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SUMMARY

Sertoli cells are the major component of the spermatogonial stem cell (SSC) niche; however, regulatory mechanisms in Sertoli cells that
dictate SSC fate decisions remain largely unknown. Here we revealed features of the N°-methyladenosine (m®A) mRNA modification in
Sertoli cells and demonstrated the functions of WTAP, the key subunit of the m®A methyltransferase complex in spermatogenesis. m°®A-
sequencing analysis identified 21,909 m°A sites from 15,365 putative m°A-enriched transcripts within 6,122 genes, including many Ser-
toli cell-specific genes. Conditional deletion of Wtap in Sertoli cells resulted in sterility and the progressive loss of the SSC population.
RNA sequencing and ribosome nascent-chain complex-bound mRNA sequencing analyses suggested that alternative splicing events
of transcripts encoding SSC niche factors were sharply altered and translation of these transcripts were severely dysregulated by Wtap
deletion. Collectively, this study uncovers a novel regulatory mechanism of the SSC niche and provide insights into molecular interac-

tions between stem cells and their cognate niches in mammals.

INTRODUCTION

Adult stem cells provide foundation for the homeostasis,
growth, and regeneration of most tissues in mammals.
Stem cells rely on extrinsic signals from their specialized
niches to balance self-renewal and lineage commitment
(Jones and Wagers, 2008). The interactions between stem
cells and niches also influence stem cell behaviors in aging
and pathological conditions (Lukjanenko et al., 2016; Mesa
et al., 2015). Identification and functional characterization
of niche components and regulatory mechanisms are
essential for elucidating the molecular basis of stem cell
fate decisions.

Spermatogenesis is a classic stem cell-supported process
that requires the activities of spermatogonial stem cells
(SSCs). SSCs self-renew to maintain an undifferentiated
state and differentiate to produce transient amplifying pro-
genitors that are committed to enter meiosis after several
rounds of mitotic divisions (De Rooij, 1988; Oatley and
Brinster, 2008). Extrinsic cues from the SSC niche work in
concert with intrinsic programs to dictate SSC prolifera-
tion, differentiation, and apoptosis (De Rooij, 2017). Sertoli
cells serve as the major cellular component of the SSC
niche by providing growth factors, extracellular matrix,
and structural support (Griswold, 1998; Meng et al.,
2000). Sertoli cells also regulate spermatogonial differenti-
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ation, meiosis progression, and spermatid development
(Griswold, 2018). These specified functions of Sertoli cells
are directed by precise gene expression regulation at the
transcriptional, post-transcriptional, and translational
levels; however, limited knowledge exists about how these
regulations are conducted. Elucidating gene regulation pro-
grams mediating Sertoli cell-SSC interaction will enhance
our understanding of stem cell niche formation and
maintenance.

N°-methyladenosine (m®A), one of the most widespread
modifications in eukaryotic mRNA, has been linked to
mRNA stability, structure, splicing, processing, and transla-
tional efficiency (TE) (Gilbert et al., 2016; Zhao et al., 2017).
The m®A modification is catalyzed by a multiprotein meth-
yltransferase complex composed of methyltransferase-like
3 (METTL3), METTL14, and Wilms tumor 1-associated pro-
tein (WTAP) (Liu et al., 2014). METTL3 functions as the ma-
jor catalytic subunit, while METTL14 forms a stable hetero-
dimer with METTL3 to enhance methyltransferase activity
(Wang et al., 2016). WTAP recruits METTL3 and METTL14
to mRNA targets (Ping et al.,, 2014). Findings from
knockout mouse models uncovered pivotal roles of
METTL3- and METTL14-mediated RNA methylation in
embryogenesis (Horiuchi et al.,, 2006), neurogenesis
(Wang et al., 2018), and adipogenesis (Kobayashi et al.,
2018). In stem cell-dependent tissues, m®A modification
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has critical functions in controlling lineage specification
and fate choice of stem and progenitor cells. METTL3-defi-
cient hematopoietic stem cells fail to differentiate properly
(Cheng et al., 2019) and Mettl14 deletion in neural progen-
itors causes defects in cell cycle progression (Yoon et al.,
2017). Moreover, conditional deletion of Mettl3 or Mettl14
in germ cells using Ddx4-Cre leads to SSC depletion and
male sterility (Lin et al., 2017). Despite these key findings,
the roles of m®A modification in Sertoli cells are unknown
and the functions of WTAP in establishing and maintain-
ing the SSC niche remain to be determined.

Here, using spermatogenesis as a model system, we inves-
tigated features and functions of m®A modification in con-
trolling the establishment and maintenance of stem cell
niche. We illustrated the m®A methylome and examined
the function of WTAP-dependent m°A in Sertoli cells. We
showed that WTAP is essential for SSC maintenance and
spermatogonial differentiation. Mechanistically, WTAP-
mediated m°®A modification controlled transcription and
translation of a list of genes in Sertoli cells to sustain SSC
niche and govern normal spermatogenesis.

RESULTS

WTAP Is Highly Expressed in Murine Sertoli Cells

We firstly examined the expression of m°®A methyltrans-
ferases WTAP, METTL3, and METTL14 in mouse testis.
Immunofluorescent staining revealed that METTL3 or
METTL14 was co-localized with WTAP in germ cells and
Sertoli cells within seminiferous tubules (Figure S1A). Inter-
estingly, we noticed that immunoreactive signal for WTAP
appeared to be strong in Sertoli cells. Co-staining of WTAP,
METTL3, or METTL14 with Sertoli cell markers showed that
all these proteins were expressed in Sertoli cells and WTAP
indeed was strongly enriched in Sertoli cells (Figure 1A). We
then examined relative abundances of Wtap, Mettl3, and
Mettl14 in fluorescence-activated cell sorting isolated Ser-
toli cells from Sox9°” transgenic mice. Wtap and Mettl3
transcript concentrations were increased by 5.23-fold and
3.47-fold in SOX9-GFP" cells compared with those in Ser-
toli cell-depleted testicular cells (Figure S1B). Together,
these data indicated that all three methyltransferases co-ex-
isted and likely catalyzed m°®A modification in Sertoli cells.

Analysis Features of m°A Modification in Sertoli Cells

As expected, m°A signal was present in Sertoli cells (Fig-
ure 2A). To characterize features of m°A, we conducted af-
finity purification and m®A sequencing in isolated Sertoli
cells from adult testis. A total of 21,909 m°A sites were iden-
tified from 15,365 putative m°A-enriched transcripts
within 6,122 genes (Table S1), and these m°A sites were pre-
dominantly distributed in CDS (coding sequence) regions

and less abundantly in 3’ UTR and 5’ UTR regions (Figures
1B and S1C). Two-hundred and seventy-eight of 369 previ-
ously identified Sertoli cell-specific transcripts (Green et al.,
2018) contained m°A sites, such as Inhbb, Wt1, Arid4a, and
Arid4b (Table S2). Etv5, Ar, Dmrt1, and Sin3a transcripts and
other genes known to be essential for Sertoli cell function
were also included in the m°A-enriched gene list
(Figure 1C).

To further decipher potential functions of m®A-enriched
transcripts in Sertoli cells, we conducted molecular func-
tion classification, phenotype correlation analysis, and
gene ontology (GO) analysis (Table S3). The results showed
that these transcripts were preferentially associated with
nucleic acid binding, hydrolase, enzyme modulator, tran-
scription factor, transferase, and cytoskeleton (Figure 1E).
Identified m®A-enriched transcripts were highly relevant
to embryonic lethality, abnormal cell physiology, male
infertility, abnormal spermatogenesis, and sperm abnor-
mality (Figure 1F). GO analysis of biological process found
that these transcripts were enriched in cell proliferation,
DNA repair, mRNA export, 3’ end processing, mRNA stabil-
ity regulation, regulation of translation, and transcription
elongation (Figure 1G). In the top 100 of m°®A-enriched
genes (transcripts with fold enrichment >24.9), we found
genes that have been reported to be essential for spermato-
genesis, including Spacal (Fujihara et al., 2012), Rhox8
(Welborn et al., 2015), and H3f3b (Yuen et al., 2014), (Fig-
ure S1D). Interestingly, we noticed that a significant num-
ber of m®A-enriched transcripts were involved in SSC main-
tenance and spermatogonial proliferation. For example,
Cxcl12, Bmp4, Fgf2, and Vegfa transcripts encoding SSC
niche factors contained m°A sites (Fi gure 1D).

Sertoli Cell-Specific Deletion of Wtap Caused Male
Infertility

Next, we hypothesized that m°®A modification in Sertoli
cells plays a functional role in regulating SSC niche. To
test this hypothesis, we conditionally deleted the Wtap
by crossing Wtap-floxed (Wtap™") and Amh-Cre mice (Fig-
ures S2A and S2B). Immunostaining confirmed a reduction
of m®A and WTAP in Sertoli cells of Wtap”"Amh-Cre (here-
after referred to as Witap-sKO) mice (Figure 2A). Testis/body
weight ratio of Wtap-sKO mice was significantly reduced
compared with that of the littermate controls (Figures 2B
and 2C). Fertility test showed that Wtap-sKO mice were
completely sterile (Figure 2D). Caudal epididymal sperm
concentration in Wtap-sKO mice was only 20.20% of that
in control mice (Figures 2E and S2C). H&E staining did
not reveal obvious defects in sperm morphology of Wtap-
sKO mice, and co-staining of the acrosome marker peanut
agglutinin (PNA) with mitochondria marker mito-tracker
showed that sperm of Wiap-sKO animals displayed normal
heads and tails (Figures S2D and S2E). PNA staining of
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Figure 1. Function Analysis of m®A in Mouse Sertoli Cells

(A) Immunostaining for METTL3 and GATA4, METTL14 and GATA4, or WTAP and SOX9 with DAPI in mouse testes at P6. The arrows indicate
Sertoli cells. Scale bars represent 40 pum.

(B) Average m°A sites per gene in distinct RNA sequence regions including 3’ UTR, CDS, and 5" UTR.

(C and D) Average fold enrichment over input for m°A peaks of selected genes specially expressed in Sertoli cells (C) or related to sper-
matogenesis (D). Two independent Sertoli cell samples isolated from 110 mice were used (n = 2).

(E-G) Pie chart of molecular types (E), phenotype association analysis (F), and biological process GO analysis (G) of m°A-enriched genes in
Sertoli cells. The bubble size indicates the number of matched genes.

See also Figure S1, Tables S1, S2, and S3.
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Figure 2. Progressive Loss of Undifferentiated Spermatogonia Caused by Wtap Deletion in Sertoli Cells
(A) Immunostaining for GATA4 and m®A or WTAP and SOX9 in testis cross sections from the indicated genotypes at P6. The arrows indicate

Sertoli cells. Scale bars represent 20 pm.

(B-E) Testes (B) of control and Wtap-sKO male mice at P180. Scale bar represents 2 mm. Testis/body weight ratios at P6, P14, P21, P28,
P35, P60, P120, and P180 (C), litter sizes from P60 to P150 (D), and sperm counts of cauda epididymis at P180 (E) from the indicated

(legend continued on next page)
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seminiferous tubules also demonstrated that morphology
and number of round and elongated spermatids in Wtap-
sKO mice were comparable with those of control litter-
mates at postnatal days 28 (P28) (Figures S3A and S3B).

We examined meiotic progression using spermatocyte
nuclear spreading and the results indicated percentage of
germ cells in leptotene, zygotene, pachytene, diplotene,
and diakinesis were similar in testes of Wtap-sKO and con-
trol animals (Figures S3C and S3D). Formation of synapto-
nemal complex and progression of meiotic prophase did
not show defects. Furthermore, integrity of the blood-testis
barrier, an important ultrastructure essential for spermato-
genesis, was not affected by Witap loss-of-function (Fig-
ure S3E). Reduced testis/body weight ratio was observed
in Wtap-sKO males and began as early as P21 (Figure 2C),
and total germ cell number was reduced from P21 (Figures
S4A and S4B). Together, these data revealed that the sterile
phenotype of Wtap-sKO mice was caused by reduced sperm
concentration because of germ cell loss.

Sertoli Cell-Specific Deletion of Wtap Caused
Progressive Loss of Undifferentiated Spermatogonia

To identify the underlying reasons for germ cell loss, we
examined the process of germ cell development in Wtap-
sKO and control testes. H&E analyses showed that forma-
tion of spermatogonial lineage and development of sper-
matocytes and round spermatids were similar in testes of
Wtap-sKO and control animals. Degeneration of seminifer-
ous tubules was detectable beginning at P35 and the condi-
tion became severe with aging (Figure 2F). Immunofluores-
cence staining confirmed that some of these tubules only
contained Sertoli cells without GCNA1* germ cells, sug-
gesting the development of Sertoli cell-only (SCO) pheno-
type (Figure 2G). Quantitative analysis revealed that the
percentages of degenerated tubules and SCO tubules
increased with aging. Degenerated spermatogenesis was
found in 83.0% of tubules and 49.3% of these tubules
were SCO in Wtap-sKO mice at P180 (Figure 2H).

Next, we quantified the number of undifferentiated sper-
matogonia at different development stages. The ratio of
LIN28A* undifferentiated spermatogonia per SOX9* cell
did not change at P6, suggesting that formation of the un-

differentiated spermatogonial pool was not affected by
deleting Wtap in Sertoli cells. A significant reduction of un-
differentiated spermatogonial population was found in
Wtap-sKO mice at P21. Although the size of the Sertoli
cell population did not change (Figure S4C), number of
LIN28A* spermatogonia continued to decrease from P21
to P180 (Figures 2I and 2J). The whole-mount staining of
seminiferous tubules for GFRA1 and FOXO1 revealed a sig-
nificant reduction of Aginge (As) spermatogonia, the primi-
tive spermatogonia containing enriched SSCs in testes of
Wtap-sKO mice (Figure 3A). Findings of these experiments
indicated that deletion of Witap in Sertoli cells resulted in a
progressive loss of SSCs and depletion of germ cells.

Sertoli Cell-Derived WTAP Is Essential for SSC Self-
renewal and Proliferation

To further determine the fate decisions of undifferentiated
spermatogonia, we examined apoptosis, proliferation, and
differentiation of A, Apaired (Apr), and Agjignea (Aa) undiffer-
entiated spermatogonia. Firstly, we ruled out the possibility
that SSC loss was due to apoptosis, because TUNEL (termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling) assay confirmed that apoptotic spermatocytes
increased modestly in testes of Witap-sKO mice (Figures
S4D-S4F); however, undifferentiated spermatogonia rarely
underwent apoptosis either in control or Wtap-sKO mice
(Figure 3B). Next, we labeled proliferative cells with 5-ethy-
nyl-2'-deoxyuridine (EdU) in control and Wtap-sKO ani-
mals at P14 and quantified the number of EQU* undifferen-
tiated spermatogonia after 2 h or 7 days. The results
uncovered that mitotic division was severely impaired in
undifferentiated spermatogonia of Wtap-sKO mice. Partic-
ularly, EdU incorporation and retention rates in LIN28A* A
spermatogonia were significantly reduced in Wtap-sKO
mice compared with those of controls (Figures 3C and
3D). Similarly, GFRA1" A, spermatogonia were sharply
decreased in testis of Wtap-sKO mice (Figures SSA and
S5B). To confirm that the SSC activity was indeed
decreased, we performed a transplantation experiment to
examine the SSC number in magnetic-activated cell sorted
(MACS) THY1" from 4-week-old control and Wtap-sKO do-
nors. LacZ-expressing ROSA26 line (ROSA26-lacZ) was

genotypes. At least three mice were used for each time point (n = 3 different animals). Ten control or Wtap-sKO animals were used in
fertility test (n = 10 different animals). **p < 0.01 and ***p < 0.001.

(F-J) H&E staining of seminiferous tubules (F) from control and Wtap-sKO males at P6, P35, P60, and P180. Asterisks indicate SCO tubules.
H&E staining and SOX9 and GCNA1 immunostaining (G) of SCO tubules from Wtap-sKO males. Quantification of seminiferous tubules from
Wtap-sKO testes containing degenerated spermatogenesis and SCO phenotype (H) at P35, P60, P120, and P180. Immunostaining of
LIN28A and SOX9 (I) in control and Wtap-sKO testes at P6, P35, P60, and P180. Statistics of the number of LIN28A™ cells per SOX9* cell (J)
from the indicated genotypes at P6, P21, P35, P60, and P180. At least 1500 SOX9" cells were counted per genotype at each time point.
Scale bars represent 40 pm. Three animals were used for control or Wtap-sKO at each time point (n = 3 different animals). **p <0.01 and

*%%5 < 0.001.
See also Figures S2-S4.
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Figure 3. Impaired SSC Self-renewal and Proliferation Caused by Wtap Deletion in Mouse Sertoli Cells

(A-D) Whole-mount immunostaining of GFRA1 and FOX01 (A) and TUNEL and LIN28A (B) in control and Wtap-sKO seminiferous tubules at
P21. Whole-mount immunostaining of EdU and LIN28A (C) in control and Wtap-sKO seminiferous tubules after 2 h or 7 days post EdU
injection at P14. Quantifications of EdU™ A, A, and A, spermatogonia in Lin28A" cells (D) of control and Wtap-sKO testes. At least 900
LIN28A" cells were counted per genotype for each time point. Three animals were used for control or Wtap-sKO at each time point (n =3
different animals). *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bars represent 40 um.

(E-G) The schematic diagram (E) of germ cell transplantation experiment. Quantification of THY1* cells obtained using MACS (F) and SSC
numbers in THY1* undifferentiated spermatogonia (G) from control and Wtap-sKO males. SSC numbers were derived from donor-derived
colonies of spermatogenesis in recipient testes and normalized to 10° cells injected. THY1" cells from three control or Wtap-sK0 animals
(4 weeks old) were isolated and transplanted into testes of six recipients (n = 3 different animals). **p < 0.01.

(H) gRT-PCR analysis of Thy1, Cxcr4, Gfral, Id4, Lin28, Zbtb16, and Rb1 transcript abundances in THY1" cells from control and Wtap-sK0
testes. Four control or Wtap-sKO animals were used (n = 4 different animals). *p < 0.05.

See also Figures S4 and S5.

crossed with control or Wtap-sKO animals to label donor-
derived spermatogenesis (Figure 3E). The numbers of
THY1" cells recovered from control and Wtap conditional
knockout animals were comparable (Figure 3F) and a 10-
uL single-cell suspension (containing 10* THY1* cells)
was transplanted into one testis of busulfan-treated recipi-

ents. The recipients were examined 8 weeks after transplan-
tation for donor-derived spermatogenesis by X-Gal stain-
ing as previously described (Kubota et al.,, 2004; Yang
etal., 2013). The average number of donor-cell-derived col-
onies was 56.7 colonies/10° cells injected for control ani-
mals; however, the same number of donor cells only
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generated 3.3 colonies for Wiap-sKO animals, indicating
SSC activities were affected dramatically by Wiap deletion
in Sertoli cells (Figure 3G). We next investigated relative
abundance of factors related to SSC maintenance, and the
data revealed that expressions of Cxcr4, Gfral, Id4,
Lin28a, Zbtb16, and Rb1 were greatly reduced in THY1"
germ cells from Wtap-sKO males; however, Thyl expres-
sion did not show difference (Figure 3H). Lastly, we quanti-
fied number of differentiating spermatogonia by immuno-
fluorescent staining for KIT or STRA8 and found that the
number of KIT* germ cells was decreased at P21 in testes
of Wtap-sKO mice (Figures S5C and S5D). Interestingly,
number of STRA8 and LIN28A double-positive cells
(STRA8" and LIN28A™) was significantly decreased in
Wtap-sKO mice (Figures SS5E-S5G), indicating that sper-
matogonial differentiation was impaired. From these
data, we concluded that deletion of Wtap in Sertoli cells
caused major defects in SSC self-renewal/proliferation.
Wtap deletion also affected the spermatogonial differentia-
tion. Together, findings of these studies demonstrated that,
without critical roles of WTAP, Sertoli cells failed to provide
a functional niche to support SSC fate decisions properly,
leading to the exhaustion of SSC pool.

Wtap Deletion Altered Gene Transcription and
Translation in Sertoli Cells

To understand how WTAP functions to maintain a healthy
SSC niche, we conducted high-throughput RNA
sequencing (RNA-seq) and ribosome nascent-chain com-
plex-bound mRNA sequencing (RNC-seq) to evaluate
changes in gene expression at transcriptional and transla-
tional levels in WTAP-null Sertoli cells. RNA-seq revealed
that a total of 7,279 (2,646 up and 4,633 down) mRNA
were differentially expressed genes (DEGs) in WTAP-defi-
cient Sertoli cells. GO analysis indicated that downregu-
lated transcripts were involved in transcription regulation,
cellular response to DNA damage stimulus, cell cycle, chro-
matin organization, apoptosis process, MAPK cascade,
methylation, WNT signaling pathway, DNA repair, and
cell differentiation (Figure 4A and Table S4). RNC-seq data
identified a list of 2,047 (1,065 up and 982 down) differen-
tially translated genes (DTGs) evaluated by TE, normalized
read count of ribosome-protected fragments (RPF)/mRNA
fragments. Upregulated DTGs were involved in transcrip-

tion regulation, WNT signaling pathway, H3K4 trimethyla-
tion, cell projection assembly, cell cycle, and mRNA pro-
cessing (Figure 4B and Table S4). Notably, 81.97% (1,678/
2,047) of DTGs were found in DEGs, and 789 transcription-
ally downregulated genes were translationally upregulated
while 880 transcriptionally upregulated genes were transla-
tionally downregulated (Figure 4C). Transcripts previously
shown to be important for SSC maintenance, spermatogo-
nial differentiation, and Sertoli cell fate decisions were dys-
regulated (Figure 4D). Of particular interest, we found that
transcript abundances of IgfIr, Vegfa, Notchl, Csf1, Gdnf,
Ptpnl1, Rbpj, Gata4, Vegfb, Smad4, Inhbb, Ctnnb1, Kitl, Apc,
Gjal, Dhh, Wt1, Wnt3, Insr, Arid4a, Ar, Rdh10, Cyp26b1,
Cyp26al, Rara, E2f1, Rad51, Brca2, E4f1, Sirtl, Ccnbl, Rb1,
and Msh2 were altered. Among them, Vegfa, Rbpj, Arid4a,
Ar, Rara, E2f1, Ccnb1, and Msh2 were translationally dysre-
gulated (Figure 4E). Together, these data uncovered roles of
WTAP in regulating gene expression in Sertoli cells at tran-
scriptional and translational levels.

Wtap Deletion Changed Transcription and

Translation of m°®A-Enriched Transcripts in Sertoli
Cells

To further understand how WTAP-dependent m°®A modifi-
cations were involved in sustaining the SSC niche, RNA-
seq, RNC-seq, and m6A sequencing (mC®A-seq) were
comprehensively analyzed to decipher patterns of gene
regulation in Sertoli cells. As expected, expressions of
mCA-enriched transcripts were significantly affected by
Wtap deletion; 37.59% (2,736/7,279) of DEGs and 37.13%
(760/2047) of DTGs were m®A-enriched, and more m°A
sites were enriched in transcriptionally downregulated
and translationally upregulated genes (Figures 5A and 5B).
Itis noteworthy that DEGs with m®A showed higher expres-
sion levels than those without m®A in control Sertoli cells
and exhibited sharper changes upon Wtap knockout (Fig-
ure 5C). Importantly, many transcripts that encode pro-
teins to be important for m®A modifications were downre-
gulated in WTAP-deficient Sertoli cells (Figure S5D),
indicating a core role of WTAP in m®A formation in Sertoli
cells. Reads distribution analyses of representative genes
(Cxcl12 and Csfl) revealed remarkable transcriptional
changes within m®A sites on mRNA reads, while translating
mRNA was less affected (Figure 6A).

(C) Scatterplots showing the relationship of fold changes between mRNA FPKM and RPF TE of genes in Sertoli cells upon Wtap knockout.
Red, blue, green, and gray plots indicate genes belonging to both DEGs and DTGs, DEGs only, DTGs only, and neither DEGs nor DTGs.
(D) Heat maps showing the relative levels of mRNA FPKM and RPF TE of genes involving SSC maintenance and spermatogonial differen-

tiation in Sertoli cells.

(E) Interaction network showing genes involved in spermatogenesis regulation. Two genes with regulatory relationships are connected

directly, DEGs and DTGs are marked in blue and green respectively.

All analyses were performed on three different control or Wtap-skKO samples (n = 3 different biological replicates). *p <0.05. See also Table

S4.
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Figure 5. Effects of WTAP-Mediated m®A Modification on Transcriptional and Post-transcriptional Regulation of Sertoli Cell Gene
Expression

(A-D) Venn diagram showing numbers of DEGs and DTGs with or without m®A modification (A), proportions of m®A-enriched genes on
differential transcriptional and translational changes (B), mRNA FPKM of DEGs and RPF TE of DTGs with or without m°A modification (C),
and heat maps showing relative levels of mRNA FPKM and RPF TE of the main m®A regulators (D) in control and Wtap-sKO Sertoli cells.

(legend continued on next page)
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Figure 6. Decreased Expression of SSC Niche Factors Caused by Wtap Deletion

(A) mRNA and RNC mRNA reads of Cxcl12 and Csf1 in control and Wtap-sKO samples. The m®A sites are marked as red triangles.

(B) gRT-PCR analysis of Wtap, Cxcl12, Ar, Csf1, Etvs, Wt1, Gata4, Fgf2, Bmp4, Cyp26b1, and Gdnf transcript abundances in control and Wtap-
sKO Sertoli cells.

(Cand D) Western blot (C) and quantitative data (D) showing CXCL12, GDNF, CSF1, and CYP26B1 expression in control and Wtap-sKO testes.
All quantitative data are presented as the mean + SEM for n = 3 independent biological replicates. *p < 0.05 and **p < 0.01.

Several lines of evidences uncovered that m°A modifica- on AS events was further analyzed and the results showed
tion regulates pre-mRNA splicing (Adhikari et al., 2016), so  that alternative 5 splice site (AS5SS) remained almost
we next examined alternative splicing (AS) events in con-  entirely unaffected by m°A modification, while differences
trol and Wtap-sKO Sertoli cells. In total, 5,003 differential in alternative 3’ splice site (A3SS) were apparent in mRNA
AS events in 2,946 genes were detected, and skipped exon  with and without m®A modification. Interestingly, great in-
(SE) accounted for 57.87% (2,895/5,003) of the total (Fig- fluences of m°A modification on alternative exons
ure SE and Table S5). Venn diagrams showed that 1,214 including SE, mutually exclusive exons (MXEs), and re-
DEGs and 367 DTGs contained splicing variants (Figure SF).  tained introns (RIs) were evident (Figures SH and SI). Inter-
As expected, genes with differential AS events displayed action network identified a list of genes that were showed
abundant m®A enrichment (Figure 5G). The effect of m®A  to be important for Sertoli cell function. Most of them

(E-I) Statistics of five types of differential AS events (E) on mRNA transcripts in control and Wtap-sKO Sertoli cells. Venn diagram (F)
showing numbers of DEGs and DTGs with or without differential AS events in Sertoli cells. Average m®A sites (G) of genes with or without
differential AS events. Average inclusion levels (H) and cumulative frequency curves forinclusion levels (I) of A5SS and A3SS, MXE, RI, and
SE in genes with or without m®A modification between control and Wtap-sKO animals.

(J) Interaction network showing genes involved in spermatogenesis regulation. Two genes with regulatory relationships are connected
directly, genes with m°A modification and differential AS events are marked in red and yellow respectively.

All analyses were performed on three different control or Wtap-sKO samples (n = 3 different biological replicates). *p < 0.05. See also
Table S5.
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were m°A-enriched, including Igflr, Vegfa, Notchl, Fgf2,
Csfl, Cxcl12, EtvS, Ptpnll, Rbpj, Sin3a, Gatad, Vegfb,
Smad4, Inhbb, Bmp4, Ctnnb1, Kitl, Apc, Gjal, Wtl, Arid4a,
Ar, Cyp26b1, Aldhlal, Aldhla2, Aldhla3, Rara, Pcna, E4f1,
and Msh2. In addition, AS events were detected in Sin3a,
Inst, Rara, Brca2, Sirtl, and Cdc25a (Figure 5]). These ana-
lyses indicated that changes in m°®A modifications alter
transcription and translation of genes that are important
for fate decisions of SSCs and their progenitors; for
example, Cxcl12 and Csfl (Figure 6A). To validate these
findings, we examined relative expression of Cxcl12, Csf1,
Etv5, Wtl, Fgf2, Bmp4, and other downregulated transcripts
using qRT-PCR (Figure 6B) and these results were consistent
with RNA-seq. We also examined protein levels of CXCL12,
GDNF, CSF1, and CYP26B1 in testis from control and
Wtap-sKO animals and the results showed that CXCL12,
GDNE, and CSF1 protein were reduced sharply by Wtap
loss-of-function in Sertoli cells (Figures 6C and 6D).
Together, these data demonstrated that WTAP-mediated
mP®A regulates AS events of genes regulating SSC niche
and spermatogonial fate decisions.

DISCUSSION

m°A is a highly conserved internal RNA modification that
influences gene expression at transcriptional and post-
transcriptional levels (Gilbert et al., 2016). Recent studies
revealed crucial roles of m°A in stem cell fate decisions
(Cheng et al., 2019; Geula et al., 2015); however, its dy-
namics and functions in stem cell and niche interactions
remained largely unknown. Because WTAP is a key member
of m®A modification complex (Ping et al., 2014) and highly
expressed in Sertoli cells, here, we illustrate the m°®A meth-
ylome landscape of Sertoli cells in murine testis and
demonstrate that WTAP-mediated m®A modification is a
key regulatory mechanism that instructs the expression
of SSC niche factors at the transcriptional and translation
levels in Sertoli cells.

We describe patterns of m®A methylome in mouse Sertoli
cells and provide an important reference for further deci-
phering functions of transcripts with m°®A modification
in mediating molecular interactions between stem cells
and their niches. Sertoli cells are major cellular compo-
nents of the SSC niche (Oatley and Brinster, 2012); howev-
er, regulatory mechanisms that specify and maintain the
SSC niche are not well understood. In this study, we found
m®A modification in Sertoli cells is different from sper-
matogenic cells as previously described (Lin et al,
2017).The number of m®A peak sites of Sertoli cells was
similar to that of spermatogonia and greater than that of
spermatocytes or round spermatids, while the number of
mCA peak sites of Sertoli cells identifeid in this study was
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similar to that of round spermatids and significantly less
than that of spermatogonia. These finding support the
conclusion that transcripts of Sertoli cells harbor intense
m®A modification, and m°A-enriched transcripts serve
different roles in governing normal spermatogenesis.

Transcripts of previously identified SSC niche factors and
transcription regulators important for the development of
spermatogenic lineage are m°A enriched. CXCL12 and
CSF1 are important niche factors that enhance SSC self-
renewal (Oatley et al., 2009; Yang et al.,, 2013). VEGFA,
FGF2, and PDGFB are growth factors in the niche milieu
that influence SSC fate decisions (Basciani et al., 2008; Ishii
etal.,, 2012; Luetal., 2013). Activation of NOTCH signaling
in Sertoli cells increases the expression of GDNF and stim-
ulates SSC expansion (Garcia et al., 2014). BMP4 and KITL
direct spermatogonial differentiation (Ohta et al., 2000;
Yang et al., 2016). ARID4A and ARID4B interact with RB1
to regulate Sertoli cell function and spermatogenesis (Wu
et al., 2013); importantly, deletion of Arid4b in Sertoli cells
affects the establishment of SSC niche in mouse (Wu et al.,
2017). Wtl deletion in neonatal Sertoli cells results in the
accumulation of undifferentiated spermatogonia due to de-
fects in spermatogonial differentiation and meiosis (Zheng
et al., 2014). SIN3A-deficient Sertoli cells cannot support
long-term maintenance of the spermatogonial population
and normal development of spermatids (Payne et al.,
2010). Functional roles of other transcripts in influencing
the initial formation and maintenance of the SSC niche
await further investigations.

In this study, we demonstrate that WTAP function in Ser-
toli cells serves specific roles in dictating SSC fate decisions.
WTAP was first identified as a WT1-binding partner and
WT1 mainly functions as a key regulator of somatic lineage
specification in fetal gonad (Chen et al., 2017); in sharp
contrast, Wtap deletion results in the exhaustion the SSC
pool without affecting meiosis or spermiogenesis. We did
not observe defects in the gonocyte to spermatogonial
transition in the neonatal testis of Wtap conditional
knockout animals, suggesting the initial establishment of
the SSC niche is not affected. It is commonly observed
that Sertoli cell dysfunctions affect development of meiotic
and post-meiosis germ cells (O’Shaughnessy, 2014), and, to
our knowledge, transcriptional or translational factor in
Sertoli cells that only controls the fate of SSC has not
been reported; therefore, our findings revealed a novel
role of WTAP in determining the long-term maintenance
of the SSC niche. Phenotypic and mechanistic analyses
support the idea that WTAP machinery provides a microen-
vironment that ensures the balance between SSC self-
renewal and differentiation.

WTAP regulates transcription and translation of niche
factors by depositing the m®A marks directly on transcripts
encoding the niche factors or indirectly on transcription



regulators. Although WTAP deficiency dramatically in-
duces transcriptional and translational changes of a large
number of genes in Sertoli cells, we found that most signif-
icantly affected transcripts are involved in SSC mainte-
nance, spermatogonial differentiation, retinol metabolism,
and cell cycle. Gdnf, the essential factor required for SSC
maintenance, is not marked by m°A modification; howev-
er, its expression level was downregulated upon Wtap dele-
tion. Interestingly, several of the key transcription regula-
tors that have been reported to be important for Gdnf
transcription contained m°®A sites and were dysregulated
by Wtap knockout. Biogenesis of retinoic acid (RA) is
strictly controlled in Sertoli cells (Teletin et al., 2019) and
RA signaling interacts with the niche factors to influence
the fate of undifferentiated spermatogonia (Yang et al.,
2013); therefore, it is not surprising that transcripts
involved in RA metabolism and functions are modified
by m°A and dysregulated by Wtap deletion.

A major function of WTAP is to control mRNA splicing in
Sertoli cells. m°A is established using S-adenosyl methio-
nine as substrate, and catalyzed by m®A methyltransferases
“writers” and recognized by m°A binding proteins
“readers” to induce subsequent reactions (Balacco and Sol-
ler, 2019). In germ cells, deletion of m°CA reader Ythdc1 leads
to the loss of germ cells including mitotic spermatogonia
(Kasowitz et al., 2018) and deletion of Ythdc2 causes defects
in meiosis (Hsu et al., 2017; Wojtas et al., 2017). Deletion of
mOA writer Mettl3 or Mettl14 inhibits SSC proliferation/dif-
ferentiation and combined ablation of them in advanced
germ cells disrupts spermiogenesis (Lin et al.,, 2017).
Notably, these m®A methylases all affected mRNA splicing.
WTAP is an evolutionarily conserved regulator of AS events
that functions in post-transcriptional regulation, including
mRNA splicing, stabilization, polyadenylation, and export
(Horiuchi et al., 2013). WTAP interacts with METTL3 and
METTL14 through the anchoring effect of ZC3H13 to con-
trol AS events and m°A formation (Wen et al., 2018). In the
present study, we illustrate that loss of WTAP function in
Sertoli cells produced a pronounced variation in splicing
events and a great amount of A3SS, SE, MXE, and RI
occurred in m®A-enriched genes. The alteration of splicing
events in spermatogenesis-regulating genes caused by m°A
deprivation could be one of the core reasons for defective
spermatogenesis.

Collectively, our results demonstrate that WTAP-medi-
ated m°A modification controls mRNA transcription and
translation to orchestrate the gene expressions in Sertoli
cells that are essential for SSC maintenance and spermato-
gonial differentiation. These findings provide new insights
into molecular regulation of the SSC niche, and results of
the present study may be helpful in deciphering interac-
tions between stem cells and their cognate niches in other
mammalian systems.

EXPERIMENTAL PROCEDURES

Mice

The Wtap knockout first embryonic stem cells (C57BL/6N-
Wtap<tm1aEUCOMMHmgu>/H " hareafter Wtap'™!?) were obtained
from MRC Harwell Institute (Oxford, UK). In the knockout first
allele, a promoter-driven cassette (including LacZ and neo genes)
flanked by FRT sites are inserted between exon 3 and exon 4,
whereas the exon 4 and exon 5 of Wtap are flanked by LoxP
sites. We converted the knockout first allele to a conditional
allele by crossing Wtap™!? mice with Flp deleter mice. The re-
sulting floxed Wtap were crossed with Amh-Cre mice obtained
from Jackson Laboratory (Maine, US) to allow specific knockout
of Wtap in Sertoli cells. Obtained mice were genotyped with the
tail DNA. All primers for genotyping are listed in the Table S6.
The Sox9°" mice used for isolation of highly purified Sertoli
cells were obtained from Mutant Mouse Resource & Research
Centers (MMRRC_011019-UCD). The C57BL/6N mice used for
isolation of a large number of Sertoli cells and 12952/SvPasCrl
mice used for transplantation experiments were purchased
from Vital River Laboratory Animal Center (Beijing, China)
and housed in the animal facilities of Northwest Institute of
Plateau Biology, Chinese Academy of Sciences. All animal
experiments were approved by the Animal Ethic and Welfare
Committee at Northwest Institute of Plateau Biology, Chinese
Academy of Sciences.

m°A-seq

mOA-seq was performed as previously described (Lin et al., 2017).
Briefly, mRNA isolated from Sertoli cells was enriched using Seq-
Star Poly(A) mRNA Isolation Kit. mRNA was fragmented to ~100
nt and mixed with affinity-purified anti-m°A antibody for immu-
noprecipitation (IP). The eluted RNA was resuspended and used
for library preparation with KAPA Stranded RNA-seq Kit.
Sequencing was carried out on Illumina HiSeq 4000 using an 8
pM template per sample for cluster generation with HiSeq 3000/
4000 SBS Kit by KangChen Biotechnology Co., Ltd. (Shanghai,
China).

After controlling quality by FastQC and removing adapters and
low-quality reads by Trimmomatic (Bolger et al., 2014), sequencing
reads were aligned to the reference genome (mm10) using HISAT2
(Kim et al., 2015). The longest isoform was used if the gene had
multiple isoforms. The m°A peaks were detected by exomePeak
(Meng et al., 2014) and windows with read counts <1/20 of the
top window in both m®A IP and input samples were excluded.
The differential windows were identified between m°®A IP and
input samples using edgeR (Robinson et al., 2010), and the enrich-
ment score of each window was calculated as previously described
(Lin et al., 2017). The window was called positive if enrichment
score was >1 and p < 0.01.

RNA-seq and RNC-seq in Parallel

The isolated Sertoli cells were resolved in prechilled TRIzol for
RNA-seq or fixed buffer (0.3 mg/mL antibiotic inhibitor and
50 mM MgCl, in PBS) for RNC-seq and stored at —80°C immedi-
ately after liquid nitrogen freeze. RNC mRNA was enriched by su-
crose density centrifugation to obtain full-length mRNA on
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ribosome as described (Wang et al., 2013). Then, total RNA and
RNC mRNA were isolated respectively, equal amounts of total
RNA or RNC mRNA from each sample were prepared for subse-
quent library construction, and RNA-seq or RNC-seq following
the same procedure, including fragmentation, reverse transcrip-
tion, synthesis, purification, adaptor ligation, and PCR amplifica-
tion. Libraries successfully constructed were sequenced using Illu-
mina HiSeq2500.

Clean reads without adapters and low-quality bases were further
processed to remove rRNA reads by Bowtie2 (Langmead and Salz-
berg, 2012). TopHat2 was used for mapping reads to reference
genome (mm10) (Kim et al.,, 2013), and Cufflinks was used
together for the reconstruction of transcripts (Trapnell et al.,
2012). Gene abundance was quantified using RSEM (RNA-seq by
expectation maximization) (Li and Dewey, 2011), and the gene
expression level was normalized by fragments per kilobase of
exon model per million reads mapped (FPKM). Genes with no
less than 0.5 FPKM in at least one sample were used for subsequent
analysis. For identifying DEGs at transcription level, edgeR was
used, and genes with |log,fold change| > 1 and p < 0.01 between
control and Wtap-sKO animals from RNA-seq were identified as
significant DEGs. For digging DTGs between control and Wtap-
sKO animals at translation level, TE was calculated based on
normalized read count of RNC mRNA/mRNA and genes with [log,-
fold change| > 1 and p < 0.01 between control and Wtap-sKO an-
imals were identified as significant DTGs.

Data and Code Availability

The m6A-seq, RNA-seq, and RNC-seq data are available in the NCBI
BioProject under accession numbers PRJNA661168 and
PRINA661226.
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