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CWF19L2 is Essential for Male Fertility and
Spermatogenesis by Regulating Alternative Splicing

Shiyu Wang, Yuling Cai, Tongtong Li, Yan Wang, Ziyou Bao, Renxue Wang, Junchao Qin,
Ziqi Wang, Yining Liu, Zhaojian Liu, Wai-Yee Chan, Xiangfeng Chen, Gang Lu,*
Zi-Jiang Chen,* Tao Huang,* and Hongbin Liu*

The progression of spermatogenesis along specific developmental trajectories
depends on the coordinated regulation of pre-mRNA alternative splicing (AS)
at the post-transcriptional level. However, the fundamental mechanism of AS
in spermatogenesis remains to be investigated. Here, it is demonstrated that
CWF19L2 plays a pivotal role in spermatogenesis and male fertility. In
germline conditional Cwf19l2 knockout mice exhibiting male sterility, impaired
spermatogenesis characterized by increased apoptosis and decreased
differentiated spermatogonia and spermatocytes is observed. That CWF19L2
interacted with several spliceosome proteins to participate in the proper
assembly and stability of the spliceosome is discovered. By integrating
RNA-seq and LACE-seq data, it is further confirmed CWF19L2 directly bound
and regulated the splicing of genes related to spermatogenesis (Znhit1, Btrc,
and Fbxw7) and RNA splicing (Rbfox1, Celf1, and Rbm10). Additionally,
CWF19L2 can indirectly amplify its effect on splicing regulation through
modulating RBFOX1. Collectively, this research establishes that CWF19L2
orchestrates a splicing factor network to ensure accurate pre-mRNA splicing
during the early steps of spermatogenesis.
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1. Introduction

The production of haploid spermatozoa is
a highly intricate and meticulously orches-
trated process involving diverse hormones,
growth factors, and complex signal trans-
duction pathways.[1] Spermatogenesis is a
crucial development pathway in adult an-
imals, unfolding through three main pro-
cesses: self-renewal of spermatogonia stem
cells (SSCs), differentiation of spermatogo-
nia, and meiosis of spermatocytes. This in-
tricate process begins with a diploid SSC,
which divides into two spermatocytes and
subsequently matures into four highly po-
larized spermatozoa.[2–4] Given the con-
sisting of diverse cell types and biologi-
cal processes, spermatogenesis is an excel-
lent model for studying gene regulation at
the transcriptional and post-transcriptional
levels.[5] Alternative splicing (AS) is an es-
sential and universal mechanism to achieve
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post-transcriptional regulation,[6] which significantly enriches
the transcriptomic and proteomic diversity within organisms,
particularly the highly complex organs like the testis and
brain.[5–8]

Nascent precursor messenger RNA (pre-mRNA) splicing con-
sists of exon ligation and intron removal, and thus, these mRNAs
have the potential to encode alternative protein isoforms.[3,6,9,10]

This process is mediated by spliceosome proteins, including
the large ribonucleoprotein (RNP) complex termed the spliceo-
some and specific splicing factors that facilitate the regula-
tion of spliceosome and selection of splice site.[9,11] The intri-
cate choreography of spliceosome assembly and splicing oc-
curs within the specialized nuclear domains known as nuclear
speckles.[12] The entire pre-mRNA splicing unfolds in four se-
quential stages of the spliceosome: assembly, activation, catal-
ysis, and disassembly.[12–14] These stages are further divided
into ten central functional states regarding distinct spliceosome
composition.[12,13] The exons are fully ligated in the previous
eight steps, and ligated exons are released in the ninth step,
thus forming the post-catalytic (P) complex. In the tenth step,
the intron lariat spliceosome (ILS) complex disassembles into
the removed intron and the recycled spliceosome proteins.[11–14]

With increasing interest in how both RNA splicing regulators
and mRNA isoforms are modulated during spermatogenesis,[5,6]

a growing number of novel splicing regulators involved in sper-
matogenesis continue to emerge through studies in mouse
knockout models, such as BCAS2, BUD31, DDX5, hnRNPH1,
RBM46, SAM68, SRSF1, SRSF2 and SRSF10,[15–24] suggesting
that depletion of core splicing factors can alter the splicing of
different subsets of genes and ultimately fertility. For example,
RBM46 can bind to the mRNAs encoding multiple meiotic cohe-
sion subunits and repress translation. Spermatocytes of Rbm46
knockout mice exhibit disrupted synapses and meiotic arrest.[23]

BUD31, a component of the Bact complex, has an essential role
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in both SSCs pool maintenance and the initiation of spermatoge-
nesis by mediating alternative splicing events (ASEs).[24] Despite
these insights, the underlying mechanisms of ASEs in spermato-
genesis remain largely elusive.

CWF19-like protein 2 (CWF19L2), evolutionarily conserved
from Saccharomyces cerevisiae to humans, is a cell cycle control
factor located in the nucleus and is speculated to be involved in
mRNA splicing via the spliceosome.[25–27] DRN1, the homolog
of CWF19L2 in S. cerevisiae, has been confirmed to promote ef-
ficient intron turnover during splicing.[27] Similarly, CWF19 in
S. pombe, a homolog of CWF19L2, copurifies with the Nine-
Teen Complex components of spliceosome.[25,28] In mammals,
like yeast, CWF19L2 contains positively charged surface residues
clamping over the lariat junction in the N-terminus, and the CwfJ
domain linked with HIT-like domain by an extended bridging ɑ-
helix in the C-terminus, which together binds the BPS/U2 du-
plex and the 3′-tail of the intron.[11,29] Thus, CWF19L2 plays an
essential role as a splicing factor in the last stage of spliceosome,
when it is recruited into the ILS complex and forms extensive
interactions with PRPF8 and the intron lariat.[11,14] In addition,
CWF19L2 appeared in a screen for chromosomal deletion sites in
breast carcinomas with other cell-cycle regulation proteins.[26] It
is associated with Bardet-Biedl syndrome IV, characterized by in-
tellectual disabilities, obesity, and gonadal dysplasia. In addition,
it may also interact with BRCA1 and BRCA2 and be a prospective
target of ursolic acid in cancer therapy.[30–32] Despite considerable
insights into its structural and mechanistic aspects, its physiolog-
ical function and potential mechanism in the reproductive sys-
tem remain an intriguing area for future investigation.

In this study, we elucidate the critical role of CWF19L2 in
spermatogenesis. Our findings demonstrate that deletion of
CWF19L2 in male germ cells has negative effects on spliceo-
some stability and the AS of essential genes required for alter-
native splicing (Rbfox1, Rbm10, and Celf1) and spermatogene-
sis (Znhit1, Btrc, and Fbxw7), which are also involved in fertil-
ity and mutations of which ultimately lead to male sterility. In
addition, CWF19L2 controls the AS of splicing factors like Rb-
fox1 to achieve amplified splicing regulation. Our data position
CWF19L2 as a fundamental component of the spliceosome and
establish its paramount importance in regulating AS during sper-
matogenesis and the substantial impact on male fertility.

2. Results

2.1. CWF19L2 is Highly Expressed in Germ Cells During
Spermatogenesis

CWF19L2 is evolutionarily conserved with identical C-terminal
CwfJ domain organization from yeast to humans (Figure S1A,
Supporting Information), suggesting the common function
across metazoans. To further investigate the role of Cwf19l2 in
mammals, we searched the expression data from the Expres-
sion Atlas,[33] revealing approximate mRNA expression level in
multiple organs (Figure S1B, Supporting Information). How-
ever, immunoblotting of various organs revealed a higher pro-
tein expression level in adult testis (Figure 1A), which was poten-
tially attributable to heightened AS frequencies in the testis. Im-
munoblotting of multiple developmental stages of testes showed
that the CWF19L2 protein level increased gradually from post-
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Figure 1. CWF19L2 is highly expressed in germ cells during spermatogenesis. A) Immunoblotting analysis of CWF19L2 in multiple adult wild-type
(WT) mice organs. ACTIN served as the loading control. Quantitative data are shown in the upper panel. B) Immunoblotting analysis of CWF19L2 at
different developmental stages in mouse testes. Actin served as the loading control. Quantitative data are shown in the upper panel. C) Immunoblotting
analysis of CWF19L2 in fractions of spermatogenic cells (FSPCs) and fractions of somatic cells (FSCs) in PD10 testes. The germ cell marker MVH and
the Sertoli cell marker SOX9 were used as indicators of enrichment efficiency, and ACTIN served as the loading control. D) Co-immunofluorescence
staining of the germ cell marker GCNA1 (green) with CWF19L2(red) in testis sections of PD10 WT mice. DNA was stained with DAPI. Scale bars =
5 μm. E) Co-immunofluorescence staining of the Sertoli cell marker SOX9 (green) with CWF19L2 (red) in testis sections of PD10 WT mice. DNA was
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natal day 4 (PD4) onwards and reached the first stable level at
PD10 when the first wave of spermatogonia completed differen-
tiation and entered meiosis (Figure 1B). This indicates a possible
involvement of CWF19L2 in the early phases of spermatogenesis.

Using a differential adhesion method, we found by im-
munoblotting that CWF19L2 was expressed more in the frac-
tion of spermatogenic cells (FSPCs) than in the fraction of so-
matic cells (FSCs) (Figure 1C). Co-immunofluorescence staining
of CWF19L2 with GCNA1 (a germ cell marker) and SOX9 (a Ser-
toli cell marker) confirmed that CWF19L2 was expressed primar-
ily in germ cells of both PD10 and adult testes (Figure 1D and E;
Figure S1D and E, Supporting Information). Next, we found that
CWF19L2 colocalized with PLZF (an undifferentiated spermato-
gonia marker) (Figure 1F; Figure S1F, Supporting Information),
SOX3-positive (a progenitor spermatogonia marker) (Figure 1G;
Figure S1G, Supporting Information), c-KIT (a differentiated
spermatogonia marker) (Figure 1H; Figure S1H, Supporting In-
formation), and SYCP3 (a spermatocyte marker) (Figure S1I,
Supporting Information) in testes of PD10 and adult mice. The
colocalization of CWF19L2 with spermatogonia, spermatocytes,
and Sertoli cells was consistent with published scRNA-seq data
of male germ cells for Cwf19l2 expression (Figure S1C, Sup-
porting Information).[34,35] In addition, co-immunofluorescence
of CWF19L2 with MVH (a germ cell marker) and PLZF in hu-
man testis sections exhibited a comparable expression pattern in
germ cells to that of mice (Figure S1J and K, Supporting Informa-
tion). Subcellular localization analysis based on immunoblotting
of isolated nuclear and cytoplasmic proteins highlighted nuclear
enrichment of CWF19L2 (Figure 1I). Co-immunofluorescence
staining of CWF19L2 and SC35 (a nuclear speckles marker)
(Figure 1J and K; Figure S1L, Supporting Information) further
demonstrated a high percentage of the SC35 signal overlapped
with signal from CWF19L2, indicating CWF19L2 was probably
localized in nuclear speckles, where the spliceosome assembles
and functions. These results collectively suggest that CWF19L2
is widely expressed throughout male germ cell development and
may have a conserved role in the nucleus.

2.2. CWF19L2 Physically Interacts with Multiple Spliceosome
Components in the Testis

To elucidate the physiological functions of CWF19L2 in germ cell
development, we used immunoprecipitation-mass spectrometry
(IP-MS) to identify candidate CWF19L2-interacting proteins in
PD10 wild-type (WT) testes. This analysis identified a total of
99 candidate proteins that interacted with CWF19L2 (Figure 2A;
Data 2, Supporting Information).

Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
sis unveiled that CWF19L2 was predominantly associated with

many spliceosome proteins (Figure 2B). Furthermore, Gene
Ontology (GO) analysis highlighted that 19 of 99 candidates
had RNA splicing-related functions, and majority of them were
spliceosome proteins such as hnRNP M, PRPF8, and PRPF43
(Figure 2C–E). Prior studies of pre-mRNA splicing have in-
dicated that SLU7 and the ligated exon dissociate from the
P complex, and CWF19L2 and PRP43 are sequentially re-
cruited into the ILS complex. PRPF8 functions as a struc-
tural protein of the spliceosome during the P-to-ILS transi-
tion to enable the attachment of the above proteins.[11,13,14] We
performed co-immunofluorescence to verify the colocalization
of CWF19L2 with PRPF8, SLU7, and PRPF43 in the nuclear
speckles of spermatogonia (Figure 2F), suggesting the possi-
bility of functional interplay between these proteins. Moreover,
our findings indicated that CWF19L2 also interacted with some
RNA processing proteins, like PABPC1, DDX5, and DHX9
(Figure 2C,E), which were previously demonstrated to be essen-
tial for spermatogenesis,[17,36,37] further underscoring the likely
essential function of CWF19L2 in these intricate processes.

To confirm these interactions, we subsequently performed
CWF19L2 co-immunoprecipitation (Co-IP) with extracts from
PD10 WT testes, followed by immunoblotting, which verified
the interaction of CWF19L2 with PABPC1, hnRNP M, DDX5,
DHX9, PRPF8, PRPF43 (Figure 2G). These findings indicate
that CWF19L2 cooperated with several spliceosome proteins and
some spermatogenesis-related RNA processing factors in the
testis, implying a critical role for CWF19L2 in these fundamental
biological processes.

2.3. CWF19L2 is Essential for Spermatogenesis and Male Fertility

To investigate the functional role of CWF19L2 in spermatogene-
sis, we generated mice harboring a floxed Cwf19l2 allele, where
exon 6 was flanked by loxP sites. By crossing Cwf19l2-floxed
mice with Stra8-GFPCre transgenic mice (Figure 3A), we cre-
ated germline conditional Cwf19l2 knockout mice (Cwf19l2flox/flox;
Stra8-GFPCre, “Cwf19l2-SKO” in the text or “SKO” in the figures).
Stra8-GFPCre begins to function as early as PD3 in type A1
spermatogonia through preleptotene stage spermatocytes in
males.[38] The genotype of the conditional knockout mice was
confirmed by PCR of tail biopsy DNA at PD5 (Figure 3B). Ad-
ditionally, qPCR, immunoblotting, and immunofluorescence of
testes all supported the expected reductions in mRNA and pro-
tein levels in Cwf19l2-SKO compared to controls (Cwf19l2flox/flox

or Cwf19l2flox/+; Stra8-GFPCre, “control” hereafter) (Figure 3C–E).
Germ cells from Cwf19l2-SKO and control mice revealed sig-
nificant knockout of CWF19L2 (Figure S2A, Supporting Infor-
mation), but somatic cells showed unchanged expression level
(Figure S2B, Supporting Information), suggesting the residual

stained with DAPI. Scale bars = 5 μm. F) Co-immunofluorescence staining of the undifferentiated spermatogonia marker PLZF (green) with CWF19L2
(red) in testis sections of PD10 WT mice. DNA was stained with DAPI. Scale bars = 5 μm. G) Co-immunofluorescence staining of the progenitor
spermatogonia marker SOX3 (green) with CWF19L2(red) in testis sections of PD10 WT mice. DNA was stained with DAPI. Scale bars = 5 μm. H) Co-
immunofluorescence staining of the differentiated spermatogonia marker CKIT (green) with CWF19L2 (red) in testis sections of PD10 WT mice. DNA
was stained with DAPI. Scale bars = 5 μm. I) Immunoblotting analysis of CWF19L2 in the nucleus and cytoplasm of spermatogenic cells from PD10
testes. ACTIN and LAMINB1 were used to indicate the separation efficiency of nuclear and cytoplasmic proteins, respectively. J) Co-immunofluorescence
staining of the nuclear speckles marker SC35 (green) with CWF19L2 (red) in testis sections of PD10 WT mice. DNA was stained with DAPI. Scale bars =
5 μm. K) mageJ was used to quantitatively analyze the intensity profiles within the white squares in J). The fluorescence intensity of SC35 was represented
in green, and fluorescence intensity of CWF19L2 was represented in red.
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CWF19L2 protein in testes may mainly originate from support-
ing cells.

Although Cwf19l2-SKO males appeared normal and viable,
six-month-long fertility tests showed that they were sterile
(Figure 3F). The testis size of Cwf19l2-SKO mice was consider-
ably smaller than their littermate controls (Figure 3G), and the
testis/body weight ratio of Cwf19l2-SKO mice was significantly
reduced compared to controls (Figure 3H). Histological exami-
nations with hematoxylin staining showed a significant decrease
in the number of germ cells, especially spermatocytes entering
meiosis, and a pronounced increase in the number of apoptotic
cells (the nucleus was deeply stained, the cytoplasm was con-
densed, and the chromatin was clumped) in the vacuolated sem-
iniferous tubules of adult Cwf19l2-SKO mice (Figure 3I). No ma-
ture sperm were observed in the epididymis of Cwf19l2-SKO mice
(Figure 3I).

Meanwhile, through similar breeding strategy, Cwf19l2flox/flox

mice also crossed with Amh-Cre mice, specifically expressing
in the Sertoli cells,[39] to generate the Cwf19l2flox/flox; Amh-Cre
mice (“Cwf19l2-AKO” in the text or “AKO” in the figures)
(Figure S2C, Supporting Information). Phenotypically, Cwf19l2-
AKO male mice exhibited normal viability and fertility despite
smaller testes (Figure S2D, Supporting Information) and a lower
testis/body weight ratio (Figure S2E, Supporting Information)
compared to littermate controls. Histological analysis showed
normal spermatogenesis including all stages of spermatogonia,
spermatocytes, and spermatozoa in testes and morphologically
normal sperm in the epididymis (Figure S2F, Supporting Infor-
mation). A few apoptotic cells and 6%–8% atrophied seminal
tubules were observed in the testes of PD20 Cwf19l2-AKO mice
(Figure S2G and H, Supporting Information), which could at
least partially account for the smaller testes of adult mice, but
no effect on fertility. Therefore, the above results suggest that
CWF19L2 plays a more essential role in germ cells than in Sertoli
cells.

The time point of apoptosis was determined by the TUNEL
assay, and a large number of TUNEL-positive cells were found
surrounding the time of meiosis initiation at PD8 and PD10
in Cwf19l2-SKO mice (Figure S3A and B, Supporting Informa-
tion). The persistence of this massive level of apoptosis indi-
cates that each round of spermatogenesis was negatively im-
pacted by CWF19L2 deficiency. We further explored the cell
types undergoing apoptosis by co-immunofluorescence stain-
ing of GCNA1 and SOX9 at PD6, PD8, and PD10 (Figure 3J;
Figure S3E,H, Supporting Information). We found a gradual re-
duction in germ cells in Cwf19l2-SKO testes from PD6 onwards
(Figure 3K; Figure S3F,I, Supporting Information) while Sertoli
cells were not significantly altered at these three time points
(Figure 3L; Figure S3G,J, Supporting Information). The reduced
expression of MVH (Figure S3C, Supporting Information) and

the stable level of SOX9 (Figure S3D, Supporting Information)
were further confirmed at the mRNA level between Cwf19l2-SKO
and control testes. These comprehensive findings indicate that
CWF19L2 has an indispensable role in germ cell development
and that deletion of CWF19L2 causes male sterility.

2.4. Ablation of CWF19L2 Causes Aberrant mRNA Splicing in
Male Germ Cells

TUNEL assay revealed no significant differences in apoptosis lev-
els at PD4; however, by PD6, marked variations were observed
(Figure S3A and B, Supporting Information). With consideration
that CWF19L2 predominantly localized within the nucleus of
germ cells (Figure 1J; Figure S1L, Supporting Information) and
interacted with several vital spliceosome proteins (Figure 2G),
we conducted RNA-seq analysis of PD4 and PD6 testes from
Cwf19l2-SKO and control mice to better understand the effects of
CWF19L2 on alternative splicing regulation in male germ cells.
The findings confirmed the relatively minor discrepancies at PD4
(Figure S4A, Supporting Information), and further supported the
more pronounced differences we observed at PD6 (Figure 4A).

Through analyzing differentially expressed genes (DEGs)
identified by RNA-seq at PD6, we observed that deletion
of CWF19L2 resulted in the upregulation of 1440 genes
(66.4%) and downregulation of 728 genes (33.6%) (P < 0.05,
|log2FoldChange| > 1.0) (Figure 4A and Data 3, Supporting In-
formation). GO analysis showed that the upregulated genes were
related to the regulation of transcription like Tnf, and Pou2f2
and regulation of apoptosis like Bax (Figure 4B; Figure S4B and
C, Supporting Information) and that the downregulated genes
were involved in male genitalia development like Shh, and sperm
axoneme assembly like Drc7 (Figure 4C, Figure S4D and E,
Supporting Information). These results suggest that CWF19L2
mainly regulates vital cellular processes like transcription and
apoptosis to support spermatogenesis.

The analysis of mRNA splicing changes in Cwf19l2-SKO and
control testes unveiled nearly 950 abnormal ASEs, including
529 skipped exons (SE), 124 retained introns (RI), 59 alterna-
tive 5′ splice sites (A5SS), 78 alternative 3′ splice sites (A3SS),
and 164 mutually exclusive exons (MXE) (Figure 4D and Data
4, Supporting Information) (P < 0.05, |△PSI| > 10%), affecting
≈850 genes. Skipped exons were the predominant splicing type
(55%) among the ASEs in Cwf19l2-SKO mice (Figure 4E). We fur-
ther analyzed splicing site strength of skipped exons and found
that both alternative exon 3′ splice sites and alternative 5′ splice
sites had lower splicing strength scores than those in constitu-
tive exon 3′ splice sites and 5′ splice sites in Cwf19l2-SKO mice
(Figure 4F), suggesting that CWF19L2 may participate in splice
site recognition to regulate pre-mRNA splicing in testes. Utiliz-
ing GO analysis to investigate the ASEs further, we discovered

Figure 2. CWF19L2 physically interacts with multiple spliceosome components in testis. A) Venn diagram showing the 99 proteins interacting with
CWF19L2 as detected by IP-MS in PD10 WT testes. B) KEGG term enrichment analysis of the proteins that interact with CWF19L2 as identified in the
IP-MS data. C) GO term enrichment analysis of the interacting proteins of CWF19L2 identified from the IP-MS data. D) The correlation network between
CWF19L2 and splicing factors was constructed using Cytoscape. E) A list of proteins interacting with CWF19L2 in adult WT testes identified by IP-MS
is shown. F) Co-immunofluorescence staining of CWF19L2 (red) with the spliceosome skeleton marker PRPF8, the P complex marker SLU7, the ILS
complex marker PRPF43 (green) respectively in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm.
G) Validation of the interactions between CWF19L2 and putative CWF19L2-interacting proteins (PABPC1, hnRNPM, DDX5, DHX9, PRPF8, and PRPF43)
in PD10 testes by in vivo co-immunoprecipitation (Co-IP) assays. IgG was used as the negative control.
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Figure 3. CWF19L2 is essential for spermatogenesis and male fertility. A) The schematic showing the insertion of loxp sites to flank exon 6 of the mouse
Cwf19l2 gene and deletion of Cwf19l2 in germ cells using Stra8-Cre. B) PCR-based genotype of the PD5 mouse tails is shown. C) QPCR analysis of
knockout efficiency of Cwf19l2 in testes of adult Cwf19l2-SKO and control mice. Data are presented as mean ± SD, n = 3, ****P < 0.0001 by two-tailed
Student’ s t-test. D) Immunoblotting analysis of the knockout efficiency of CWF19L2 in the testes of adult Cwf19l2-SKO and control mice. ACTIN served
as the loading control. E) Immunofluorescence staining analysis of the knockout efficiency of CWF19L2 (green) in testis sections of adult Cwf19l2-SKO
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that ASEs were involved in alternative mRNA splicing via spliceo-
some (Rbfox1, Rbm10, and Celf1) (Figure 4G). In addition, by
comparing ASEs with list of spermatogenesis-related genes, we
screened out a series of genes including Znhit1, Btrc, Rbm25 and
Fbxw7.[40–43] We selected several ASEs, such as Nabp1, and ≈80%
(24/30) could be validated by RT-PCR (Figure 4H–K; Figure S4G,
Supporting Information), thus confirming the reliability of the
RNA-seq data. Interestingly, we investigated the relationship be-
tween AS and gene expression and found a limited overlap of
DEGs with ASEs, 51/2166 (2.4%), suggesting CWF19L2 may reg-
ulate splicing and transcription through potential distinct mech-
anisms (Figure S4F, Supporting Information).

Bulk RNA-seq offered a broader overview, revealing not only
the impact of CWF19L2 knockout in germ cells but also its
subsequent effects on the testicular homeostasis. To gain a
more precise understanding of CWF19L2’s involvement in sper-
matogonia, we conducted SMART-seq analysis on c-KIT posi-
tive spermatogonia isolated from Cwf19l2-SKO and control mice
(Figure S5A–C, and Data 3, Supporting Information). Remark-
ably, our findings demonstrated significant congruence between
SMART-seq and RNA-seq results. Specifically, 74% of DEGs and
66% of ASEs identified by SMART-seq were also detected in
the PD6 RNA-seq (Figure S5D and E, Supporting Information).
Additionally, Gene Ontology (GO) analysis of DEGs and ASEs
in SMART-seq yielded nearly identical results to those obtained
from RNA-seq (Figure 4B,C,G; Figure S5F–H, Supporting Infor-
mation). Taken together, these analyses suggest that CWF19L2
plays a regulatory role in the splicing of critical genes associated
with spermatogenesis and splicing mechanisms.

2.5. Absence of CWF19L2 Results in Impaired Spermatogonial
Differentiation

Given that the splicing of genes related to spermatogenesis
was affected in the Cwf19l2-SKO mice, we investigated the
abnormal splicing of corresponding exons in isolated sper-
matogonia by RT-PCR. For example, Znhit1, which regulates
meiotic initiation,[44] produced transcripts that skipped exon
2 (Figure 5A). Btrc, involved in the mitosis-meiosis transition
via DMRT1 degradation,[45,46] tended to display shortened tran-
scripts skipping exon 3 (Figure 5B). We detected the compara-
ble mRNA expression of Znhit1 and Btrc by qPCR (Figure S6A
and B, Supporting Information), indicating that the genes are
not likely affected at the transcriptional level, and the decreased
protein levels of ZNHIT1 and BTRC by immunofluorescence
and immunoblotting in Cwf19l2-SKO testes compared to control
(Figure 5D,E,G). Additionally, we detected an increase in DMRT1
protein in Cwf19l2-SKO testes (Figure 5H; Figure S6G, Support-

ing Information). Differences in mRNA and protein expression
may be due to nonsense-mediated decay (NMD), which is typi-
cally triggered by the presence of premature termination codons
(PTCs), including UAA, UAG, and UGA, and result in mRNA
degradation.[47] Alternative splicing is a known mechanism for
introducing PTCs.[48] Utilizing IGV, we identified several aber-
rant PTCs in the skipped exon 2 of Znhit1 and exon 3 of Btrc in
the RNA-seq data (Figure S6C, Supporting Information). In ad-
dition, we designed primers targeting sequence upstream of the
skipped exon to quantify transcripts lacking the exon (defined as
“short”), as well as transcripts containing the skipped exon (de-
fined as “long”; Figure S6D, Supporting Information) for qPCR
analysis of their expression levels in c-KIT positive spermatogo-
nia sorted from Cwf19l2-SKO and control mice. The short/long
ratios of Znhit1 and Btrc were both lower in Cwf19l2-SKO mice
compared to controls (Figure S6E and F, Supporting Informa-
tion). These results suggested the presence of PTCs in these tran-
scripts and possible activation of NMD. However, these ratios
only decreased by ≈25% and 15% for Znhit1 and Btrc, respec-
tively, whereas protein expression decreased by 80% and 50%,
suggesting there were still a possible post-transcriptional regula-
tory mechanism.

In addition, we observed Fbxw7 was retained in intron 7
(Figure 5C), whose deletion causes spermatogonia to fail to en-
ter differentiation.[40,42,43] However, abnormal transcripts did not
always result in abnormal protein expression. Immunoblotting
and immunofluorescence exhibited similar protein levels, but
we found a distinct difference in the position of FBXW7 in
Cwf19l2-SKO testes (Figure 5F,G). Besides, the abnormal splic-
ing of other spermatogenesis-related genes, like Rbm25, Tcf7,
Tcf7l1, Eif4g1, Auts2, Pbrm1, Tmem131l, Cdip1 and Ncapg were
also successfully confirmed (Figure S6H, Supporting Informa-
tion), and we obtained decreased protein levels of RBM25, TCF7,
and TCF7L1 (Figure S6I, Supporting Information). This sug-
gested that CWF19L2 ablation may affect the spermatogenesis
by regulating some spermatogenesis-related gene splicing.

To assess the abnormality of germ cells in Cwf19l2-SKO testis
during spermatogenesis, we performed co-immunofluorescence
staining of STRA8 (a meiotic initiation marker) and pH3 (a
mitotic and meiotic metaphase cell marker). Meiotic cells la-
beled by STRA8 were scarcely observed in PD10 and PD14 (al-
ready in meiosis) Cwf19l2-SKO testes, while mitotic cells (pH3-
positive and STRA8-negative) were comparable between Cwf19l2-
SKO and control (Figure S7A,B,D,E, Supporting Information).
Subsequently, co-immunofluorescence staining of STRA8 and
𝛾H2AX (a double-strand break repair marker) was performed to
further explore whether meiosis occurred normally in Cwf19l2-
SKO testes. In contrast to control, both STRA8- and H2AX-
positive cells were absent in Cwf19l2-SKO testes (Figure 5I,L).

and control mice. DNA was stained with DAPI. Scale bars = 30 μm. F) Fertility tests of adult Cwf19l2-SKO and control mice showed the cumulative
number of pups per mouse. Data are presented as mean ± SD, n = 3, ****P < 0.0001 by two-tailed Student’ s t-test. G) Gross morphology of the testes
of adult Cwf19l2-SKO and control mice. Scale bars = 2 mm. H) The ratio of testis weight to body weight in adult Cwf19l2-SKO and control mice. Data
are presented as the mean ± SD, n = 4, ****P < 0.0001 by two-tailed Student’ s t-test. I) Hematoxylin staining of testes (top panel, Scale bars = 20 μm)
and epididymides (ep) (bottom panel, Scale bars = 50 μm) of adult Cwf19l2-SKO and control mice. Arrows, apoptotic spermatocytes; asterisks, empty
seminiferous tubules. J) Co-immunofluorescence staining of GCNA1 (green) with SOX9 (red) in testis sections of PD10 Cwf19l2-SKO and control mice.
DNA was stained with DAPI. Scale bars = 5 μm. K) The quantification of GCNA1-positive cells per tubule in J). Data are presented as the mean ± SD,
****P < 0.0001 by two-tailed Student’ s t-test. L) The quantification of SOX9-positive cells per tubule in (). Data are presented as the mean ± SD, ns:
not significant by two-tailed Student’ s t-test.

Adv. Sci. 2024, 11, 2403866 2403866 (8 of 20) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 4. Ablation of CWF19L2 causes aberrant mRNA splicing in male germ cells. A) Volcano plot of DEGs determined by RNA-seq analysis of PD6
Cwf19l2-SKO mice compared to control mice. Blue dots represent significantly downregulated genes, red dots represent significantly upregulated genes,
and gray dots represent unchanged genes. B) GO term enrichment analysis of the significantly upregulated genes in the RNA-seq data. C) GO term
enrichment analysis of the significantly downregulated genes in the RNA-seq data. D) Schematic diagram of five AS types significantly affected by
depletion of CWF19L2 in the RNA-seq data. The numbers of predicted ASEs in each category are indicated. E) Pie chart depicting the proportions of
different types of ASEs in the RNA-seq data. F) Box plots of splice site scores calculated for CWF19L2-regulated skipped exons. Horizontal line indicates
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Similar results were observed in co-immunofluorescence stain-
ing of STRA8 and SYCP3 (a meiosis marker) (Figure 5J,M). Re-
duced mRNA expression of Stra8, 𝛾H2ax, and Sycp3 was also
evident by qPCR in sorted germ cells (Figure S7G, Supporting
Information). Therefore, these results suggest that the absence
of CWF19L2 could result in the failure of meiosis but did not
affect early mitosis.

During the mitosis, germ cells decide whether or not to dif-
ferentiate. To shed light on the role of CWF19L2 in spermato-
gonial differentiation, we employed the co-immunofluorescence
to analyze the germ cell fates in Cwf19l2-SKO and control testes.
PLZF-positive spermatogonia were unaffected in PD10 and adult
Cwf19l2-SKO testes (Figure 5K,N; Figure S7C,F, Supporting In-
formation), indicating that Cwf19l2 deletion did not affect SSC
self-renewal. SOX3-positive spermatogonia were also unaffected
(Figure 5O,R), suggesting the normal fate of spermatogonia in
Cwf19l2-SKO mice to prepare for differentiation. However, c-
KIT-positive spermatogonia were greatly reduced in Cwf19l2-
SKO testes (Figure 5P,S), indicating that spermatogonial differ-
entiation was impaired. Consistent with this, we detected nor-
mal mRNA levels of SSC self-renewal and maintenance genes
(Gfra1, Plzf, Lin28a, and Sall4) (Figure S7H, Supporting Informa-
tion), slightly reduced progenitor spermatogonia genes (Sox3 and
Ngn3) (Figure S7I, Supporting Information), and significantly
decreased genes involved in spermatogonial differentiation (c-
Kit, Sohlh1, and Sohlh2) (Figure S7J, Supporting Information)
in sorted germ cells from Cwf19l2-SKO mice. In addition, flow
cytometry analysis revealed that THY1 (an SSC marker)-positive
cells were identified at levels of 2.87% in control testes and 2.89%
in Cwf19l2-SKO testes (Figure 5Q), while c-KIT-positive cells in
Cwf19l2-SKO testes were only half of that in the controls (14.33%
vs 7.44%, Figure 5T), suggesting that differentiated spermatogo-
nia were reduced as early as PD6 when numerous ASEs occur
during the first wave of spermatogenesis.[49] These results sug-
gested that absence of CWF19L2 caused impaired spermatogo-
nial differentiation and thus failure of meiosis, while SSCs main-
tenance and fate determination of spermatogonia undergoing
differentiation proceeded normally in Cwf19l2-SKO mice. This
effect of Cwf19l2 knockout suggest a regulatory role in spermato-
gonial differentiation, most likely through aberrant alternative
splicing of spermatogenesis-related genes.

2.6. Deletion of CWF19L2 Disrupts Spliceosome Assembly and
Stability

Considering that CWF19L2 interacted with several spliceosome
proteins and its knockout led to aberrant alternative splicing of
several genes required for splicing, we were therefore sought
to define the effects of Cwf19l2 knockout on the spliceosome.
We thus performed co-immunofluorescence staining of SC35

with PRPF8, SLU7, or PRPF43, and the results indicated that
localization of PRPF8 and SLU7 in nuclear speckle was unaf-
fected (Figure 6A,B) while normal PRPF43 signals were almost
undetectable in Cwf19l2-SKO mice (Figure 6C). Although the
mRNA expression levels of Prpf8, Slu7, and Prpf43 did not signifi-
cantly differ between Cwf19l2-SKO and control mice (Figure 6D),
immunoblotting revealed normal SLU7 expression, slightly re-
duced PRPF8 expression, and moderately reduced PRPF43 ex-
pression in Cwf19l2-SKO testes at both PD6 and PD10 (Figure 6E;
Figure S8A, Supporting Information). Using sorted germ cells
from Cwf19l2-SKO and control mice, co-IP assays showed PRPF8
specifically co-precipitated with both PRPF43 and SLU7 in con-
trols, while in Cwf19l2-SKO mice, the interaction between PRPF8
and SLU7 was detectable, but the interaction between PRPF8
and PRPF43 was barely noticeable (Figure 6F). As the lower ef-
ficiency of PRPF8 immunoprecipitation in Cwf19l2-SKO testes
may be related to the reduced PRPF8 protein levels noted above,
which could, in turn, potentially affect PRPF43 binding, we con-
ducted a quantitative analysis to validate our co-IP results. This
analysis indicated that PRPF8 and PRPF43 protein levels de-
creased by ≈65% and 75% (Figure S8B and C, Supporting Infor-
mation), respectively, while SLU7 enrichment increased by ≈80%
(Figure S8D, Supporting Information), suggesting that SLU7 did
not dissociate from the spliceosome in a sufficiently timely man-
ner to prevent stalling. Furthermore, even after normalizing our
protein quantification to PRPF8 levels in control samples, i.e.,
assuming equivalent levels of PRPF8 between WT and Cwf19l2-
SKO samples, we still detected 1.5 times higher levels of PRPF43
in controls than in Cwf19l2-SKO mice (Figure S8E, Supporting
Information). Therefore, we speculated that CWF19L2 knockout
affected the stability and assembly of the spliceosome, which may
lead to spliceosome stalling at the P-ILS transition, likely disrupt-
ing the subsequent RNA splicing process.

In addition, we confirmed some genes of alternative mRNA
splicing, such as Celf1 and Rbm10, which are essential for recog-
nizing exon-intron boundary and branchpoint,[50,51] and known
to play a role in spermatogenesis,[52] indeed underwent splicing
errors and decreased protein expressions in Cwf19l2-SKO mice
(Figure 6G–I, Supporting Information). These results indicate
that CWF19L2 is required for the correct assembly and stability
of the late-stage spliceosome.

2.7. CWF19L2 Directly Regulates Alternative Splicing and
Modulates Other Splicing Factors to Control Gene Splicing
Indirectly

To explore the underlying molecular mechanisms through
which CWF19L2 regulates pre-mRNA AS, we performed high-
resolution linear amplification of complementary DNA ends
and sequencing (LACE-seq)[53] using FACS-purified differenti-

the median and 25% to 75% bounds of the box. *P < 0.05, **P < 0.01 by two-tailed Student’ s t-test. G) GO term enrichment analysis of genes with
abnormal ASEs in the RNA-seq. The numbers of representative genes are indicated. H) GO term enrichment analysis of genes with abnormal ASEs in
the RNA-seq. Genes marked in red represent successful verification by RT-PCR(I-K) Visualization and validation of abnormal ASEs identified by RNA-seq
in sorted germ cells of Cwf19l2-SKO and control mice. Gel images showing the RT-PCR analysis of ASEs of the changed splicing genes in top-left panel.
Tracks from Integrative Genomics Viewer (IGV) for selected candidate genes are shown in the bottom-left panel, and differentially spliced parts are
shaded. Schematics of ASEs are shown in the top-right panel. Changes in “percent spliced in (△PSI)” are shown in the bottom-right panel. Data are
presented as the mean ± SD, n = 3, ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed Student’ s t-test.
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ated spermatogonia from Cwf19l2-SKO and control testes. LACE-
seq data robustly confirmed the ability of CWF19L2 to directly
bind RNA (Figure 7A), reinforcing the classification as an RNA-
binding protein. In addition, we identified 27542 peaks and 1641
genes that were significantly enriched in the CWF19L2 immuno-
precipitants (Figure 7B and Data 5, Supporting Information) (cut-
off: fold change >2, P-value < 0.05), and the binding sites pre-
ferred the intron regions of the encoded proteins (Figure 7A),
aligning with the role of CWF19L2 in ILS complex.[11] Motif anal-
ysis by the HOMER algorithm indicated that CWF19L2 preferen-
tially recognized the GGMRGV (M = A or C, R = A or G, V = A
or C or G) motif, and 57.98% of target sequences contained a
GGCAGA motif (Figure 7C).

Comparing the ASEs identified by RNA-seq and the target
genes in the LACE-seq data, we identified 141 common genes
(Figure 7B). Through GO analysis, we found that these AS-
altered genes bound by CWF19L2 were mainly related to DNA
repair, regulation of transcription, cell cycle, and RNA splicing
regulation (Figure 7D). Using RIP-qPCR, we confirmed that the
common critical genes like Fbxw7, Znhit1, and Rbm25 were di-
rectly bound by CWF19L2, and we regarded Ankle1 and Tcf7
belonging to the non-common genes to be negative controls
(Figure 7E; Figure S9A, Supporting Information), thus high-
lighting the direct regulatory effect of CWF19L2 at the post-
transcriptional level. Moreover, we found that only 58 upregu-
lated (3.5%) and 34 downregulated (2.1%) genes were bound
by CWF19L2 (Figure S9B, Supporting Information), suggesting
that CWF19L2 might regulate gene expression by other means
than splicing. In order to better understand the regulatory mech-
anisms involved in the splicing effects of CWF19L2, we com-
pared splicing site strength of CWF19L2-regulated ASEs with
that of the same number of non-CWF19L2-regulated ASEs. Our
analysis indicated that while both groups showed lower splic-
ing strength at alternative 3′ splice sites relative to constitu-
tive 3′ splice sites (Figure S9C, Supporting Information), splic-
ing strength at alternative 5′ splice sites was exclusively reduced
in CWF19L2-regulated genes (Figure S9D, Supporting Informa-
tion). Moreover, comparison of splicing strength score ratios in-
dicated that CWF19L2 had a more pronounced impact at 3′ splice

sites (Figure S9E, Supporting Information). In light of this anal-
ysis, we hypothesized that CWF19L2 was uniquely involved in
regulating alternative splicing events in which 3′ splice sites are
stronger than 5′ splice sites.

Subsequently, we conducted a splicing reporter assay to verify
the impact of CWF19L2 on AS. We integrated the cloned Fbxw7
intron 7 sequence into splicing reporter plasmids (Figure 7F).
These plasmids, designed to express luciferase either with or
without the Fbxw7 intron 7, were co-transfected into HEK
293T cells along with a CWF19L2 overexpression vector. Re-
sults demonstrated that CWF19L2 significantly enhanced the
luciferase activity in the reporter containing Fbxw7 intron 7
(Figure 7G). At the same time, we performed dual-luciferase
reporter assays to elucidate the regulatory effects of CWF19L2
on specific genes. In these assays, we evaluated the function
of CWF19L2 by inserting cloned regions containing CWF19L2-
binding motifs into downstream of the luciferase reporter en-
coding sequence. We analyzed segments featuring CWF19L2-
binding motifs from Znhit1 (GGAAGG), Btrc (GGAGGA), and
Rbm25 (GGAAGG) (Figure S9F, Supporting Information). Ad-
ditionally, we created deletion variant control plasmids for each
segment examined, such as the “Znhit1-mut” (Figure S9F, Sup-
porting Information). Subsequently, HEK 293T cells were co-
transfected with CWF19L2 overexpression vector and one of the
vectors containing these specific segments or an empty vector as
a control (Figure 7H). Although there was no discernible change
in the reporter mRNA expression levels (Figure S9G, Support-
ing Information), the luciferase activity in cells containing the
CWF19L2-binding motifs was diminished about by 50% in com-
parison to the cells with the empty vector control (Figure 7I).
Importantly, the reduction in luciferase activity was partially re-
versed in cells co-transfected with the deletion variant control vec-
tors for the Znhit1, Btrc, and Rbm25 (Figure 7I). These results
indicate that CWF19L2 directly interferes with special motifs to
modulate splicing.

Approximately 85% of AS-altered genes were not the direct
targets of CWF19L2 (Figure 7B), and we speculated this might
be mediated by other splicing factors. Among common genes
assigned to RNA splicing regulation, we identified Rbfox1 as a

Figure 5. Absence of CWF1L2 results in impaired spermatogonial differentiation. A) Visualization and validation of Znhit1 abnormal ASEs in sorted
germ cells from Cwf19l2-SKO and control mice. B) Visualization and validation of Btrc abnormal ASEs in sorted germ cells from Cwf19l2-SKO and
control mice. C) Visualization and validation of Fbxw7 abnormal ASEs in sorted germ cells from Cwf19l2-SKO and control mice. D) Immunofluores-
cence staining of ZNHIT1 (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 15 μm. E) Im-
munofluorescence staining of BTRC (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 15 μm.
F) Immunofluorescence staining of FBXW7 (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars
= 15 μm. G) Immunoblotting analysis of ZNHIT1, BTRC and FBXW7 protein in testes of PD10 Cwf19l2-SKO and control mice. ACTIN served as the
loading control. (H) Immunoblotting analysis of DMRT1 protein in testes of PD10 Cwf19l2-SKO and control mice. ACTIN served as the loading control.
I) Co-immunofluorescence staining of STRA8 (red) with the meiotic marker 𝛾H2AX (green) in testis sections of PD14 Cwf19l2-SKO and control mice.
DNA was stained with DAPI. Scale bars = 5 μm. J) Co-immunofluorescence staining of STRA8 (red) with SYCP3 (green) in testis sections of PD14
Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm. K) Co-immunofluorescence staining of GCNA1 (red) with PLZF (green)
in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm. L) The quantification of 𝛾H2AX-positive cells
per tubule in I). Data are presented as the mean ± SD, ****P < 0.0001 by two-tailed Student’ s t-test. M) The quantification of SYCP3-positive cells per
tubule in J). Data are presented as the mean ± SD, ****P < 0.0001 by two-tailed Student’ s t-test. N) The quantification of PLZF-positive cells per tubule
in K). Data are presented as the mean ± SD, ns: not significant by two-tailed Student’ s t-test. O) Co-immunofluorescence staining of GCNA1 (red) with
SOX3 (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 10 μm. P) Co-immunofluorescence
staining of GCNA1 (red) with c-KIT (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm.
Q) Flow cytometry analysis of the proportion of the spermatogonia stem cell marker THY1-positive cells in the testes of PD6 Cwf19l2-SKO and control
mice. R) The quantification of SOX3-positive cells per tubule in O). Data are presented as the mean ± SD, ns: not significant by two-tailed Student’ s
t-test. S) The quantification of c-KIT-positive cells per tubule in P). Data are presented as the mean ± SD, ****P < 0.0001 by two-tailed Student’ s t-test.
(T) Flow cytometry analysis of the proportion of c-KIT-positive cells in the testes of PD6 Cwf19l2-SKO and control mice.
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Figure 6. Deletion of CWF19L2 negatively affects spliceosome assembly and stability. A) Co-immunofluorescence staining of SC35 (red) with the spliceo-
some skeleton marker PRPF8 (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm. B) Co-
immunofluorescence staining of SC35 (red) with the P complex marker SLU7 (green) in testis sections of PD10 Cwf19l2-SKO and control mice. DNA was
stained with DAPI. Scale bars = 5 μm. C) Co-immunofluorescence staining of SC35 (red) with the ILS complex marker PRPF43 (green) in testis sections
of PD10 Cwf19l2-SKO and control mice. DNA was stained with DAPI. Scale bars = 5 μm. D) QPCR analysis of the mRNA levels of spliceosome-related
genes Prpf8, Slu7, and Prpf43 in sorted germ cells from Cwf19l2-SKO and control mice. Data are presented as mean ± SD, n = 3, ns: not significant by
two-tailed Student’ s t-test. E) Immunoblotting analysis of PRPF8, SLU7, and PRPF43 protein in testes of PD10 Cwf19l2-SKO and control mice. ACTIN
served as the loading control. F) Co-IP assays of the interaction between PRPF8, SLU7, and PRPF43 in sorted germ cells from Cwf19l2-SKO and control
mice. IgG was used as the negative control. G) Visualization and validation of Celf1 abnormal ASEs in sorted germ cells from Cwf19l2-SKO and control
mice. H) Visualization and validation of Rbm10 abnormal ASEs in sorted germ cells from Cwf19l2-SKO and control mice. I) Immunoblotting analysis of
CELF1 and RBM10 protein in testes of PD10 Cwf19l2-SKO and control mice. ACTIN served as the loading control.
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direct target of CWF19L2 (Figure 7E), We observed the abnor-
mal splicing that skipped exon 12 (Figure 7J), and the decreased
RBFOX1 protein in Cwf19l2-SKO mice (Figure 7K). Therefore,
we compared the reported RNA-seq data of Rbfox1 knockout
model[54] with our RNA-seq and obtained 61 shared AS-altered
genes (Figure 7L). GO analysis linked them mainly to RNA pro-
cessing and apoptotic processes (Figure S9H, Supporting In-
formation). Subsequent RIP-qPCR confirmed that Mbln1 and
Mbln2 were bound by RBFOX1, but not CWF19L2, both Btrc and
Spia1 were bound by both RBFOX1 and CWF19L2, and Zbtb20
seemed to be primarily targeted by CWF19L2 (Figure 7M). Rele-
vant ASEs were also verified in Cwf19l2-SKO mice (Figure 7N;
Figure S9I–K, Supporting Information). These findings indi-
cated that CWF19L2 can modulate the AS of other splicing factors
like RBFOX1 to amplify its effect on splicing regulation.

3. Discussion

Spermatogenesis depends on the coordinated control of appro-
priate gene splicing and expression, thus, it is excellent to study
the post-transcriptional regulation in this intricate process with
splicing factors and AS being stage-specifically modulated.[5,55]

For instance, SRSF1 and SRSF2 can directly affect AS of Star8
and other spermatogenesis-related genes, which have crucial
functions in spermatogenesis and male fertility.[21,22] However,
limited mechanisms are known about how AS functions as a crit-
ical regulatory mechanism in spermatogenesis.

In our research, we constructed conditional knockout mouse
models to investigate the role of CWF19L2 in spermatogenesis
based on its high expression level in testis, especially in germ
cells. Our results demonstrated that deletion of CWF19L2 in
germ cells caused spermatogenesis failure and complete male
infertility, but the knockout of CWF19L2 in Sertoli cells did not
affect fertility. In Cwf19l2-SKO mice, while self-renewal of SSCs
and mitosis of undifferentiated spermatogonia proceeded nor-
mally, we observed significant apoptosis in differentiated sper-
matogonia as early as PD6, accelerating to a peak at PD10, and no
spermatogonia entering meiosis and sperm were detected even-
tually. This acceleration of apoptosis may be due to the fact that
differentiated spermatogonia have a faster proliferation rate than
SSCs[56] or to the increased STRA8 expression.[57] These findings
suggest that CWF19L2 deficiency can lead to the developmental
arrest in differentiated spermatogonia and CWF19L2 may also be
involved in initiating meiosis.

As a functionally unclear core component of the ILS com-
plex, recruitment of CWF19L2 into the space between PRPF8
and the intron lariat is required for pre-mRNA splicing. Given
the evolutionary conservation, structural resemblance, and sim-
ilar nuclear localization of CWF19L2, we hypothesize CWF19L2
is functionally conserved in mice. IP-MS revealed CWF19L2 in-
teracted with several spliceosome proteins, underscoring it could
contribute to splicing by spliceosome. In Cwf19l2-SKO mice, the
expression of SLU7 remained unchanged, and its increased en-
richment through immunoprecipitation using PRPF8-antibody
indicated that it hardly disassembled from the P complex timely.
The decreased expression and enrichment of PRPF43 suggested
formation of the ILS complex was difficult, meaning that the
spliceosome assembly was blocked at P-ILS transition. The ex-
pression and enrichment of PRPF8, a spliceosome structural pro-
tein, slightly decreased, which may lead to spliceosome insta-
bility. Besides, some interacting proteins of CWF19L2 are asso-
ciated with spermatogenesis, such as PABPC1 and DDX5.[17,37]

DDX5 interacts with PLZF to regulate the expression of genes
required for germline maintenance and activity of undifferenti-
ated spermatogonia.[17] Thus, CWF19L2 is crucial for proper as-
sembly and structural stability of spliceosome to ensure accurate
splicing, ultimately guaranteeing successful spermatogenesis.

The RNA-seq data revealed that, as a splicing factor, depletion
of CWF19L2 in spermatogonia affected the splicing of over 850
genes involved in fundamental biological processes such as al-
ternative splicing (Rbfox1, Celf1, and Rbm10) and spermatogen-
esis (Znhit1, Btrc and Fbxw7). These genes play essential roles
in mouse spermatogenesis, and their aberrant splicing was ver-
ified in sorted germ cells by RT-PCR. For example, deletion of
CWF19L2 caused exon 2 of Znhit1 to be skipped and the amount
of ZNHIT1 to be reduced, which blocks meiotic initiation by
arresting male germline cells at the differentiated spermatogo-
nia stage.[44] BTRC, which controls the mitosis-meiosis transi-
tion in mouse male germ cells, tended to be expressed as the
shortened isoform, skipping exon 3 in Cwf19l2-SKO mice. The
Btrc-deficient male germ cells did not enter meiosis but instead
underwent apoptosis because of the massive accumulation of
DMRT1,[45,46,58] whose degradation was required for spermato-
gonia to exit mitosis and enter meiosis.[59] Our findings also de-
tected increased DMRT1, suggesting that its degradation was
inhibited, which might be one of the causes of the abnormal
spermatogenesis in Cwf19l2-SKO mice. FBXW7, whose intron
7 was retained, is expressed in spermatogonia in a cell cycle-

Figure 7. CWF19L2 directly regulates alternative splicing and modulates other splicing factors to control gene splicing indirectly. A) Pie chart showing
the distribution of CWF19L2 binding locations in the genome from LACE-seq in spermatogonia isolated from Cwf19l2-SKO and control mice. CDS,
coding sequence; UTR, untranslated region; ncRNA, non-coding RNA. B) Venn diagram showing the shared genes between CWF19L2 bound genes
and genes with abnormal ASEs. C) HOMER de novo motif analysis of CWF19L2 binding peaks based on the LACE-seq that shows the identified G-rich
motif. D) GO term enrichment analysis of shared genes between the CWF19L2-bound genes and genes with abnormal ASEs. E) Histograms showing
RIP-qPCR analysis of some selected mRNAs of the 141 common genes using an anti-CWF19L2 antibody and control IgG. Data are presented as the
mean ± SD, n = 3, ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed Student’ s t-test. F) Schematic diagram of the
splicing assay performed to assess the splicing of Fbxw7-intron 7. G) The relative luciferase reporter activity of vectors with or without Fbxw7-intron 7.
H) Schematic diagram of the motif-recognized luciferase experiment. I) The relative luciferase reporter activity of normal and mutated motif vectors of
Btrc, Rbm25 and Znhit1. The empty luciferase vehicle served as the control. J) Visualization and validation of Rbfox1 abnormal ASEs in germ cells from
Cwf19l2-SKO and control mice. K) Immunoblotting analysis of the RBFOX1 protein in testes of PD10 Cwf19l2-SKO and control mice. ACTIN served as
the loading control. L) Venn diagram showing the common genes with ASEs between RNA-seq data of CWF19L2 and RBFOX1. M) Histograms showing
the RIP-qPCR analysis of five selected mRNAs immunoprecipitated by anti-CWF19L2 and anti-RBFOX1 antibodies and control IgG. Data are presented
as the mean ± SD, n = 3, ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-tailed Student’ s t-test. N) Visualization and
validation of Mbnl1 abnormal ASEs in germ cells from Cwf19l2-SKO and control mice.
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dependent manner, acting as a negative regulator of SSCs. Dele-
tion of FBXW7 in germ cells suppresses differentiation by upreg-
ulation of MYC and CCNE1 and leads to male infertility,[40,42,43]

which is similar to the phenotype of Cwf19l2-SKO mice in this
study. Exon 3-skipped RBM25 controls the splicing of critical
pre-mRNAs, like the apoptotic regulator Bcl-x and the MYC in-
hibitor Bin1.[41] MYC-mediated apoptosis in spermatogonia fol-
lowing deletion of Cwf19l2 may be a direct consequence of splic-
ing defects, and this might also explain why apoptosis-related
genes were not predicted to be aberrantly spliced but just differ-
entially expressed. Other genes, including Celf1, Nabp1, Tcf7, and
Gas2,[60–63] may also be responsible for the aberrant spermatoge-
nesis in Cwf19l2-SKO mice. These abnormalities in splicing, reg-
ulated by CWF19L2, might play a role in the growth retardation
of the germ cell and male fertility.

Despite depletion of Cwf19l2 in spermatogonia leading to
anomalous alterations in splicing, only 141 genes were directly
bound by CWF19L2, as detected by LACE-seq. CWF19L2 di-
rectly regulated AS of Znhit1 and Rbm25 through GGAAGG
motif and Btrc through GGAGGA motif. Knocking out some
of these direct targets results in infertile phenotypes similar to
those observed in Cwf19l2-SKO mice, reinforcing the critical role
of CWF19L2 in spermatogenesis. CWF19L2 directly regulates
some splicing factors, such as Rbfox1. RIP-qPCR confirmed that
many genes, like Spia1 and Btrc, are directly regulated by both
RBFOX1 and CWF19L2, consistent with a previous study show-
ing that most exons are under combinatorial control from dif-
ferent splicing regulator proteins,[5] while some genes such as
Mbln1/2 are directly regulated by RBFOX1 but not by CWF19L2.
Mbnl1/2 can repress alternative splicing to balance embryonic
stem cell differentiation.[64] Therefore, besides direct regulation,
CWF19L2 also modulates splicing factors to indirectly control
splicing, highlighting the complexity of splicing regulation in
spermatogenesis.

Interestingly, beyond splicing alteration, the depletion of
Cwf19l2 in spermatogonia led to gene expression changes. Up-
regulated genes including transcription factors (Tnf, Cebpa,
Cebpb, Cebpd) and co-activators or co-repressors (Hes5, Hes7,
Pou2f2, Pou3f1), suggesting CWF19L2 knockout may disrupte
the highly dynamic and tightly controlled transcription process.
Pre-mRNAs with abnormal AS may be degraded by nonsense-
mediated mRNA decay(NMD), which is used to monitor the pre-
mature termination or truncation of mRNA, resulting in the
altered protein expression.[47,65] However, only 5.5% of DEGs
coincided with ASEs, suggesting that dysregulation of mRNA
expression might stem from mechanisms beyond just abnor-
mal AS. Similarly, very few of the DEGs (5.6%) were direct tar-
gets of CWF19L2, indicating the potential independent and in-
direct regulatory roles of CWF19L2 at transcriptional and post-
transcriptional levels.

In conclusion, our research underscores that CWF19L2 is an
essential splicing regulator, illustrating its direct and indirect in-
fluence on the AS of critical genes required for alternative splic-
ing (Rbfox1, Celf1, and Rbm10) and spermatogenesis (Znhit1,
Btrc, and Fbxw7) in germ cells to ensure successful spermato-
genesis (Figure 8). This research significantly advances our un-
derstanding of the AS machinery underpinning spermatogen-
esis and offers new perspectives on the genetic basis of male
fertility.

4. Experimental Section
Mice and Genotyping: Cwf19l2flox/+ mice were produced through em-

bryonic stem cells (ESCs) targeting and blastocyst injection in a C57BL/6J
genetic background from Cyagen Biosciences. ESCs incorporated two loxP
sites flanked in exon 6. Stra8-GFPCre mice line in the C57BL/6 J back-
ground were a generous gift from Prof. Ming-han Tong at the Center for
Excellence in Molecular Cell Science, Chinese Academy of Sciences.[66,67]

Initially, 8-week-old Stra8-GFPCre males were crossed with 6-week-old
Cwf19l2flox/flox females to generate the Cwf19l2flox/+; Stra8-GFPCre mice.
Subsequently, the 8-week-old Cwf19l2flox/+; Stra8-GFPCre mice were bred
with Cwf19l2flox/+ or Cwf19l2flox/flox mice to obtain Cwf19l2flox/flox; Stra8-
GFPCre (designated as Cwf19l2-SKO or SKO) mice. All mice were main-
tained in a controlled lighting regime (12 h light; 12 h darkness) at 21–
22 °C with unlimited access to water and food. Genotyping was performed
by PCR on genomic DNA extracted from PD5 mouse tails. The PCR primer
sequences were shown in Data 6 (Supporting Information). All experimen-
tal protocols adhered to the ethical guidelines set by the regional ethics
committee of Shandong University.

Fertility Test: Fertility in control and Cwf19l2-SKO mice after 8 weeks
old was evaluated. Each Cwf19l2-SKO male was caged with two 8–12 week-
old WT C57BL/6J female mice. Female mice were checked daily for vagi-
nal plugs, and if detected, were separated into single cage for pregnancy
recording. The fertility test continued for at least 6 months.

Histological Analysis: After euthanasia, mouse testes and epi-
didymides were fixed in Bouin’s Fixative Solution (Scientific phygene,
PH0976) at 4 °C overnight. Following dehydration, tissues were embed-
ded in paraffin, sectioned at 5 μm thickness, and mounted on glass slides.
After deparaffinization, the slides were stained with hematoxylin using
a standard protocol. The hematoxylin-stained slides were imaged with a
fluorescence microscope (BX53, Olympus), and images were processed
using Image J.

Immunofluorescence: After euthanasia, mouse testes and epi-
didymides were fixed in 4% paraformaldehyde (Solarbio, P1110) at 4 °C
overnight. Following dehydration, tissues were embedded in paraffin,
sectioned at 5 μm thickness, and mounted on glass slides. After deparaf-
finization, the slides were boiled in Citrate Antigen Retrieval Solution
(Beyotime, P0081) for 15 min in boiling water and then cooled to room
temperature. Sections were treated with phosphate-buffered saline
(PBS) containing 0.1% Triton X-100 for 15 min, followed by washing
three times in PBS (pH 7.4). Then slides were blocked using 5% bovine
serum albumin for 1 h at room temperature, and incubated with primary
antibodies at 4 °C overnight. Washing with PBS three times, secondary
antibodies were added and incubated for 1 h at room temperature.
Washing with PBS three times again, the slides were mounted using
DAPI aqueous, fluoroshield (Abcam, ab104139). Immunostained slides
were imaged by confocal microscopy (Andor Dragonfly spinning disc
confocal microscope driven by Fusion Software). The details of the
primary and secondary antibodies used in this study were detailed in Data
7 (Supporting Information).

Tunel Analyses: One Step TUNEL Apoptosis Assay Kit (KeyGEN
BioTECH, KGA7072) was utilized following the manufacturer’s instruc-
tions on testes sections.

Immunoblotting: Tissues were collected to prepare protein extracts
from C57BL/6 mice and lysed in NP-40 Lysis Buffer (Beyotime, P0013F)
with protease inhibitor (Roche, 04693132001). After homogenization, the
cell extracts were chilled on ice stand for 20 min, and centrifuged at 4 °C
at 13 000 ×g for 20 min. The supernatant was denatured with 5×SDS load-
ing buffer (Beyotime, P0015L) and heated to 95 °C for 5 min. Equal total
proteins were separated on a 10% SDS–PAGE gel (Invitrogen, NP0315)
and transferred to PVDF membranes (Millipore, ISEQ00010). Membranes
were blocked with 5% nonfat milk for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4 °C. After washing three times
with TBST, membranes were incubated with the secondary antibodies for
1 h at room temperature. The signals were detected by Luminol/enhancer
solution and Peroxide solution (ClarityTM Western ECL Substrate, Bio-
Rad). The details of the primary and secondary antibodies used in this
study were detailed in Data 7 (Supporting Information).

Adv. Sci. 2024, 11, 2403866 2403866 (16 of 20) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 8. Schematic model of CWF19L2-mediated AS regulation in the early steps of spermatogenesis. Schematic model showing that CWF19L2 directly
binds to target genes to coordinate the proper AS of mRNA transcripts and that CWF19L2 controls key splicing factors like RBFOX1 to indirectly amplify
its role in splicing regulation during spermatogenesis.

Immunoprecipitation: The supernatant obtained by method in im-
munblotting was incubated with antibodies and spined at 4 °C overnight.
The pre-cleaned magnetic protein A/G beads were added and the mix-
ture spined at 4 °C for 2 h. The beads were washed with NP-40 Lysis
Buffer (Beyotime, P0013F) with protease inhibitor (Roche, 0 469 313 2001)
three times and boiled in 2×SDS loading buffer (Beyotime, P0015L) for im-
munoblotting analyses.

Fluorescence-Activated Cell Sorting of Spermatogonia: After removing
the tunica albuginea, the testes were placed in 5 mL PBS containing col-
lagenase type I (120 U mL−1) and spined for 10 min at 35 °C. Then testes
were digested in 5 mL of 0.25% trypsin plus 0.1 mL of deoxyribonuclease
I (5 mg mL−1) at 35 °C for 8 min and terminated by adding of 0.5 mL
fetal bovine serum. The suspension was filtered through a 40 μm honey-
comb filter and centrifuged at 4 °C at 500 ×g for 5 min. Removing the
supernatant, cells were resuspended in 1 mL Dulbecco’s modified Eagle
medium (DMEM) with Hoechst 33 342, PE anti-mouse CD117 (c-Kit) an-
tibody (Biolegend,135 105) or APC/Cyanine7 anti-mouse Thy1 antibody
(Biolegend,105 328), and 5 μL DNase I. The cell suspension was stirred at
34 °C for 20 min, centrifuged at 500 ×g for 5 min at 4 °C and resuspended
in PBS at a concentration of 105 mL for sorting. Fluorescently labeled cells
were collected according to the sorting channel into 1.5 mL LoBind mi-
crocentrifuge tubes (Eppendorf, 02 243 1021) containing 0.5 mL PBS for
subsequent analysis.

Enrichment of Spermatogenic Cells and Sertoli Cells: Testes were di-
gested into single cells according to the above. Then suspension was sus-
pended in 10 mL of DMEM medium with 10% FBS and 1% penicillin-
streptomycin, and seeded in a 10 cm culture dish. After incubating at 37 °C
for 3 h, the floating and weakly adhering cells were harvested as the frac-
tion of spermatogenic cells, while the cells attached to the bottom of the
dish were collected as the fraction of somatic cells. The efficiency of the
separation was determined using immunoblotting analysis.

RNA Extraction, qPCR, RT-PCR, RNA-seq and SMART-seq: Total RNA
was extracted from whole testes or sorted cells using FastPure Cell/Tissue
Total RNA Isolation Kit V2 (Vazyme, RC112-01) following the manufac-
turer’s instructions. For qPCR, isolated total RNA was reverse-transcribed
into first-strand cDNA using the HiScript III RT SuperMix for qPCR
(+gDNA wiper) (Vazyme, R323-01). qPCR was performed with the SYBR
Green Premix Pro Taq HS qPCR Kit (AG, 11 701) on LightCycler@96
Real-Time PCR system (Roche) according to manufacturer’s instructions.
Gapdh (LOC107788267) was employed as an internal control and each
experiment conducted in triplicate to ensure technical reliability. Finally,
relative gene expression were calculated using the 2−∆∆Ct method, which
was subsequently converted to ploidy changes for graphical representa-
tion. For RT-PCR, isolated total RNA was reverse-transcribed into first-
strand cDNA using the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA
wiper) (Vazyme, R312-02). cDNA and specialized primers underwent cor-
responding PCR cycles. The products were separated by agarose gel and
quantified by Image J software. Splicing ratios were represented as PSI
(Percent Spliced In) value, representing the percentage of a gene’s mRNA
transcripts that included a specific exon or splice site. The primers for RT-
PCR and qPCR assay are listed in Supplementary Data 6. For RNA-seq,
isolated total RNA was converted into cDNA for RNA sequencing using
Illumina Truseq RNA Sample Preparation Kit, followed by rRNA removal
and sequenced on an Illumina HiSeq 2500 using 2 × 150 nt sequencing.
For SMART-seq, the Discover-sc WTA Kit V2 (Vazyme, N711) facilitated
cell lysis, mRNA reverse transcription, and cDNA amplification. Subse-
quent cDNA fragmentation and adapter ligation steps were performed
using the TruePrep Flexible DNA Library Prep Kit for Illumina kit (Vazyme,
TD504). All experimental procedures were conducted strictly following the
manufacturer’s instructions. The Smart-seq2 library sequencing was car-
ried out by Novogene on the Illumina platforms with 150 bp paired-end
reads.
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LACE-seq: Crosslinking immunoprecipitation coupled with high-
throughput sequencing of FACS-purified spermatocyte populations was
performed according to published study.[53] Immunoprecipitation was
conducted using the Rab-CWF19L2 antibody, applying 3 μg per test sam-
ple, while rabbit IgG served as the negative control. Spermatogonia cells,
sorted as previously described, were collected in 1.5 ml LoBind microcen-
trifuge tubes, each containing 10 μl PBS. The cells underwent UV-C light
irradiation twice on ice at 400 mJ, with a 1–2 min pause between irradi-
ations. Following the methodology in reference,[50] the initial stages of
LACE-seq, including RNA immunoprecipitation and fragmentation, RNA
dephosphorylation and 3′ linker ligation, RT on beads, and first-strand
cDNA capture by streptavidin beads, were meticulously executed. Substi-
tuting the poly(A) tailing, a 3′ cDNA linker was added. The streptavidin
beads with first-strand cDNA were resuspended in 20 μl ligation mixture
(10 μl 50% PEG8000, 4.5 μl water, 2 μl 10× ligation buffer, 2 μl ATP (10 μM,
NEB, P0756S), 1 μl T4 RNA ligase 1, truncated (NEB, M0204S), 0.5 μl 3′
cDNA linker (1 μM, /5pA/CTCGTATGCCGTCTTCTGCTTG/3 NH2/, where
5pA denotes 5′ phosphorylated adenosine triphosphate, and 3 indicates
3′-amino, synthesized and HPLC-purified by Sangon) and transferred to a
new PCR tube for a 24 h incubation at 25 °C in a ThermoMixer C with
intermittent vortexing for 15 s at 1000 rpm every 3 min. After that, to
create the dsDNA template for in vitro transcription (IVT), the DNA was
pre-amplified by first-PCR with the following mixture: 12.5 μl cDNA, 0.5 μl
primer A (GATCACTAATACGACTCACTATAGG, 10 μM; Sangon), 0.5 μl P7
primer (CAAGCAGAAGACGGCATACGAGAT, 10 μM; Sangon) and 12.5 μl
2× KAPA HiFi HotStart ReadyMix (KAPA Biosystems, KK2601). The PCR
program was set as follows: 98 °C for 3 min; 98 °C for 15 s, 60 °C for 20 s,
and 72 °C for 30 s (14–18 cycles); 72 °C for 5 min, then hold at 12 °C for
a long time. The PCR tube was then placed on a magnetic rack for 2 min,
and the supernatant was transferred to a new LoBind tube and purified by
46.8 μl Ampure XP beads (1.8:1 ratio; Beckman Coulter, A63881) according
to the manufacturer’s instructions. 13 μl Water was added to the LoBind
tubes to elute PCR products and then transferred to a new PCR tube. The
subsequent IVT, RNA purification and RT were conducted sequentially.
PCR barcoding was performed with 20 μl cDNA, 1 μl P7 primer, 1 μl P5
index primer (AATGATACGGCGACCACCGAGATCTACACNNNNNACACT,
10 μM; Sangon) and 22 μl 2×KAPA HiFi HotStart ReadyMix. And the PCR
program was set as follows: 94 °C for 3 min; 94 °C for 15 s, 62 °C for 30 s,
and 72 °C for 30 s (8–12 cycles); 72 °C for 10 min, then hold at 12 °C.
PCR products between 130 and 300 bp were extracted by Agarose gel elec-
trophoresis with a 2% agarose gel and then purified using a gel extraction
kit (Qiagen, 28 604). The LACE-seq library was single-end sequenced using
Illumina HiSeq 2500 at Novogene. LACE-seq data mapping and identifica-
tion of peak, cluster, and motif were performed following study.[53]

RNA-Binding Protein Immunoprecipitation: RNA-protein complex was
isolated according to the manufacturer’s instructions (Geneseed, P0101).
Briefly, Tissues were homogenized in immunoprecipitation lysis buffer
with RNasin and protease inhibitor and then divided into two samples
for anti-CWF19L2 or anti-RBFOX1 and anti-IgG (serving as the negative
control). Protein A/G Magnetic Beads facilitated the capture of targets at
4 °C overnight.The RNA bound to the immunoprecipitated protein was
then purified and subjected to qPCR analysis for further evaluation

Dual-Luciferase Reporter Assay: Dual-luciferase reporters assay utilized
the Secrete-Pair Dual Luminescence Assay Kit (GeneCopoeia, LF031). The
CWF19L2-bound fragments of targets and their deletion variant, see as
Figure S6C (Supporting Information), were integrated into the pEZX-GA02
vector at MCS2 sites. Fbxw7 intron 7 sequence was cloned into CMV-
LUC2CP/intron/ARE plasmids (Addgene). HEK 293T cells were cultured
in 12-well plates and co-transfected with 500 ng of reporter and CWF19L2
overexpression plasmids using HP DNA Transfection reagent (Roche,
06366546001). 48 h later, cells were collected, and luciferase activities were
assessed according to the manufacturer’s protocols by Microplate lumi-
nometer (Berthold, LB960).

Statistical Analysis: Quantitative experiments were based on at least
three independent biological samples with the data are presented as
means ± standard deviation (SD). Statistical analyses were performed us-
ing GraphPad Prism 8.0 software (GraphPad, San Diego, CA, USA), em-

ploying a two-tailed Student’ s t-test for pairwise comparisons. The data
were considered significant when the P-value was less than 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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