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Considering the high abundance of spliced RNAs in testis compared to other tissues, it is needed to
construct the landscape of alternative splicing during spermatogenesis. However, there is still a lack of
the systematic analysis of alternative RNA splicing in spermatogenesis. Here, we constructed a landscape
of alternative RNA splicing during mouse spermatogenesis based on integrated RNA-seq data sets.
Our results presented several novel alternatively spliced genes (Eif2s3y, Erdrl Uty and Zfyl) in the
Y chromosome with a specific expression pattern. Remarkably, the alternative splicing genes were
grouped into co-expression networks involved in the microtubule cytoskeleton organization and post-
transcriptional regulation of the gene expression, indicating the potential pathway to germ cell
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generation. Furthermore, based on the co-expression networks, we identified Atxn2( as a potential key
gene in spermatogenesis, which presented dynamic expression patterns in different alternative splicing
types. Ultimately, we proposed splicing regulatory networks for understanding novel and innovative
alternative splicing regulation mechanisms during spermatogenesis. In summary, our research provides a
systematic analysis of alternative RNA splicing and some novel spliced genes related to spermatogenesis.
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Introduction

Spermatogenesis refers to the process of sperm development
from primordial germ cells. During their development,
the germ cells must maintain information and structural con-
nection with the Sertoli cells." Alternative splicing (AS) is an
important complex biological regulatory mechanism that can
increase the transcriptome complexity and its disruption
can lead to human diseases.”” Noticeably, alternative splicing
is closely related to sperm maturation, and the dysregulation of
the spliceosome can lead to obstructive azoospermia. In fact,
AS occurs more frequently in highly complex organisms and
tissues with a cell-type or tissue-specific manner. However, the
regulation mechanism of AS remains ambiguous.

Several studies in recent years have focused on AS in germ
cells. Ptbp2, RNABP9 MRG5 and BCAS2 are involved in the
regulation of spermatogenesis.®® AS plays an important role in
gonadal sex determination in mammals.'® The Y chromosome
harbors a number of genes essential for testis development.
However, it is not clear how the genes on the Y chromosome are
spliced and how they work together in a regulated network.

We built an AS landscape for four spermatogenic cell types
based on RNA-seq data sets and these AS events were tightly
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regulated in a stage-specific manner by specific co-expression
networks. Here, we demonstrated that the genes in the Y chromo-
some presented variable alternative splicing types with specific
expressions. Most importantly, Eif2s3y, a key gene on the Y
chromosome, has different transcripts corresponding to different
AS events. In addition, we identified several key AS genes during
spermatogenesis by splicing regulated networks. Interestingly,
Atxn2l, identified by the co-expression network, had variable
expressions corresponding to different AS types. Collectively,
these findings can provide a new understanding of AS during
spermatogenesis by the co-expression regulated network.

Methods
RNA-seq

We collected and analyzed raw RNA sequence reads of four cell
types (spermatogonia, spermatocytes, round spermatid and
spermatid) from Gene Expression Omnibus. Raw RNA-seq data
were trimmed by Trim Galore and mapped with HISAT2."
Then, we used SAM tools'® to convert SAM (Sequence Align-
ment Map) to BAM (Binary Alignment Map) followed by sorting
the output BAM files. We identified transcript and quantifica-
tion from the aligned clean RNA-seq datasets with StringTie'?
and R package ballgown. We picked raw data when they met the
following requirements: (1) detected in a normal physiological
state without any disorder impacts; (2) subjected to next-generation
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RNA-seq (100 bp, paired-end, strand-specific) with Illumina Hiseq
platform; (3) retained for alternative splicing analysis when the
mapping rate was higher than 90%; (4) retained for alternative
splicing analysis when data had more than two biological replicates.
Available RNA-seq datasets were downloaded (GSE100964,
GSE75826, GSE95138 and GSE65498)"*™"” and processed as above.

Detection of AS

Detection of AS was carried out with rMATS."® We used sorted
BAM files obtained from above as input to rMATS by comparing
them to Sertoli Cell samples. Also, we provided the GTF (gene
transfer format) file downloaded from Ensembles input to
IMATS. We performed rMATS on all the samples at four
developmental stages and generated tables of different AS
events detected below the 0.05 FDR threshold.

Gene ontology

We used Cytoscape application BINGO' to generate an input
file for application Enrichment Map®’ to the visualized network
of GO. We used R packages cluster Profiler*! and org.Mm.eg.db
to enrich genes and visualized GO terms with REVIGO.*
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Detection of splice motif

We used Picard (http://broadinstitute.github.io/picard/) to integrate
the indexed bam files and extracted +5 bp splice site sequence. We
visualized splice site with R packages ggseqlogo (method = “prob”).**

WGCNA

Network construction was performed using the blockwise Modules
function in the WGCNA package.”* We picked the power of 12 to
construct the co-expression matrix. The adjacency between the
genes was calculated, and the similarity between the genes was
calculated according to the adjacency. We set the minimum
module size to 30 genes. We visualized modules by the plot Dendro
And Colors function and exported interaction of the genes in the
main module by export Network to Cytoscape functions.

Results
Overview of AS during spermatogenesis

To investigate and assess the difference in AS during spermato-
genesis, different AS types (alternative 3’ and 5’ splice sites
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Fig. 1 Alternative splicing in spermatogenesis. (A) Distribution of developme
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splicing types across the developmental stage. (E) Different transcripts of Eif2s3y corresponding to different alternative splicing types.
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(A3SS, A5SS), mutually exclusive exons (MXEs), retained introns
(RIs) and skipped exons (SEs)) from clean reads were quantified
using rMATS. In this study, significant AS events (FDR < 0.05)
were identified during spermatogenesis compared to that for
the Sertoli cells.

In total, 5400 genes were predicted to be subjected to AS
during spermatogenesis and 1505 AS genes were present in all
the stages (ESIt S1). However, 25379 significant AS events were
detected. This means that one gene can be alternatively spliced
more than once. We counted the significant AS events on
different chromosomes (Fig. 1A). Although the Y chromosome
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lost most of its genes,* we found that there was a significant
difference in the numbers of AS between the Y chromosome
and other chromosomes. Excitingly, four genes (Eif2s3y, Erdr1,
Uty and Zfy1) in the Y chromosome were found to present AS
events. Strikingly, the spermatogonia proliferation factor
Eif2s3y plays an important role in initiating spermatogenesis,
and Uty has a huge splicing frequency.”®*” A lack of both Zfy1
and Zfy2 genes in mice leads to male infertility.*® The Sashimi
plots show the skipped exons of Eif2s3y and zfy1 (Fig. 1C
and E). Then, differentially expressed AS genes were detected
compared to that for the Sertoli cells, and the results showed
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Fig. 2 Alternative splicing types in spermatogenesis. (A) UpSet plots show the alternative splicing types of a gene in spermatogenesis. The pie chart
shows the distribution of different alternative splicing types; color block of histogram corresponds to the part of the pie chart. (B) Circus plot shows the
distribution of alternative splicing types in different chromosomes. (C) Clustering of alternative splicing types based on the similarity of differential
alternative splicing patterns in spermatogenesis. The digital number 1, 2, 3 and 4 represent spermatogonia, spermatocyte, round spermatid and
spermatid, respectively. Red and blue indicate high and low similarity, respectively.
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that the number of up-expressed AS genes in the four cell types was
higher than that of the down-expressed AS genes (Fig. 1B). We then
analyzed the distribution of AS events and found that SE is the most
variable AS type followed by RI (Fig. 1D), while RI is a common AS
type in plants.”® However, the aboundance of SE is considered to be
the least one among different AS form in animals.*® In contrast,
widespread intron retention in mammals regulates transcriptomes
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Specific AS pattern is required for gene expression in
spermatogenesis

The overall function of AS involves generating multiple tran-
scripts and increasing the complexity of gene expressions.*” In
recent years, some studies on the relationship between AS and
diseases have been reported.*** However, the AS mechanism
of pre-mRNA is complex and remains to be explained.

by reducing the expression of relatively low abundance transcripts.®*
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Fig. 3 Functions of alternative splicing genes in spermatogenesis. (A) Venn diagram indicating the overlapping of alternative splicing genes of 4 cell
types in spermatogenesis; cyan circle indicates common alternative splicing genes in 4 cell types. (B and D) GO enrichment summarized and visualized as
a TreeMap of common alternative splicing genes (cyan) and stage-specific alternative splicing genes (blue) using REVIGO, respectively. TreeMap's panel
size is inversely proportional to the enrichment p-value. (C) Venn diagram indicating the overlapping of alternative splicing genes of 4 specific-stage cell
types and Mouse Genome Informatics datasets spermatogenesis genes. Blue circles indicate specific-stage alternative splicing genes. Red circles indicate
specific-stage spermatogenesis alternative splicing genes. SG: spermatogonia; SC: spermatocyte; RS: round spermatid; SP: spermatid. MGl: Mouse
Genome Informatics. (E) Annotation of specific-stage spermatogenesis alternative splicing genes (red). Top: Heatmap representing the expression levels
of specific-stage spermatogenesis alternative splicing genes (red). The middle box represents the study of PMID associated with the spermatogenesis of
the corresponding gene. Below: color of GO term corresponds to cell types.
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We found that a gene may have several AS types during
spermatogenesis (Fig. 2A).>> We also found that about 60%
genes (30.02% SE, 10.67% RI, 12.48% MXE, 2.59% A5SS and
4.26% A3SS) have only one AS type, while 26 genes (less than
1%) have 5 AS types. Then, the distribution of different AS types
on the chromosomes was shown with a Circos plot (Fig. 2B).

However, whether the AS types with similar cell types exhibit
similarity is unknown. To address this question, similarity
score based on the AS types in each spermatogenesis stage
was computed. This similarity is measured as the overlapped
gene’s number divided by the minimum number of differential
AS events between two cell types. The results show that the
same AS with the same cell type presents a similar AS pattern
according to our hierarchical clustering analysis (Fig. 2C).
Furthermore, four blocks among them were found with yellow
boxes in the clustering results. What made us interested is that
SE had a similar AS pattern to that of MXE, and they were
clustered into a block.

The characteristics of AS genes

In order to observe the exact AS gene sets from different stages
during spermatogenesis, we detected their intersection
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between each other. Interestingly, we found that more than
one quarter of AS genes are shared among different stages
(Fig. 3A). Thus, we then performed GO enrichment analysis of
the shared AS genes to detect their functional characteristics.
The results show that the clusters of GO terms have a strong
relationship with the microtubule cytoskeleton organization and
RNA processing, including the regulation of RNA splicing and
the posttranscriptional regulation of gene expressions (Fig. 3B).

Finally, we focused on the stage-specific AS genes (SSAS). The
results show that they overlap with some known spermatogenesis
genes from MGI (Mouse Genome Informatics, brown area)
(Fig. 3C), and 43 genes are known spermatogenesis SSAS (red
circles). The GO enrichment analysis of the genes in blue circles
shows that these genes are associated with the DNA or RNA
process without splicing terms, phosphorylation and Golgi
transport (Fig. 3D). In order to explore the characteristics for
the known spermatogenesis SSAS, we presented their average
expression level and found that they normally showed a rela-
tively high expression level (Fig. 3E). For these genes, we
performed manual literature survey to certify their function.
Our PMID panel consistently showed some famous genes
related to spermatogenesis (Fig. 3E). For example, Gpx4

Fig. 4 Sequence logos at splice sites from alternative splicing sites. The size of the letter corresponds to the frequency at which the base appears at each
position in the splicing site, and the color of the letter corresponds to splicing site conserved core. Blocks and lines represent different alternative splicing
events. Blue dots are marked on the spliced intron. The grey blocks below indicate the region of alternative splicing.
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(glutathione peroxidase 4), considered as an anti-apoptotic
factor, plays a vital role in male fertility,*® and the male mice
targeted with mutating Nphp1 are infertile.®” These genes were
highly correlated with germ cell development.

Diverse GT-AG alternative splice motif

The splicing process is designed to preserve the presence of
exons on pre-mRNA to form mature mRNA. The process of AS is
mainly divided into the assembly of the spliceosome and
transesterification.>* The splicing factor recognizes the binding
domain by its N-terminal RNA and identifies the boundaries of
the exons and introns. Thus, the splice site is an important
feature of AS. We mapped the AS site sequences to the genome
and extracted them. These sequence data are represented in
the logo plots (Fig. 4). There is a relatively shorter conservative
GT-AG sequence near the splicing site. However, there is still
another splicing site motif, which is consistent with previous
studies.*®*° There is a difference in the proportions of GT-AG
in different splicing types in spermatogenesis. The proportion
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of GT-AG in the retained intron (RI) is significantly higher than
that for other splicing types. More interestingly, the proportion
of the alternative 3’ splice sites of GA-AG is higher than the
other AS types. These findings reflect that there are multiple
splicing patterns, which require other splicing factors to
identify and target splice sites during AS in spermatogenesis.

Weighted gene co-expression network analysis (WGCNA) of AS

Here, 1505 AS genes were grouped into nine modules (the grey
module represents the genes that are not grouped into a
module) by weighted gene co-expression network analysis
(Fig. 5A). Then, gene function enrichment analysis of these
modules was performed, and the results showed that they were
highly correlated with RNA splicing (Fig. 5D). Module1l (M1),
module8 (M8) and module6 (M6) have the same GO term
related to the cytoskeleton. Fifty AS genes were clustered into
the GO term related to the cytoskeleton. Then, we took them as
an example to explore their relationship with spermatogenesis and
made intersection with genes from Mouse Genome Informatics.
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Fig. 5 Weighted gene co-expression network analysis (WGCNA) of mRNA alternative splicing. (A) Dendrogram produced by grouping genes into distinct
modules using all alternative splicing genes in spermatogenesis, with the y-axis corresponding to the co-expression distance between genes and the
x-axis to genes. (B) Heatmap of alternative splicing genes, with y-axis corresponding to cell types and the x-axis to genes. (C) Boxplot of modules’ mean
FPKM. (D) The overlapping of Go terms (p-value < 0.01) among modules. (E-G) Network visualization of Gene Ontology Enrichment Analysis (GOEA) of

modulel, module4 and module6 using BINGO and EnrichmentMap.
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Excitingly, there are some interesting discoveries in overlap-
ping genes by referring to the literature. Male mice with T¢ll5
(tubulin tyrosine ligase-like family member 5) deficiency show a
significant decline in the reproductive capacity associated with
sperm motility deficits;'® Pocza (Protein of Centriole 1 A) is
essential for the normal function of both the Sertoli cells and
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germ cells, and exon 8 skipping of Pocla leads to germ cell
maturation arrest."!

These AS genes in different modules were clustered into four
parts corresponding to four cell types in spermatogenesis
according to their expression levels (Fig. 5B). We then focused
on the three modules with top expression levels (color boxes in
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(I) Sashimi MXE plot of Atxn2! of spermatid in spermatogenesis.
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Fig. 5C) and performed gene ontology enrichment analysis. The
results show that they are related to cellular metabolism,
cellular location and nervous system (Fig. 5E-G).

Through the co-expression network, we identified 30 AS hub
genes (selected by the top-ranked degree of network connec-
tion) (Fig. 6A-C). By manually searching the literature, we
hoped to find the genes related to AS. Interestingly, several
genes among them were found to process their functions
through the regulation of AS. Psip1 and Ptbp3 were found to
play important roles in the post-transcriptional regulation
through AS.*>** Furthermore, the network presents the inter-
action between Phcl and Scmhi (Fig. 6B). Previous research
showed that Phcl and Scmhi are the constituents of the
mammalian Polycomb repressive complex 1 and participate
in the regulation of spermatogenesis.** We speculated that our
co-expression network was capable of presenting alternative
splicing regulatory relationships during spermatogenesis.

In order to show more connections between the genes, we
increased the depth of the network. We then focused on the top
20 genes ranked by degrees from the three modules with the
highest expression, which are highlighted with the corresponding
color box (Fig. 6D). Interestingly, the three modules show dynamic
expression patterns and present different stages with the highest
expression (Fig. 6E-G). What makes us most exciting is the results
of Atxn2l from the red module, which shows the highest expression
level in the spermatid stage. Atxn2[ has a higher expression in testis
than in the other tissues.*’ In addition, the knockdown of Atxn2!
resulted in a 22.9% increase in blastocyst development.*® These
results certified our hypothesis preliminarily and indicated that
Atxn2l played its role by AS in spermatogenesis. Though Atxn2l has
common alternative 3’ splicing events during spermatogenesis in
the same position (Fig. 6H), it shows a wide AS frequency with six
types of MXE in spermatids with different positions (Fig. 6I).

Discussion

As an important type of the post-transcriptional regulation of
the gene expression, AS can regulate binding among proteins
and nucleic acids, the location of proteins, cell proliferation,
cell survival and properties.”” However, the roles played by AS
during spermatogenesis are still unclear. We identified 25379
AS events and found that the AS-related genes present specific
patterns during spermatogenesis. Most interestingly, AS events
in Efi2s3y and zfy1 were detected, which are located on the Y
chromosome and are required for the development of sperma-
togenesis. As is well-known, the Y chromosome has a lot of
decline in the process of evolution, and most of the length of
the Y chromosome is not restricted by chromosome pairing,
allowing for the accumulation of repeated sequences.*®*® Our
results implicate that the genes in the Y chromosome may play
their roles in sex determination and spermatogenesis via AS.
Our results showed that the identified AS genes are related
to spermatogenesis and most of these genes are consistent with
previous studies. Excitingly, we detected 43 AS genes, which are
known stage-specific AS genes by intersecting MGI genes with
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detected genes. These genes were highly related with germ cell
development. On the other hand, we also found some novel AS
genes, which play a potential role during spermatogenesis.
Interesting, we also found that the AS genes identified in
spermatogenesis have a strong relationship with the microtubule
cytoskeleton organization. Actin filaments and microtubules are
critical for the structural support of cells and provide a pathway
for transport across epithelial cells.*® The relationship between
spermatogenesis and microtubule cytoskeleton organization
needs more research in future.

We extracted a sequence near to the splice site and mapped
to the genome. There is a relatively conservative GT-AG
sequence near the splicing site. Most animal splicing processes
rely on specific spliceosomes, which result in 5’ of introns
being GT and 3’ being AG. However, there were some unusual
splice site motifs in spermatogenesis. We inferred that there
were other splicing factors to identify and target splice sites.
Non-GT/AG splicing signals were found for circRNAs in rice,
including GC/GG, CA/GC, GG/AG, GC/CG and CT/CC.*!

We then explored the relationship between AS and expression
and performed WGCNA analysis. First, we found that these
genes were clustered into different gene modules with specific
AS patterns in networks. Then, we focused on three modules
with the top highest expression, and we found that these genes
were highly correlated to RNA splicing and germ development.
Interestingly, we found that the three modules showed a specific-
stage expression pattern and we then highlighted them and
visualized their related AS events. We identified key genes
by selecting the top-ranked degree genes in the co-expression
network. Finally, 30 AS hub genes in spermatogenesis with a
high degree in network were detected. For these genes, we
conducted a manual review of the literature to verify the effec-
tiveness. Among these genes, Pisp1, Scmh1 and Ptbp3 presented
an effective regulation of AS in spermatogenesis. Atxn2/ has a
higher expression in spermatids compared to other development
stages and a higher degree of network connections compared to
other genes. We found that Atxn2[ had six kinds of MXE with a
high AS frequency in spermatids. The mechanism of Atxn2l
affecting spermatogenesis by AS needs to be further revealed.

In summary, we demonstrated that many genes, including the
genes on the Y chromosome, underwent AS during spermato-
genesis, and we partially verified the results through the literature.
Many factors participate in the control of AS and AS events are
shared among different stages during spermatogenesis and affect
gene expression by type-specific and module-specific splicing
patterns. We used co-expression networks to study the regulatory
relationship between the alternative splicing genes and found the
potentially important splicing regulatory gene Atxn2l. This
research will provide a new insight in understanding the function
and features of AS during spermatogenesis.
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