min at RT, and incu•

bated with primary antibodies at 4 °C overnight in a humidifed chamber. After washing 

three times with PBS, the sections were incubated with secondary antibodies for 1–2 h 

at RT. Te slides were mounted with VectorShield mounting medium containing DAPI 

after rinsing three times with PBS. Te images were captured using a confocal micro•

scope (Zeiss, Germany). Detailed information on the antibodies used in this study is 

provided in Additional fle 12: Table S11.

For the EdU incorporation analysis, control and Mettl16 cKO male mice (P10) were 

injected with 50 mg/kg EdU (dissolved in PBS). After 2 h, the testes were removed, and 

cryosections were prepared as described above. EdU signals were detected using an EdU 

Cell Proliferation Image Kit (green fuorescence) (KTA2030, Abbkine, Wuhan, China) 

according to the manufacturer’s instructions.

Chromosome spread analysis

Testes were dissected from P12 male mice (control and Mettl16 cKO) and the tunica 

albuginea was removed. Testicular seminiferous tubules were treated with hypotonic 

bufer containing 30  mM Tris (pH 8.2), 17  mM trisodium citrate dihydrate, 50  mM 
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sucrose, 5  mM ethylenediaminetetraacetic acid, 0.5  mM dithiothreitol, and 0.5  mM 

phenylmethylsulfonyl fuoride for 60 min. Te tubules were cut into fragments and sus•

pended in 100  mM sucrose on slides. After treatment with 2% PFA containing 0.15% 

Triton X•100, the slides were incubated in a humidifed chamber for 4–6 h at RT and 

washed with 0.4% Photo•Flo (1,464,510, Kodak, Rochester, NY, USA). Te slides were 

air•dried and immunostained for imaging using a Axio Scope A1 microscope (Zeiss).

c‑KIT‑positive spermatogonia isolation

Spermatogonia were isolated from freshly harvested P10 control and Mettl16 cKO 

mouse testes. Briefy, testes were digested with 1  mg/ml collagenase IV at 37  °C for 

10  min, centrifuged, and washed with Dulbecco’s Modifed Eagle Medium. Seminifer•

ous tubules were subsequently digested with 0.25% trypsin containing 1 mg/ml DNase I 

at 37 °C for 3 min to prepare single•cell suspensions. Cell clumps were removed using a 

40 µm nylon mesh. Te cells were incubated for 15 min at 4 °C with CD117 microbeads 

(Miltenyi Biotec, Germany) and magnetically separated using columns to obtain c•KIT•

positive spermatogonia.

RNA‑seq and RT‑qPCR

Total RNA was extracted from P10 mouse testes or c•KIT•positive spermatogonia using 

TRIzol reagent (Termo Fisher Scientifc, Waltham, MA, USA) according to the man•

ufacturer’s instructions and subjected to high•throughput RNA•seq or RT•qPCR. For 

RNA•seq, three biological replicates were performed using P10 control and Mettl16 

cKO testes, with one mouse for each sample. Poly (A +)•enriched cDNA libraries were 

generated and raw data (base pairs) were produced using the Illumina Hi•Seq 2500 plat•

form (Illumina, San Diego, CA, USA). Data were trimmed with Cutadapt v1.9.1 and 

mapped to the UCSC mm10 genome using HiSAT2 v2.0.1, with the default parameters. 

Statistical signifcance tests for DEGs were performed using DEseq2. DEGs were defned 

as genes with absolute log2•transformed fold changes greater than 1.5 and an adjusted 

P•value < 0.05. GSEA using GO and Kyoto Encyclopedia of Genes and Genomes were 

performed using the Database for Annotation, Visualization, and Integrated Discovery. 

rMATS was used to analyze the splicing events. Events with a false discovery rate < 0.05 

and |△PSI|> 10% were regarded as diferential splicing events. Gene track view of inter•

ested genes were visualized using the IGV browser.

For RT•qPCR, cDNA was synthesized using a PrimeScript RT Reagent Kit (Takara Bio 

Inc., Japan). Quantitative PCR was performed using SYBR Green Master Mix (Takara 

Bio Inc.) and analyzed using an LC480 (Roche Applied Science, Germany). Te primer 

sequences are listed in Additional fle 11: Table S10. Te relative expression of 12 mei•

otic genes in P10 testes and purifed c•KIT+ spermatogonia were detected to validate 

the RNA•seq results, with Gapdh and Actin used as internal controls for gene expres•

sion normalization, respectively. Additionally, Stra8 expression in c•KIT+ spermatogo•

nia was also tested. At least three replicates were performed. Statistical analysis between 

normalized gene expression in each sample was performed by two•sided Student’s t•test 

using GraphPad Prism 8.0.
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Western blot

Testis proteins were extracted using RIPA lysis bufer, then boiled with 5 × sodium dode•

cyl•sulfate (SDS) loading bufer and separated using SDS• polyacrylamide gel electro•

phoresis (PAGE). Proteins from the PAGE were transferred to polyvinylidene difuoride 

membranes, blocked with 5% skim milk in Tris•bufered saline with 0.1% Tween20 

(TBST) for 1 h at RT, and incubated with primary antibodies at 4  °C overnight. After 

washing with TBST, the membranes were incubated with corresponding horseradish 

peroxidase•conjugated secondary antibodies for 1 h at RT. Images were captured using 

a Luminol/Enhancer and Peroxide solution (Clarity Western ECL Substrate, Bio•Rad, 

Hercules, CA, USA). Detailed information on the primary and secondary antibodies 

used is provided in Additional fle 12: Table S11.

RNA immunoprecipititation (RIP)‑seq

RIP•seq was performed on spermatogenic cells from P10 testis as described previously 

[42]. Briefy, about forty testes from twenty P10 mice were dissected, decapsulated in 

PBS at RT, and then treated with collagenase and trypsin sequentially in a 37 °C water 

bath to obtain a single•cell suspension. Somatic cells, such as Sertoli cells, were removed 

in overnight culture, leaving spermatogenic cells. Te cell pellets were collected, resus•

pended in PBS, cross•linked in the ultraviolet cross linker with a 150 mj/cm2, and lysed 

in RIP lysis bufer. After centrifugation at 4 °C, the supernatant was collected and 1/10 

lysis bufer were kept for ‘Input’ sample. Te remaining lysis bufer were incubated with 

pre•cleaned magnetic beads (MCE) with 5 µg METTL16 antibody or IgG (used as con•

trol) at 4 °C overnight. Te beads were washed three times, and protein•bound mRNAs 

were extracted using TRIzol and chloroform. Te purity and integrity of the extracted 

mRNAs were assessed using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, 

CA, USA). Tere were two group for each ‘Input’ sample and the ‘RIP’ sample for RIP•

seq. Te RNA sequencing library was constructed by using KC•DigitalTM Stranded 

mRNA Library Prep Kit for Illumina® (Catalog NO. DR08502, Wuhan Seqhealth Co., 

Ltd. China) following the manufacturer’s instruction and then sequenced on Novaseq 

6000 sequencer (Illumina) with PE150 model. Trimmomatic (version 0.36) was used to 

flter low•quality reads and trimmed the reads contaminated with adaptor sequences. 

Ten, the de•duplicated sequences were used for protein binding site analysis and were 

mapped to the reference genome of mus musculus from GRC38 using STAR software 

(version 2.5.3a) with default parameters. ExomePeak (Version 3.8) software was used for 

peak calling, and peaks were annotated using bedtools (Version 2.25.0). Ten, deepTools 

(version 2.4.1) was used for peak distribution analysis, and sequence motifs enriched in 

peak regions were identifed using Homer (version 4.10) with default parameters. Gene 

ontology (GO) analysis for interested genes was done by the Metacape website (http:// 

metas cape. org/) with a corrected P•value cutof of 0.05 to judge statistically signifcant 

enrichment.

Immunoprecipitation‑mass spectrometry (IP‑MS)

Testes from fve P10 mice were dissected and lysed in IP lysis bufer with pre•added pro•

teinase inhibitors (Termo Fisher Scientifc). Te lysates were centrifuged at 14,000 × g 

for 20 min. Te supernatant was collected and 1/10 volume was used as the input. Te 

http://metascape.org/
http://metascape.org/
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rest of the protein was incubated with METTL16 antibody, IgG, or METTL16 antibody 

plus RNase A for 2 h at 4 °C with gentle rotation. Pre•cleaned magnetic Protein A beads 

(Invitrogen, Waltham, MA, USA) were added and incubated at 4  °C overnight. Te 

beads were washed with IP lysis bufer and eluted with the elution bufer. Te eluted 

samples were subjected to MS or boiled with 5 ×  SDS loading bufer for western blot 

analysis. MS experiments were performed on a Q Exactive Plus mass spectrometer cou•

pled to an Easy nLC1200 (Termo Scientifc). High•performance liquid chromatography 

(HPLC) separation was performed using a self•packed column at a fow rate of 300 nL/

min. MS data were then acquired by dynamically selecting the most abundant precursor 

ions from the survey scan (350•1800 m/z) for fragmentation. MaxQuant (version 1.6.1.0) 

was used to analyze the MS data and searched against the UniProtKB Rattus norvegicus 

database. Results were fltered and exported with < 1% false discovery rate (FDR) at the 

peptide and protein levels, respectively. Te experiment was repeated twice. Te IP•MS 

data is provided in Additional fle 10: Table S9.

Ribosome profling

Testes from seven P10 control or Mettl16 cKO mice were dissected, immediately placed 

in liquid nitrogen for 2 h, and transported on dry ice to Genechem (Shanghai, China) for 

parallel Ribo•seq and RNA•seq. Tere is one group for ribosome profling for each ’con•

trol’ sample (mixture of 14 testes) and the ‘cKO’ sample (mixture of 14 testes). Briefy, 

samples were treated with a specifc lysis bufer containing cycloheximide (50 mg/mL) to 

obtain the lysate and the concentration of the lysate was measured using the NanoDrop™ 

2000 spectrophotometer. To construct a library for Riboseq, unspecifc endoribonucle•

ase RNase ǀ was added to digest RNA other than RPFs. Monosomes were isolated using 

size•exclusion chromatography on a MicroSpin S•400 HR column. Te RNA samples 

were then treated with an rRNA depletion kit and purifed with PAGE. cDNA was syn•

thesized and amplifed using PCR to construct a library. Samples were sequenced using 

the Illumina platform, and 150 nt paired•end sequencing was used to obtain 15G raw 

data. After trimming raw data, clean reads were mapped to the reference genome using 

TopHat2. Te mapped results were quantifed at the gene level using HTSeq. Reads per 

kilobase of transcript per million mapped reads (RPKM) were generated to represent the 

expression levels of each gene. Parallel RNA•seq was used to analyze the abundance of 

all transcripts to determine the number of ribosomes associated with individual tran•

scripts after combined analysis with Ribo•seq. Translation efciency (TE), in the context 

of cell biology, is the rate of mRNA translation into proteins within cells and was calcu•

lated as the ratio of RPKM in Ribo•seq to RPKM in RNA•seq using Xtail.

Construction of AAV vectors and eferent duct injection

Total RNA was isolated from adult mouse testes and cDNA was prepared using reverse 

transcription. Te full•length open reading frame of Mettl16 was amplifed from the 

cDNA using PCR with specifc primers. A mutant cDNA of Mettl16 was generated 

(PP185•186AA, inactivated m6A transferase activity, catalytically dead), and the PCR 

product was cloned into GV467. An empty vector was used as a negative control. Each 

vector was cotransfected with the packaging vectors (pHelper and pAAV•RC) into 293 T 

cells. After 48–72 h, the virus propagation was collected and concentrated. A high•titer 
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of METTL16, mutant, or negative control virus was delivered to mouse testes via efer•

ent duct injection using a micropipette under a microscope. Green dye was added to 

the virus suspension to monitor the flling of the tubules and approximately 10 µl viral 

suspension was injected into the rete testis of mouse seminiferous tubules. Two weeks 

after the injection, the testes were collected for PAS staining to assess their morphology.

m6A‑seq

m6A•seq was performed as previously described [43]. Briefy, total RNA was extracted 

from one P10 control and Mettl16 cKO mouse testis, respectively, using TRIzol (Invit•

rogen, cat. NO 15596026). After DNA digestion with DNase I, RNA quality was deter•

mined by examining A260/A280 using the NanodropTM OneC spectrophotometer 

(Termo Fisher Scientifc Inc), and RNA integrity was confrmed by agarose gel electro•

phoresis. 10 μg total RNA (control or Mettl16 cKO) was used for polyadenylated RNA 

enrichment using VAHTS mRNA Capture Beads (VAHTS, cat. NO. N401•01/02) to 

enrich mRNA. RNA fragments were fragmented (100•200 nt) by ZnCl2 treatment and 

incubated at 95℃ for 10 min. Among these RNA, 10% RNA fragments were stored as 

"input," and the rest was later used for m6A immunoprecipitation (IP). Anti•m6A anti•

body (Synaptic Systems, 202203) was used for m6A immunoprecipitation. RNA samples 

of both input and IP were prepared using TRIzol. Te RNA sequencing library was pre•

pared using the KC•DigitalTM Stranded mRNA Library Prep Kit for Illumina® (Cata•

log No. DR08502, Wuhan Seqhealth Co., Ltd. China) according to the manufacturer’s 

instructions and fnally sequenced on the Novaseq 6000 sequencer (Illumina) using the 

PE150 model. Raw sequencing data were processed in the same way as RIP•seq. Te 

m6A peaks were annotated using bedtools (version 2.25.0), and deepTools (version 2.4.1) 

was used for peak distribution analysis with default parameters. Diferential m6A peaks 

were identifed using a Fisher test. Sequence motifs enriched in m6A peak regions were 

identifed using Homer (version 4.10), and m6A peaks were visualized using the IGV 

browser.

LC‑ESI‑MS/MS analysis of m6A levels

Total RNA was extracted using TRIzol from P8 control or Mettl16 cKO mouse testes 

for MS analysis. Two biological replicates were performed. Te concentration and purity 

of RNA were detected using a Nanodrop ND•1000 (Termo Fisher Scientifc), whereas 

RNA integrity and genomic DNA contamination were tested using denaturing agarose 

gel electrophoresis. RNA was digested using nuclease S1, phosphodiesterase, and alka•

line phosphatase at 37 °C. Te digested sample was extracted with chloroform, and the 

supernatant was collected in brown autosampler vials for LC•ESI•MS/MS. Nucleosides 

were separated using an ACQUITY HSS T3 column (Waters, Milford, MA, USA) and 

detected with a TRAP 6500 (AB SCIEX, Framingham, MA, USA) in  ESI+ ion multiple 

reaction monitoring (MRM) mode. Nucleoside•to•base ion mass transitions were used 

to quantify the modifcations, and pure nucleosides were used to generate standard 

curves. Finally, the m6A level was calculated as a percentage of total unmodifed A, as 

previously described [11].



Page 27 of 29Ma et al. Genome Biology          (2024) 25:193  

Statistical analysis

Te data were shown as the mean ± standard error of the mean (SEM). Te statistical 

signifcance of the diferences between the mean values was measured using two•sided 

Student’s t•test with GraphPad Prism 8.0. Data were considered statistically signifcant 

at *P < 0.05, **P < 0.01, and ***P < 0.001.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s13059- 024- 03332-5.

 Additional fle 1: Figure S1. Conservative analysis of METTL16 among diferent species and its expression during 
spermatogenesis. Figure. S2. Generation of germline-specifc Mettl16 knockout mouse model. Figure. S3. Loss of 
METTL16 in testes causes aberrant alternative splicing. Figure. S4. Ribo-seq and RNA-seq analyses of P10 Control and 
Mettl16 cKO testes. Figure 5. Related to the data of Figs. 6, 7.

 Additional fle 2: Table S1. DEGs identifed between Control and Mettl16 cKO mouse testes at P10.

 Additional fle 3: Table S2. GO term anlsysis of DEGs in Mettl16 cKO testes identifed from RNA-seq data.

 Additional fle 4: Table S3. GO term analysis of down-regulated genes in P10 Mettl16 cKO testes identifed from RNA-
seq data.

 Additional fle 5: Table S4. Ribo-seq of Control and Mettl16 cKO testes at P10.

 Additional fle 6: Table S5. RIP-seq of METTL16 binding targets using spermatogenic cells from P10 testis.

 Additional fle 7: Table S6. m6A level identifed using LC-ESI-MS/MS from P8 testes.

 Additional fle 8: Table S7. m6A peaks identifed in P10 Control and Mettl16 cKO testes from m6A-seq data.

 Additional fle 9: Table S8. Up-regulated and Down-regulated peaks identifed in P10 Mettl16 cKO testes using 
m6A-seq.

 Additional fle 10: Table S9. Proteins identifed in P10 METTL16 complexes (IP-MS).

 Additional fle 11: Table S10. The sequences of primers used in this study.

 Additional fle 12: Table S11. Antibodies used for immunohistochemistry and immunoblot in this study.

 Additional fle 13. Uncropped images for the blots.

 Additional fle 14. Review history.

Acknowledgements

We are grateful for discussions with colleagues from Huazhong University Science and Technology, China, in the very 
initial phase of the project and thank Prof. Minghan Tong at the Shanghai Institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences, for kindly sharing the Stra8-Cre mouse line.

Review history

The review history is available as Additional fle 14.

Peer review information

Hamish King and Wenjing She were the primary editors of this article and managed its editorial process and peer review 
in collaboration with the rest of the editorial team.

Authors’ contributions

S.Y., Y.G., and F.W. conceived and designed the study. Q.M., Y.G., X.M., B.Z., W.X., S.Y., C.C., S.M., G.S., J.Y., K.L., and X.W. per-
formed most bench work and data analyses. Y.G. performed the bioinformatic analysis. W.X. carried out the eferent duct 
injection. Q.M. and Y.G. wrote the manuscript. F.W. and Y.G. provided academic consultation and revised the manuscript. 
S.Y. supervised the project and revised the manuscript. All authors read and approved the manuscript.

Funding

This work was supported in part by grants from the National Natural Science Foundation of China (82171605 to S.Y. and 
31900511 to F.W.), Basic Research Support Program of Huazhong University of Science and Technology (2023BR031 to 
S.Y.), Shenzhen High-level Hospital Construction Fund (to Y.G.), and the foundation of Guangdong Key Laboratory of 
Male Reproductive Medicine and Genetics (to S.Y.).

Availability of data and materials

The RNA-seq datasets are available in the NCBI SRA database under accession number PRJNA1019929 (www. ncbi. nlm. 
nih. gov/ sra/? term= PRJNA 10199 29) [44], Ribo-seq datasets are available in the NCBI SRA database under accession 
number PRJNA1022765 (www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10227 65) [45], m6A-seq datasets are available in the 
NCBI SRA database under accession number PRJNA1020634 (www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10206 34) [46] and 
RIP-seq datasets are available in the NCBI SRA database under accession number PRJNA1071981 (https:// www. ncbi. nlm. 
nih. gov/ sra/? term= PRJNA 10719 81)  [47]. The study additionally used several public datasets from NCBI GEO datasets 
including single-cell RNA-sequencing of adult wild-type mouse spermatogenic cells (www. ncbi. nlm. nih. gov/ geo/ query/ 
acc. cgi? acc= GSE10 9033) [22] and wildtype postnatal 7 days testicular cells (www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? 

https://doi.org/10.1186/s13059-024-03332-5
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1019929
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1019929
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1022765
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1020634
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1071981
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1071981
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109033
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109033
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117708


Page 28 of 29Ma et al. Genome Biology          (2024) 25:193 

acc= GSE11 7708) [23]. Raw scripts used in the paper can be found from ZENODO (https:// doi. org/ 10. 5281/ zenodo. 12608 
411) [48]. Uncropped versions of our microscopy images are deposited on Figshare (https:// doi. org/ 10. 6084/ m9. fgsh are. 
26143 246)  [49].

Declarations

Competing interests

The authors declare that they have no competing interests.

Received: 1 December 2023   Accepted: 9 July 2024

References

 1. Suzuki S, McCarrey JR, Hermann BP. An mTORC1-dependent switch orchestrates the transition between mouse 
spermatogonial stem cells and clones of progenitor spermatogonia. Cell Rep. 2021;34:108752.

 2. Lin Z, Tong MH. m(6)A mRNA modifcation regulates mammalian spermatogenesis. Biochim Biophys Acta Gene 
Regul Mech. 2019;1862:403–11.

 3. Gewiss RL, Schleif MC, Griswold MD. The role of retinoic acid in the commitment to meiosis. Asian J Androl. 
2021;23:549–54.

 4. Kasowitz SD, Ma J, Anderson SJ, Leu NA, Xu Y, Gregory BD, Schultz RM, Wang PJ. Nuclear m6A reader YTHDC1 regu-
lates alternative polyadenylation and splicing during mouse oocyte development. PLoS Genet. 2018;14:e1007412.

 5. Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, Fu Y, Parisien M, Dai Q, Jia G, et al. N6-methyladenosine-dependent 
regulation of messenger RNA stability. Nature. 2014;505:117–20.

 6. Shi H, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, Liu C, He C. YTHDF3 facilitates translation and decay of N(6)-methyladen-
osine-modifed RNA. Cell Res. 2017;27:315–28.

 7. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA modifcations. Nat Rev Mol Cell Biol. 
2017;18:31–42.

 8. Mendel M, Chen KM, Homolka D, Gos P, Pandey RR, McCarthy AA, Pillai RS. Methylation of structured RNA by the 
m(6)A writer METTL16 Is essential for mouse embryonic development. Mol Cell. 2018;71:986-1000 e1011.

 9. Tan X, Zheng C, Zhuang Y, Jin P, Wang F. The m6A reader PRRC2A is essential for meiosis I completion during sper-
matogenesis. Nat Commun. 2023;14:1636.

 10. Haussmann IU, Bodi Z, Sanchez-Moran E, Mongan NP, Archer N, Fray RG, Soller M. m(6)A potentiates Sxl alternative 
pre-mRNA splicing for robust Drosophila sex determination. Nature. 2016;540:301–4.

 11. Lin Z, Hsu PJ, Xing X, Fang J, Lu Z, Zou Q, Zhang KJ, Zhang X, Zhou Y, Zhang T, et al. Mettl3-/Mettl14-mediated mRNA 
N(6)-methyladenosine modulates murine spermatogenesis. Cell Res. 2017;27:1216–30.

 12. Xu K, Yang Y, Feng GH, Sun BF, Chen JQ, Li YF, Chen YS, Zhang XX, Wang CX, Jiang LY, et al. Mettl3-mediated m(6)A 
regulates spermatogonial diferentiation and meiosis initiation. Cell Res. 2017;27:1100–14.

 13 Ruszkowska A. METTL16, Methyltransferase-like protein 16: current insights into structure and function. Int J Mol Sci. 
2021;22(4):2176.

 14. Doxtader KA, Wang P, Scarborough AM, Seo D, Conrad NK, Nam Y. Structural Basis for Regulation of METTL16, an 
S-Adenosylmethionine Homeostasis Factor. Mol Cell. 2018;71:1001-1011 e1004.

 15. Pendleton KE, Chen B, Liu K, Hunter OV, Xie Y, Tu BP, Conrad NK. The U6 snRNA m(6)A Methyltransferase METTL16 
Regulates SAM Synthetase Intron Retention. Cell. 2017;169:824-835 e814.

 16. Mendel M, Delaney K, Pandey RR, Chen KM, Wenda JM, Vagbo CB, Steiner FA, Homolka D, Pillai RS. Splice site m(6)A 
methylation prevents binding of U2AF35 to inhibit RNA splicing. Cell. 2021;184:3125-3142 e3125.

 17. Warda AS, Kretschmer J, Hackert P, Lenz C, Urlaub H, Hobartner C, Sloan KE, Bohnsack MT. Human METTL16 is a 
N(6)-methyladenosine (m(6)A) methyltransferase that targets pre-mRNAs and various non-coding RNAs. EMBO Rep. 
2017;18:2004–14.

 18. Su R, Dong L, Li Y, Gao M, He PC, Liu W, Wei J, Zhao Z, Gao L, Han L, et al. METTL16 exerts an m(6)A-independent 
function to facilitate translation and tumorigenesis. Nat Cell Biol. 2022;24:205–16.

 19. Zeng X, Zhao F, Cui G, Zhang Y, Deshpande RA, Chen Y, Deng M, Kloeber JA, Shi Y, Zhou Q, et al. METTL16 antago-
nizes MRE11-mediated DNA end resection and confers synthetic lethality to PARP inhibition in pancreatic ductal 
adenocarcinoma. Nat Cancer. 2022;3:1088–104.

 20. Yoshinaga M, Han K, Morgens DW, Horii T, Kobayashi R, Tsuruyama T, Hia F, Yasukura S, Kajiya A, Cai T, et al. The N(6)-
methyladenosine methyltransferase METTL16 enables erythropoiesis through safeguarding genome integrity. Nat 
Commun. 2022;13:6435.

 21. Zhao Y, Luo Q, Wang W, Geng S, Sun Y, Xu T. METTL16, an evolutionarily conserved m6A methyltransferase member, 
inhibits the antiviral immune response of miiuy croaker (Miichthys miiuy). Dev Comp Immunol. 2023;145:104713.

 22. Hermann BP, Cheng K, Singh A, Roa-De La Cruz L, Mutoji KN, Chen IC, Gildersleeve H, Lehle JD, Mayo M, West-
ernstroer B, et al. The Mammalian spermatogenesis single-cell transcriptome, from spermatogonial stem cells to 
spermatids. Cell Rep. 2018;25:1650-1667 e1658.

 23. Wang ZP, Xu XJ, Li JL, Palmer C, Maric D, Dean J. Sertoli cell-only phenotype and scRNA-seq defne PRAMEF12 as a 
factor essential for spermatogenesis in mice. Nat Commun. 2019;10(1):5196.

 24. Nance DJ, Satterwhite ER, Bhaskar B, Misra S, Carraway KR, Mansfeld KD. Characterization of METTL16 as a cytoplas-
mic RNA binding protein. PLoS One. 2020;15:e0227647.

 25. Fukuda T, Fukuda N, Agostinho A, Hernandez-Hernandez A, Kouznetsova A, Hoog C. STAG3-mediated stabilization 
of REC8 cohesin complexes promotes chromosome synapsis during meiosis. EMBO J. 2014;33:1243–55.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117708
https://doi.org/10.5281/zenodo.12608411
https://doi.org/10.5281/zenodo.12608411
https://doi.org/10.6084/m9.figshare.26143246
https://doi.org/10.6084/m9.figshare.26143246


Page 29 of 29Ma et al. Genome Biology          (2024) 25:193  

 26. Anderson EL, Baltus AE, Roepers-Gajadien HL, Hassold TJ, de Rooij DG, van Pelt AM, Page DC. Stra8 and its inducer, 
retinoic acid, regulate meiotic initiation in both spermatogenesis and oogenesis in mice. Proc Natl Acad Sci U S A. 
2008;105:14976–80.

 27. Itoh T, Iwashita S, Cohen MB, Meyerholz DK, Linn S. is a haploinsufcient tumor suppressor and controls spontane-
ous germ cell apoptosis. Hum Mol Genet. 2007;16:1578–86.

 28. Wojtas MN, Pandey RR, Mendel M, Homolka D, Sachidanandam R, Pillai RS. Regulation of m(6)A Transcripts by the 
3’–>5’ RNA Helicase YTHDC2 Is Essential for a Successful Meiotic Program in the Mammalian Germline. Mol Cell. 
2017;68:374-387 e312.

 29 Qian B, Li Y, Yan R, Han S, Bu Z, Gong J, Zheng B, Yuan Z, Ren S, He Q, et al. RNA binding protein RBM46 regulates 
mitotic-to-meiotic transition in spermatogenesis. Sci Adv. 2022;8:eabq2945.

 30. Abby E, Tourpin S, Ribeiro J, Daniel K, Messiaen S, Moison D, Guerquin J, Gaillard JC, Armengaud J, Langa F, et al. 
Implementation of meiosis prophase I programme requires a conserved retinoid-independent stabilizer of meiotic 
transcripts. Nat Commun. 2016;7:10324.

 31. Nguyen HL, Duviau MP, Laguerre S, Nouaille S, Cocaign-Bousquet M, Girbal L. Synergistic Regulation of Transcrip-
tion and Translation in Escherichia coli Revealed by Codirectional Increases in mRNA Concentration and Translation 
Efciency. Microbiol Spectr. 2022;10:e0204121.

 32. Zheng G, Dahl JA, Niu Y, Fu Y, Klungland A, Yang YG, He C. Sprouts of RNA epigenetics: the discovery of mammalian 
RNA demethylases. RNA Biol. 2013;10:915–8.

 33. Han L, Dong L, Leung K, Zhao Z, Li Y, Gao L, Chen Z, Xue J, Qing Y, Li W, et al. METTL16 drives leukemogenesis and 
leukemia stem cell self-renewal by reprogramming BCAA metabolism. Cell Stem Cell. 2023;30:52-68 e13.

 34. Brown JA, Kinzig CG, DeGregorio SJ, Steitz JA. Methyltransferase-like protein 16 binds the 3’-terminal triple helix of 
MALAT1 long noncoding RNA. Proc Natl Acad Sci U S A. 2016;113:14013–8.

 35. Lv L, Wang SC, Mo JY, Huang KL, Xu ML, Liu J. Efects and mechanisms of FBXO31 on Taxol chemoresistance in 
esophageal squamous cell carcinoma. Biochem Biophys Res Commun. 2022;586:129–36.

 36. Clemente-Ruiz M, Muzzopappa M, Milan M. Tumor suppressor roles of CENP-E and Nsl1 in Drosophila epithelial 
tissues. Cell Cycle. 2014;13:1450–5.

 37. Venkei Z, Przewloka MR, Glover DM. Drosophila Mis12 complex acts as a single functional unit essential for ana-
phase chromosome movement and a robust spindle assembly checkpoint. Genetics. 2011;187:131–40.

 38. Wang F, Zhang J, Lin X, Yang L, Zhou Q, Mi X, Li Q, Wang S, Li D, Liu XM, Zhou J. METTL16 promotes translation and 
lung tumorigenesis by sequestering cytoplasmic eIF4E2. Cell Rep. 2023;42: 112150.

 39. Sun C. The SF3b complex: splicing and beyond. Cell Mol Life Sci. 2020;77:3583–95.
 40. Pellagatti A, Boultwood J. SF3B1 mutant myelodysplastic syndrome: recent advances. Adv Biol Regul. 

2021;79:100776.
 41. Hunter N, Hopkins J, Hwang G, Jacob J, Sapp N, Bedigian R, Oka K, Overbeek P, Murray S, Jordan PW. Meiosis-specifc 

cohesin component, stag3 is essential for maintaining centromere chromatid cohesion, and required for DNA repair 
and synapsis between homologous chromosomes. PLoS Genetics. 2014;10(7):e1004413.

 42. Feng S, Li J, Wen H, Liu K, Gui Y, Wen Y, Wang X, Yuan S. hnRNPH1 recruits PTBP2 and SRSF3 to modulate alternative 
splicing in germ cells. Nat Commun. 2022;13:3588.

 43. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L, Osenberg S, Cesarkas K, Jacob-Hirsch 
J, Amariglio N, Kupiec M, et al. Topology of the human and mouse m6A RNA methylomes revealed by m6A-seq. 
Nature. 2012;485:201–6.

 44. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. RNA-seq data. Sequence Read Archive. 2024. www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10199 29.

 45. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. Ribo-seq data. Sequence Read Archive. 2024. www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10227 65.

 46. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. m6A-seq data. Sequence Read Archive. 2024. www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10206 34.

 47. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. RIP-seq data. Sequence Read Archive. 2024. https:// www. ncbi. nlm. nih. gov/ sra/? term= PRJNA 10719 81.

 48. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. Zenodo. https:// doi. org/ 10. 5281/ zenodo. 12608 411.

 49. Ma Q, Gui Y, Ma X, Zhang B, Xiong W, Yang S, Cao C, Mo S, Shu G, Liu K, Wang X, Gui Y, Wang F, Yuan S. N6-methyl-
adenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermato-
genesis. Microscopy images. Figsharehttps:// doi. org/ 10. 6084/ m9. fgsh are. 26143 246.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional afliations.

http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1019929
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1022765
http://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1020634
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1071981
https://doi.org/10.5281/zenodo.12608411
https://doi.org/10.6084/m9.figshare.26143246

	N6-methyladenosine writer METTL16-mediated alternative splicing and translation control are essential for murine spermatogenesis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	METTL16 is highly conserved and essential for spermatogenesis in mice
	METTL16 deficiency causes defective spermatogonial differentiation and meiosis initiation
	METTL16 deletion alters expression of meiosis-related genes
	METTL16 modulates the alternative splicing of Stag3 and Ddb2
	METTL16 regulates the translation efficiency of genes in the testes
	The m6A transferase activity is essential for the function of METTL16 during spermatogenesis
	METTL16 interacts with the MEIOCYTHDC2RBM46 complex

	Discussion
	Conclusion
	Methods
	Ethics statement
	Mice
	Construction of expression plasmids and cell culture
	Fertility test
	PAS staining
	Immunofluorescence staining
	Chromosome spread analysis
	c-KIT-positive spermatogonia isolation
	RNA-seq and RT-qPCR
	Western blot
	RNA immunoprecipititation (RIP)-seq
	Immunoprecipitation-mass spectrometry (IP-MS)
	Ribosome profiling
	Construction of AAV vectors and efferent duct injection
	m6A-seq
	LC-ESI-MSMS analysis of m6A levels
	Statistical analysis

	Acknowledgements
	References


