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Differential alternative splicing landscape
identifies potentially functional RNA binding
proteins in early embryonic development in mammals

Jianhua Chen,1,4 Yanni He,1,4 Liangliang Chen,1 Tian Wu,1 Guangping Yang,1 Hui Luo,1 Saifei Hu,1 Siyue Yin,1

Yun Qian,2 Hui Miao,3 Na Li,3 Congxiu Miao,3,* and Ruizhi Feng1,2,5,*
SUMMARY

Alternative splicing (AS) as one of the important post-transcriptional regulatory mechanisms has been
poorly studied during embryogenesis. In this study, we comprehensively collected and analyzed the tran-
scriptome data of early embryos from human andmouse. We found that AS plays an important role in this
process and predicted candidate RNA binding protein (RBP) regulators that are associated with repro-
ductive development. The predicted RBPs such as EIF4A3, MAK16, SRSF2, and UTP23 were found to
be associated with reproductive disorders. By Smart-seq2 sequencing analysis, we identified 5445 aber-
rant alternative splicing events in Eif4a3-knockdown embryos. These events were preferentially associ-
ated with RNA processing. In conclusion, our work on the landscape and potential function of alternative
splicing events will boost further investigation of detailed mechanisms and key factors regulating
mammalian early embryo development and promote the inspiration of pharmaceutical approaches for dis-
orders in this crucial biology process.

INTRODUCTION

Maternal mRNAs storing in the oocyte are mostly translational inactivated.1 After fertilization, these mRNAs are heavily translated into pro-

teins that play important roles in early embryo development.2 As development proceeds, the embryonic/zygotic genome activates, maternal

factors degrade and the embryo becomes dependent on the its genome expression maintaining vital activities. This is a process known

as maternal-to-zygotic transition (MZT).3 It has been found that the clearance of maternal factors is mediated by both the maternal-decay

(M-decay) and zygote-decay (Z-decay) pathways4 and dysregulation of this process is associated with various reproductive diseases such

as early developmental arrest and oocytematuration disorder.3,5–7 In studies of embryonic/zygotic genome activation (EGA/ZGA), it is gener-

ally accepted that after a smaller minor wave of ZGA, comes the first major wave of transcription, the major ZGA, and it occurs at different

developmental stages in different species.8,9 For example, in mice occurs at the 2-cell period, whereas in humans, large-scale embryonic

gene activation takes place at the 8-cell stage,10–12 implying intrinsic developmental differences between species. However, most current

studies on maternal factor degradation and ZGA at the transcriptional level are limited to gene expression analysis.4,6,7

As an important manner of post-transcriptional regulation, only a handful of studies have focused on alternative splicing (AS) events at the

embryonic developmental stage, and its potential function in ZGA and early embryo development is largely unraveled. For instance, a novel

splice isoform was identified in hydroxysteroid 17-beta dehydrogenase 3 (Hsd17b3) gene in pig testis. The isoform had a deletion in the 50

UTR region and is significantly associated with porcine reproductive traits.13 In another research, the estrogen receptor alpha variant D7

(ERD7), produced by AS in the female myometrium, act as a regulator of myometrium quiescence and may promote fetal development.14 In

studies comparingmature and immature human oocytes, genes with altered ASpatterns were found to be primarily associated withmetabolism

and cell cycle, suggesting that ASmay be a candidatemechanism formanaging oocytematuration.15 Prevalent splicing events have been found

during preimplantation embryonic development in some studies,16–19 but the molecular mechanisms regulating these events are still poorly un-

derstood. One potential hypothesis was proposed that alterations in AS events may be regulated by cis-acting elements, trans-acting factors,

transcriptional factors and epigenetic factors. Luping Yu et al. found that loss of epithelial splicing regulatory protein 1 (Esrp1) interfered with a

seriesof genetic splicing sites, whichmay lead toabnormal spindle organization inoocytes and female infertility.20Given thatmost of these trans-

acting factors are RNA binding proteins (RBPs), systematic identification of potential target RBPs would findmore trans-acting factors that play a
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significant role in preimplantation biological processes. We hypothesize that the level of AS can reflect the potential function of RBPs. However,

there is a lack of bioinformatic and experimental pipeline to identify these crucial regulators in early embryo development.

In order to identify RBP regulatory candidate genes in early embryo development, we comprehensively collected transcriptome data from

mouse and human oocytes and early embryos to dissect the global pattern of gene expression and AS. We developed a bioinformatic

approach utilizing AS events to identify vital RBP regulators during preimplantation embryo development. We then investigated the pre-

dicted regulators whose function were little known in the reproductive system by knocking down their expression in zygotic mouse embryos.

Together, this study provides help in revealing molecular mechanisms for better understanding of the post-transcriptional regulation in early

embryo development.
RESULTS

The global transcriptional pattern found the critical stage in early embryonic development in human and mouse

Firstly, single-cell transcriptome sequencing data at various stages of human andmouse preimplantation embryos were collected as shown in

Methods. For the utilization of rMATS, it is necessary to have samples with the same read length. Thus, we abandoned four human 8-cell sam-

ples (49 bp) and the rest samples (90 bp) were analyzed for the downstream procedures. On average, 15.8 million reads were detected per

human sample and 12.3 million reads per mouse sample. The unique mapping rates were 92.8% for human samples and 83.9% for mouse

samples (Table S1).

Different gene expression levels were divided according to the FPKM threshold. Overall, in both human andmouse data, the total number

of transcripts at the 1-cell stage peaks after sperm and eggs combine, and then drops rapidly at the 2-cell stage (Figures 1A and S1A, detailed

data shown in Tables 1 and 2). This is also consistent with previous studies showing that degradation of the maternal mRNA pool is one of the

mechanisms driving the switch from oocyte to embryo development.8,21 In the lower expression level of 0 < FPKM %1, the number of tran-

scripts in the six developmental stages had the same trendline of change with all transcripts. In human data, transcripts number increased

gradually from 2-cell to morula. In mouse, the number decreased form 2-cell to 8-cell, and increased from 8-cell to morula. In both species,

the number of transcripts with lower expression (0 < FPKM%1) showed a sharp increase from 8-cell tomorula (dark blue line in Figures 1A and

1B). When comparing the number of transcripts in different group of expression level during early embryo development, we found that

the number of transcripts in the human 8-cell stage was the highest among the low (1 < FPKM %10), medium (10 < FPKM %100) and

high (FPKM >100) expression groups except for the 1-cell stage (Figure 1A). The number of mouse 2-cell stage transcripts was the highest

in the low (1 < FPKM %10) and medium (10 < FPKM %100) expression group, while the number of mouse 2-cell stage transcripts was the

least in the high (FPKM >100) expression level (Figure S1A). Differentially expressed genes (DEGs, padj<0.05 & |log2FoldChagne| > 2) be-

tween each adjacent stage were shown with color shades, indicating the range of values of log2FoldChange (Figures 1B and S1B). We found

that themaximum count of up-regulated DEGs in human samples was between 4-cell and 8-cell stages (4289 DEGs, 2955 up, 1334 down) and

in mouse samples was between 1-cell and 2-cell stages (6133 DEGs, 3076 up, 3057 down). In human, though oocyte to 1-cell has the most

DEGs (4304 DEGs, 596 up, 3708 down), the majority of them are down-regulated genes. Interestingly, down-regulated genes in 1-cell to

2-cell were more than those in oocyte to 1-cell (2084 DEGs, 395 up, 1689 down) in mouse.

Whereas theMZT requires the clearance of maternal products and the activation of zygotic genome (ZGA). ZGA is not a single event, but a

period in which transcription is gradually activated. In the low and medium expression group, both human and mouse experienced a tran-

script surge at the 1-cell stage, followed by a peak at the 8-cell in human and 2-cell in mouse, and the whole process changed dynamically. All

these discoveries are consistent with the previous research, which suggest the first major wave of transcription (zygotic or embryonic genome

activation, ZGA/EGA) after a smaller minor wave occurs in the totipotent mouse 2-cell and human 8-cell embryo.
Clustering of global gene expression patterns

The global gene expression patterns were identified in mouse and human respectively by cluster using the fuzzy c-means algorithm. Com-

plete clustering plot can be checked in Data S2 (human) and Data S3 (mouse). According to the programmed waves, we categorized the clus-

ters as maternal RNA, minor ZGA andmajor ZGA. Thematernal RNA pattern is that the gene expression level decreases after the oocyte. The

expression pattern of minor ZGA in both human and mouse reached a peak at the 1-cell stage following declined. The major ZGA pattern in

human was different from that in mouse. Human major ZGA reached its peak at 8-cell stage, while mouse reached its peak at 2-cell stage. As

shown in Figures 1C and S1C, humanmajor ZGA contains more genes than theminor ZGA andmaternal RNA, in contrast to the mousemajor

ZGA which contains fewer genes than both the minor ZGA and maternal RNA. This suggests that the human embryonic genome activation

process is much more complex than that of the mouse. Looking at the expression levels of these genes throughout developmental stages

(Figures 1D and S1D) revealed that maternal RNA involves genes with higher average expression than both minor ZGA and major ZGA.

This indicates that maternal factors play an important function in early embryonic development. It is amazing that the expression levels of

the genes involved in minor ZGA are overall higher than those involved in major ZGA, hints that although many studies have focused on

the role of major ZGA, minor ZGA is also crucial for embryonic development.
Splicing regulation is important during human major ZGA

Subsequently, we performed a gene ontology (GO) enrichment analysis of the genes contained in the major ZGA using Metascape website.

We can get a rough look at the biological process via the parent GO terms. As shown in Figure 1E, each parent GO term contains multiple
2 iScience 27, 109104, March 15, 2024



Figure 1. Global description of transcriptome profiles in human early embryonic development

(A) Statistical graph of the number of different classifications of gene expression.

(B) Distribution of log2FoldChagne value of gene expression between consecutive two stages, the genes with padj<0.05 and |log2FoldChange|>2 are defined as

differentially expressed genes (DEGs).

(C) Cluster of maternal RNA, minor ZGA, and major ZGA related genes, which were obtained by fuzzy C-means clustering. x lab means different developmental

stage over time, y lab represents the average expression level of the clustered genes.

(D) Line chart exhibits the expression level of human minor ZGA, major ZGA, and maternal RAN-related genes throughout the embryo development. Each gray

line represents one gene; the carmine line is the mean value of the expression.

(E) Proportion of parental terms of each term for functional enrichment analysis of human major ZGA related genes.

(F) Entries that belong to metabolic process in human major ZGA.
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specific child GO terms, the human major ZGA-related genes were enriched for 15 parent GO terms, mainly for metabolic process

(GO:0008152) and cellular process (GO:0009987), but also for some developmental processes, such as reproductive process

(GO:0022414), growth (GO:0040007) and developmental process (GO:0032502). In addition to these, immune and stimulation related pro-

cesses are also involved. In the parent term metabolic process, which contains the most child GO terms, majority of the terms are related

to RNA metabolism and involve multiple processes that regulate mRNA splicing and modification (Figure 1F), suggesting that splicing

may perform an important function in the regulation of early human embryonic development. This process may be linked not only to the

different spliceosomes themselves, but also to various proteins that regulate splicing behavior. Surprisingly, enrichment analysis of mouse
iScience 27, 109104, March 15, 2024 3



Table 1. The number of transcripts during the six developmental stage in human

oocyte 1-cell 2-cell 4-cell 8-cell morula

0<FPKM%1 8564 12275 8005 8924 9339 11225

1<FPKM%10 4413 6920 6086 6177 6418 5597

10<FPKM%100 1977 3290 2257 2176 2604 2161

FPKM>100 435 526 361 277 411 360

Sum 15389 23011 16709 17554 18772 /
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major ZGA-associated genes showed different results than in human, and although it also had a large number of terms belonging to meta-

bolic processes (Figure S1E), these entries weremainly associatedwith histonemodification andmethylation (Figure S1F). Instead,multiple of

terms were enriched in pathways related to the immune system process (GO:0002376). This suggests that the mechanism of mouse major

ZGA differs from that of human and may involve processed correlated to transcriptional regulation and protein modification.
The global changes of alternative splicing in preimplantation

Previous studies have found that human major ZGA genes are particularly in connection with RNA splicing, suggesting that AS may play a

crucial part in the development of preimplantation embryo. For the specific number of differentially AS events (DASEs) identified between

each successional stage of human (Table 3) and the proportion of five types in each stage (Figure 2A), the results showed that SE events

were the most common in all stages, followed by MXE, 63.6% and 18.6% of all AS events, respectively. The maximum DASEs occurred

from 8-cell to morula, followed by 4-cell to 8-cell stage, and the largest number of stage-specific splicing events was also 8-cell to morula

(Figure 2B). These pieces of evidence support our previous conclusion that the 8-cell stage is an essential stage during preimplantation

development.

A similar splicing pattern was also observed inmice, the number of DASEs from 1-cell to 2-cell reached the peak (Figure S2A and Table S2).

In addition, 267 splicing events occurred in 1-cell to 2-cell, which was the maximum number of stage-specific splicing events (Figure S2B).

Both in human andmouse data, only a few differentially spliced genes are differentially expressed genes at the same time (Figures 2C and

S2C). We also found that the time change of splicing events tends to be consistent with that of transcript expression (Figures 1B, 2A, S1B, and

S2A), which indicates that the distribution of AS is dynamic during preimplantation embryo development and these discoveries are in accor-

dance with previous studies.17,18
Verification of differential alternative splicing

Mouse 2-cell and 4-cell embryo were collected for total RNA isolation, reverse transcription, and PCR detection. We found some exon-skip-

ping events that are different between these two stages. Results of agarose gel separation experiment showed that if a gene has two bands, it

means that the gene has detected two different isoforms. We chose Gapdh as a reference gene. Smc4 (ENSMUSG00000034349) and Sycp3

(ENSMUSG00000020059.5) were alternatively spliced at different exon-skipping level. Although no significant isoform difference was de-

tected between Bag6 and Pkmyt1, the gene expression levels of Bag6 and Pkmyt1 were not consistent in the two stages (Figure 2D).
Maternal and ZGA genes that undergo splicing are translational activated

We examined howmany genes in the maternal and ZGA genes were spliced themselves. The results showed that only a small number of these

three types of genes were differentially spliced in both human and mouse data. Among them, human maternal RNA accounted for the highest

proportion, 10.44% (40 of 383), followed bymousematernal RNA, 10.27% (99 of 964) of genes were differentially spliced. Although humanmajor

ZGA contains the most genes, only 9.25% (160 of 1730) of genes were differential splicing genes. Meanwhile, only 4.06% (19 of 468) of mouse

major ZGA genes were differential splicing genes, which was the lowest percentage (Figure 2E). This means that the splicing events itself

may not play a particularly important roles in the development of early embryos as we thought. Hence, we checked the translational efficiency

of the differentially spliced genes in these three types of genes. Almost all of the genes were in a state of translational activation (log2(TE+1) > 0).
Table 2. The number of transcripts during the six developmental stage in mouse

oocyte 1-cell 2-cell 4-cell 8-cell morula

0<FPKM%1 6244 7338 6116 5414 5390 7085

1<FPKM%10 4590 5458 5677 5354 4288 4823

10<FPKM%100 3038 3673 3622 3527 3150 3528

FPKM>100 906 704 449 657 639 910

Sum 14778 17173 15864 14952 13467 /
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Table 3. The number of DASEs in human

Stage SE RI MXE A5SS A3SS Sum

OC->1C 270 15 138 21 26 470

1C->2C 214 18 54 17 42 345

2C->4C 54 8 14 5 23 104

4C->8C 441 31 92 41 52 657

8C- > MC 1409 109 401 144 115 2178

Sum 2388 181 699 228 258 /

DASEs Cutoff: p < 0.05, FDR<0.05 and |6PSI|>0.1.
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Moreover, the dynamic changes of the translation activity of various geneswere consistent with their biological processes, such as the translation

efficiency of the spliced genes in mouse major ZGA reached the peak at the 2-cell stage (Figures 2F and S2D). The above findings suggest that

although splicing events may not occupy a major position in early embryonic development, they still play an important role.
Splicing genes in major ZGA are specifically associated with cell cycle and metabolic processes

We used to consider the differentially expressed genes were the genes that played a crucial part in the activity of a living organism. However,

our studies have found that those genes whose overall expression level have not changed but whose splicing patterns have changedmay also

play an import role.

To further study the function of DASE in human 8-cell to morula, we utilized the Metascape to analyze the given gene list. For each gene

list, pathway and process enrichment analysis has been carried out with GOBiological Processes and ReactomeGene Sets.We presented the

top 20 clusters with their representative enriched terms and these terms were rendered as a network plot. As Figure 3A shows, 11.1% of genes

were clustered in Metabolism of RNA (R-HAS-8953854) and 10.16% were obtained in Cell Cycle (R-HAS-1640170). We also observed the blas-

tocyst development (GO:0001824), mRNA metabolic process (GO:0016071) and Cell cycle (mmu04110) in the enrichment analysis results of

mice 1-cell to 2-cell DASEs (Figure 3B). These suggest that AS genes widely affect basic biological progress, which may be a preparation for

subsequent cell proliferation and differentiation.
Identification of RBP regulators

In order to identify the molecular participants associated with DASEs during preimplantation, we referred to the pipeline of Li et al. and de-

signed a workflow to identify RBP regulators (Figure 4A). We assumed that the expression level of the target RBPs were related to the IncLevel

of the splicing event, and the RBP regulators were screened by the Spearman correlation coefficient.

A total of 1,961 RBP genes were collected in human (95% are protein-coding), and 1,868 genes in mice were obtained after human-mouse

homologous gene conversion. Human RBP genes involved a total of 1,764 genes that corresponded one-to-onewithmouse RBP genes, while

52 human RBPgenes corresponded tomultiplemouse homologous RBP genes and 197 genes for which no homologous gene could be found

in mice (Figure 4B).

In general, among the six stages of early embryo development, we predicted 242 and 22 RBP regulators in human andmouse respectively,

the final prediction results can be seen in Data S1 and Table S3. We compared the relationship between predicted RBP regulators and DASEs

(Figure 4C), 3.3% and 0.2% of RBPs occurred isoform switch events, suggesting the possibility that these RBPsmay not only do they important

function as gene regulators, but their different transcripts may also have various genetic functions. 2.9% (7 of 242) of RBPs are the members of

eukaryotic initiation factor (EIF3J, EIF3D, EIF4G1, EIF3B, EIF3G, EIF4A3, EIF5A2), implying that different isoforms of the factors may play a

different role in the eukaryotic initiation of the translation process. The predicted regulators were displayed according to classification

and correlation. The height of the columns represented the absolute value of correlation coefficient, and the sequence of genes from left

to right was arranged according to expression value (Figures 4D and 4E). In human data, 23 RBP regulators were predicted to be associated

with both splicing active (SA) events and splicing repressive (SR) events, such as PFEN1, RBM24, and EIF3D (Figure 4D). In mouse data, only

three RBPs were predicted to be associated with SA and SR, including Mak16, Utp23, and Zgpat (Figure 4E).

We checked the RBPs that was most frequently positively or negatively correlated with DASEs. Interestingly, previous research found that

eukaryotic initiation factor 3 subunit D (EIF3D) knockdown influences the progress of preeclampsia through activating the phosphorylation of

ERK1/2 and MEK1.22 Although the expression level of RNA-binding motif protein 24 (RBM24) through all preimplantation stage is relatively

low (Figure S3), it can serve as a key splicing regulator to control the spectrum development.23,24 Meanwhile, differentially spliced RBP reg-

ulators Hars2 (Figure 4C) that predicted inmice is first reported to have amutation that causes perrault syndrome, which is composedof symp-

toms of premature ovarian failure and hearing loss.25,26 All these observations suggest that a comprehensive analysis of DASEs can potentially

capture RBP related to reproductive development in early embryos. In addition, to verify the reliability of the pipeline, we tended to combine

the predicted results with the RBP motifs for analysis.
iScience 27, 109104, March 15, 2024 5



Figure 2. AS profiles during early embryonic development in human

(A) The statistic of human DASEs. The bar plot reveals the proportion of different modes of AS events and the line graph represents the number of all DASEs.

(B) Upset plot exhibits the relationship of genes which happened alternative splicing through all stages.

(C) The relationship between alternatively spliced genes and differentially expressed genes.

(D) The different isoforms of the gene were verified by agarose gel electrophoresis.

(E) The relationship between differential splicing genes and the three types of genes (maternal RNA, minor ZGA, and major ZGA).

(F) Translational efficiency of differential splicing genes in maternal RNA, major ZGA, and minor ZGA genes in human.
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Figure 3. Functional enrichment of splicing genes in the major wave of ZGA

(A) Cluster the functional enrichment terms by Metascape and exhibit the top 20 clusters with their representative enriched entries in alternatively spliced genes

without expression switch from human 8-cell to morula. Different clusters were filled with different colors.

(B) The bar plot of parent enriched entries from mouse 1-cell to 2-cell.
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HNRNPK and SRSF2 are key factors during human zygotic genome activation

Next, we utilized rMAPS to identify the RBP binding sites which have position-dependent functions via the results of rMATS from human 8-cell

to morula. Take the intersection of the rMAPS results and predicted RBP regulators, a list of 14 RBPs were obtained, of these RBPs, we found

HNRNPK (Heterogeneous nuclear ribonucleoprotein K) and SRSF2 (Serine and arginine rich splicing factor 2) are overexpressed in 8-cell stage

(Figure 5A), and they have RNA binding sites (motifs) that are enriched in the 50 or 30 introns of the cassette exons that are different expressed

between 8-cell and morula stage (Figure 5B). A more interesting thing is that when we check the correlated DASEs with HNRNPK and SRSF2,

the isoform switch events were happened both in MCRS1 (Microspherule protein 1) and TIA1 (T-cell-restricted intracellular antigen 1). Based

on previous research MCRS1 is essential during early murine development, we can observe that the significant different isoform usage

happened in ENST00000546244 and ENST00000548602 is an alternative 30 splicing site event. Likewise, TIA1 was discovered changing use

of nonsense-mediatedmRNAdecay (NMD) sensitive isoform (Figure 5C). These hint that HNRNPK and SRSF2 are key RNA splicing regulators

during embryogenesis and the possible mechanism is via regulating MCRS1 and TIA1.

Since the amino acid sequences of HNRNPK and SRSF2 are highly conserved between human and mouse, we microinjected effective

siRNA-Hnrnpk and siRNA-Srsf2 (Figures S4A and S4B) in mouse zygotes to observe their separate functions. Interestingly, a slight develop-

ment delay was observed at D4 (morula stage, p = 0.037, 13.72 G 4.44), with a more significant delay at D5 (blastocyst stage, p = 0.002,

40.41G 5.24) over time (Figures 5D and 5E) in siRNA-Srsf2 group. However, when observing of siRNA-Hnrnpk group, no significant difference

in development rate was observed at any stage (Figures S5A and S5B).

Eif4a3, Mak16, Utp23 regulate mouse preimplantation development

We then investigated the mouse RBP candidate regulators whose function were little known in the reproductive system. The siRNA against

target gene or negative controls were injected into 1-cell embryos in parallel (Figure 6A). Each siRNA can knockdown (KD) the expression of
iScience 27, 109104, March 15, 2024 7



Figure 4. Identifying RBP regulators of AS in preimplantation

(A) The workflow for identifying RBP regulators.

(B) Homologous gene conversion from human to mouse.

(C) The relationship between predicted RBP regulators and DASEs.

(D and E) The exhibition of predicted RBP regulators according to correlation and splicing activity classification. The height of the column represents the absolute

value of the correlation coefficient and the order from left to right is arranged according to the expression value. D for human and E for mouse.

(F and G) Translation efficiency of predicted RBPs, F for human and G for mouse.
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target genes in neuro-2a cell line (Figures S4C, S4D, and S4E). Although the difference on D4 (morula stage) was not statistically significant,

the development was slightly delayed for Eif4a3 KD embryos, which became significant (p = 0.012, 36.25 G 10.19) on D5 (blastocyst stage)

(Figures 6B, 6C, and 6D). In Mak16 KD embryos, development rate of D3 (4-cell stage) and D5 both showed statistical differences, while the

rate of D4 did not (Figure 6E). However, the proportion of cells at each stage during these three days showed a slight developmental delay

(Figure 6F). Development did not show a statistical difference until D5 (p = 0.041, 22.49G 7.59) in Utp23 KD embryos (Figure 6G). We further

observed that there was no developmental delay on D4, but a slight delay on D5 (Figure 6H).
8 iScience 27, 109104, March 15, 2024



Figure 5. Expression level of predicted RBP regulators and RNA binding motif enrichment analysis reveals the target isoform of the combination

(A) The transcriptome expression level of HNRNPK and SRSF2 across all stages.

(B) The RNA binding sites (motifs) of HNRNPK and SRSF2.

(C) The condition of isoform switch events of MCRS1 and TIA1.

(D) The statistical chart of embryo development rate at each stage between NC group (N = 95) and siRNA-Srsf2 group (N = 84). There were significant differences

in morula rate (p = 0.037, 13.72 G 4.44) and blastocyst rate (p = 0.002, 40.41 G 5.24). Data are represented as mean G SEM.

(E) Embryo phenotypes of Srsf2 KD on day 4 (D4, morula stage) and day 5 (D5, blastocyst stage) after injection across 3 batches.
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Eif4a3 is involved in mouse preimplantation RNA processing

We next investigated the regulatory role of Eif4a3 and global RNA changes due to Eif4a3 knockdown in mouse embryos. Embryonic tran-

scriptomes were compared between NC and siRNA-Eif4a3 groups 96 h post-microinjection using high-throughput sequencing (Smart-

seq2). Three biological replicates were collected for each group, and the data is deposited in GEO: GSE247316. In our transcriptome

data, we examined the expression of Eif4a3 and found that it significantly decreased in the siRNA-Eif4a3 group, as shown in Figure 7A

(p = 0.045). We also discovered that Eif4a3 knockdown affected a total of 5445 DASEs (FDR <0.05 and |DIncLevel| > 0.1). The majority of

the DASEs were skipped exon (3622), while others were alternative 50 splice site (323), alternative 30 splice site (358), mutually exclusive exons

(764), and retained intron (378) (Figure 7B). These DASEs occurred in a total of 2565 genes and were clustered by mfuzz according to the
iScience 27, 109104, March 15, 2024 9



Figure 6. Eif4a3, Mak16, Utp23 knockdown embryos showed defects in early development

(A) Schematic of gene knockdown experiments. Zygotes were injected with either siRNA-targeted-gene or control siRNA, and the embryos were observed every

24 h until the blastocyst stage was reached 96 h later.

(B) Morphologies of Eif4a3 KD and control embryos, scale bar for 20 mm.

(C) The statistical chart of embryo development rate at each stage betweenNCgroup (N= 70) and siRNA-Eif4a3 group (N= 40). There was a significant difference

in blastocyst rate (p = 0.012, 36.25 G 10.19). Data are represented as mean G SEM.

(D) Embryo phenotypes of Eif4a3 KD on day 4 and day 5 after injection across 3 batches.

(E) The statistical chart of embryo development rate at each stage between NC group (N = 85) and siRNA-Mak16 group (N = 101). There were significant

differences in 4-cell rate (p = 0.024, 29.05 G 9.63) and blastocyst rate (p = 0.023, 34.90 G 11.55).

(F) Embryo phenotypes of Mak16 KD on day 3, day 4, and day 5 after injection across 3 batches.

(G) The statistical chart of embryo development rate at each stage between NC group (N = 118) and siRNA-Utp23 group (N = 69). There were significant

differences in blastocyst rate (p = 0.041, 22.49 G 7.59).

(H) Embryo phenotypes of Utp23 KD on day 4, and day 5 after injection across 3 batches.
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transcriptome expression. We then subjected each cluster to Gene Ontology (GO) analysis and found that each was enriched with a number

of terms related to RNA processing, such as RNA splicing, mRNA processing, and ncRNA metabolic process.

Moreover, we observed several key genes related to embryonic development in the differentially AS genes, such as Ybx1, Sycp3, and

Sirt2,27–31 indicating that the knockdown of Eif4a3 could affect the global splicing state during embryo development and, as a result, hinder

the development of embryos.
10 iScience 27, 109104, March 15, 2024



Figure 7. Alternative splicing perturbation in Eif4a3 KD mouse embryos

(A) The FPKM value of Eif4a3 in transcriptome sequencing.

(B) The number of all kinds of differentially alternative splicing events.

(C) Expression heatmap and Gene Ontology annotation of all genes which involved in differentially alternative splicing events. C1 to C5 refer to different gene

clusters which clustered by mfuzz method according to the transcriptome expression level. The line plot exhibits the expression changes of each cluster in

samples. In the middle of the plot is the heatmap of gene expression transformed by Z score. The text on the right is the biological function annotation of

the corresponding cluster genes.
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DISCUSSION

We combined multiple datasets to summarize the AS events landscape of human and mouse preimplantation development at the tran-

scriptome and translatome levels. Previous studies have shown that AS is dynamic during preimplantation development in mouse.17,18

Our study confirms this observation not only in mouse, but also in human. It is worth nothing that both human and mouse are the

most observed splicing events during ZGA, which may also be due to the fact that ZGA takes a long period and requires more complex

regulation. Unlike mouse, human major ZGA genes are more involved in the metabolic process of RNA splicing regulation, which indi-

cates that the biological process and function of human major ZGA are more delicate and complex than mouse. Besides, wo also found

that although only a small proportion of maternal RNA and ZGA genes are differentially spliced genes, the spliced genes are translation
iScience 27, 109104, March 15, 2024 11
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activated and only a small part of them are differentially expressed genes in early embryos. This shows the importance of splicing in the

regulation of early embryos. However, finding truly functional differential splicing evens is very difficult, hence we turn to look for these

upstream RBP regulators.

The latest research system shows AS events pattern of humans, mice and cows but does not focus on the RBP regulators that regulate

splicing.16 More andmore evidence shows that RBPs can regulate the expression of transcripts and are reported to be related to reproductive

development.20,32–34 In this study, we integrated differential splicing events and genome-wide expression between human and mouse, and

processed a computational method to identify splicing-related RBPs in early embryos. In human, 242 RBPs related to the occurrence of AS

events were predicted. Through expression screening and manual literature research, we found that HNRNPK and SRSF2 are two valuable

RBP regulators in human. Since it is challenging to obtain human samples for verification experiments, we decided to investigate the func-

tional roles of SRSF2 and HNRNPK in mouse zygotes by microinjecting siRNA of homologous genes. Both SRSF2 and HNRNPK are highly

conserved in the protein sequences of human and mouse. Our findings show that the siRNA-Srsf2 group significantly reduced the develop-

ment rate during the morula and blastocyst stage. However, no change was observed in the siRNA-Hnrnpk group. In addition, we also iden-

tified their binding motifs in rMAPS. They work by combining with downstream introns at the 30 end or upstream introns at the 50 end. In our

prediction, the splicing events of MCRS1 and TIA1 were correlated with both of HNRNPK and SRSF2. Through isoform switch analysis, it was

found that A3SS was occurred between the two isoforms of MCRS1. Although, the role of A3SS during early embryonic development, 30-UTR
isoform switch is common during mouse oocyte maturation.35 What is even more interesting is that the transcript with significant changes in

TIA1 is NMD-sensitive transcripts. As an important RNA monitoring mechanism in eukaryotic cells, NMD can identify and explain the mRNA

with early termination codon in the open reading frame.36 It has been proved that TIA takes a crucial part in embryonic development,37 which

suggests that TIA may play a role through NMD-related mechanisms.

At the same time, we also investigated the function of mouse predicted RBPs by microinjecting targeted siRNA into mouse zygotes. The

knockdowns of Eif4a3, Mak16 and Utp23 all delayed embryonic development, indicating the reliability of predicting RBP regulators in early

embryonic development by splicing level.We also conducted Smart-seq2 on Eif4a3-knockdown embryos to examine the overall alterations in

their splicing landscape. Our analysis revealed a total of 5445 DASEs in 2565 genes, which were found to be associated with embryonic devel-

opment, RNA metabolism, and DNA repair. As an important component of exon junction complex (EJC), EIF4A3 is a nucleation center that

recruits other components to form EJCs. Binding of EJCs to different cofactors can mediate the progression of different factor specificities,

and the functional role of EJCs has been identified as key to the normal progression of embryonic and neural development.38–41 We spec-

ulated that knockdown of Eif4a3 in embryos would lead to EJC assembly failure, affecting the splicing and fate of multiple genes and thus

resulting in developmental delay. Mak16 and Utp23 have only a few sporadic case reports,42–45 and their functions and mechanism are un-

clear. Due do the limitation of experimental materials and time, we did not further study their molecular mechanism, which needs further

research.

Overall, the dynamicmaps of DEGs andDASEs during preimplantation development were established and analyzed comprehensively. It is

speculated that RBPs can play a role in early embryonic development through its own AS and regulation of other genes to produce different

isoforms. 242 human and 22 mouse RBP regulators that may play an important role in embryogenesis were predicted. This study provides a

guide or suggestion for further experimental verification to clarify the regulatory mechanism of preimplantation development.
Limitations of the study

Indeed, our research has other limitations. First, our sample size is too small to control the uniformity of sample quality. Second, with the

change of upstream technology of gene sequencing, the third-generation sequencing technology of ultralong reading is also booming,

and the most representative ones are Pacific Bioscience (PacBio) and Oxford Nanopore Technologies (ONT). Take PacBio as an example;

its Isoform-sequencing (Iso-seq) uses long-read sequence to sequence transcript isoforms up to 10 kb,46 and the analysis results of A3SS

and A5SS splicing types would bemore accurate than short-read sequencing.35,47 However, due to technical limitations, the third-generation

sequencing technology has not been developed to the resolution of a single cell within the scope of commerce, otherwise the recognition

and analysis of splice changes might be more accurate.
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43. Crisóstomo-Vázquez, M.d.P., Marevelez-
Acosta, V.A., Flores-Luna, A., and Jiménez-
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Pregnant mare serum gonadotrophin (PMSG) Ningbo Second Hormone Factory N/A

Human chorionic gonadotrophin (HCG) Ningbo Second Hormone Factory N/A

HTF in Vitro fertilization medium Nanjing Aibei biotechnology Cat# M1150

Mineral oil Sigma Cat# M8410

KSOM embryo culture media Nanjing Aibei biotechnology Cat# M1430

DMEM Bio-Channel Cat# BC-M-005

Fetal bovine serum HyClone Cat# SV30160.03

Penicillin-Streptomycin Solution Biosharp Cat# BL505A

Opti-MEM Invitrogen Cat# 31985070

Critical commercial assays

HiPure Total RNA Micro Kit Magen Cat# R4114-01

HiScript III All-in-one RT SuperMix Kit Vazyme Cat# R333-01

2X Taq Plus Master Mix II Vazyme Cat# P213-02

HiPerFect Transfection Reagent QIAGEN Cat# 301705

Taq Pro Universal SYBR qPCR Master Mix Vazyme Cat# Q712

Deposited data

Single-cell transcriptome data of human and

mouse oocytes and preimplantation embryos

Gene Expression Omnibus (GEO) GEO: GSE44183

Mouse oocyte and early embryo Ribo-lite and

mRNA-seq

Gene Expression Omnibus (GEO) GEO: GSE165782

Human oocyte and early embryo Ribo-lite

and mRNA-seq

Gene Expression Omnibus (GEO) GEO: GSE197265

RNA-Seq of Eif4a3 knockdown embryos This paper GEO: GSE247316

siRNA sequences for gene knockdown See Table S4 N/A

qPCR primers for siRNA knockdown efficiency

validation

See Table S5 N/A

PCR primers for differential alternative splicing

events validation

See Table S6 N/A

Software and algorithms

FastQC (version 0.11.9) N/A https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

fastp (version 0.20.1) Chen et al.,56 https://github.com/OpenGene/fastp

STAR (version 2.7.6a) Dobin et al.,57 https://github.com/alexdobin/STAR

RSEM (version 1.3.3) Li et al.,52 http://deweylab.biostat.wisc.edu/rsem

featureCounts (version 2.0.1) Liao et al.,58 https://subread.sourceforge.net/

featureCounts.html

rMATS (version 4.1.0) Shen et al.,59 https://github.com/Xinglab/rmats-turbo

rmats2sashimiplot (version 2.0.2) N/A https://github.com/Xinglab/

rmats2sashimiplot

rMAPS2 Hwang et al.,50 http://rmaps.cecsresearch.org/

Metascape database Zhou et al.,60 https://metascape.org/gp/index.html#/

main/step1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

R (version 4.1.1) N/A https://www.R-project.org/

DESeq2 package for R (version 1.34.0) Love et al.,61 https://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

Mfuzz package for R (version 2.54.0) Kumar et al.,62 https://www.bioconductor.org/packages/

release/bioc/html/Mfuzz.html

IsoformSwitchAnalyzeR package for R

(version 1.16.0)

Vitting-Seerup et al.,51 https://www.bioconductor.org/packages/

release/bioc/html/IsoformSwitchAnalyzeR.html

clusterProfiler package for R (version 4.2.2) Wu et al.,54 https://www.bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

ggplot2 package for R (version 3.4.3) N/A https://cran.r-project.org/web/packages/

ggplot2/index.html

biomaRt package for R (version 2.50.3) Durinck et al.,63 https://www.bioconductor.org/packages/

release/bioc/html/biomaRt.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ruizhi Feng

(ruizhifeng@njmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

RNA-Seq data of Eif4a3-knockdown embryos in this study have been deposited to Gene Expression Omnibus (GEO) dataset. Accession

numbers are listed in the key resources table. This paper does not report original code. Any additional information required to reanalyze

the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT

Mice and ethics

ICR mice were purchased and housed in the animal facility at Nanjing Medical University. All animal protocols were approved by the Com-

mittee of Laboratory Animals and the Animal Care and Use Committee of Nanjing Medical University. Mice were maintained under a 12/12-

hour-light cycle at 22�C with free access to food and water.

Culture and collection of mouse embryos

Female ICRmice (5–8 weeks) were super-ovulated by intraperitoneal injection of 7.5 IU of pregnant mare serum gonadotrophin (Ningbo Sec-

ondHormone Factory, China). After 46–48 h, themice were injected with 7.5 IU of human chorionic gonadotrophin (Ningbo SecondHormone

Factory, China). Ovulated metaphase II (MII) oocytes were collected 14–16 h later from the ampullae of oviducts and placed in HTF in vitro

FertilizationMedium (NanjingAibei biotechnology, China, Cat#M1150). Spermderived fromF1malemice of 10weeks to 10months (DBAand

B6 hybrid F1 generation) and pre-incubated in HTF for 1 h under mineral oil (Sigma, USA, Cat#M5410) cover at 37�C with 5% of CO2. After

fertilization, the zygotes (Day1, D1) were washed and transferred into warmed KSOM embryo culture media (Nanjing Aibei biotechnology,

China, Cat#M1430). We observed these embryos at each stage for 24 h (Day2, D2), 48 h (Day3, D3), 72 h (Day4, D4), 96 h (Day5, D5).

Gene knockdown by siRNA microinjection

Effective siRNAs at a concentration of 100 mM were microinjected to knock down the expression of target genes in mouse zygotes. Subse-

quently, these zygotes were transferred to KSOM culture medium and incubated them at 37�C, with 5% CO2 in the air. We then observed

the development of these embryos separately. siRNA sequences targeting specific genes were purchased from Tsingke Biotechnology and

evaluated their knockdown efficiency in Neuro-2a cell line which was a gift from Xinuo Li at China Pharmaceutical University. To test the knock-

down efficiency, we seededNeuro-2a cells in 24-well plates (1*105 cells/well) in DEME (Bio-Channel, China, Cat#BC-M-005) supplementedwith

10% fetal bovine serum (HyClone, USA, Cat#SV30160.03) and 10% Penicillin-Streptomycin Solution (Biosharp, China, Cat#BL505A), then incu-

bated them at 37�C in an atmosphere of 5% CO2. After culturing Neuro-2a cell line for 24 h, we added 3 mL of HiPerFect Transfection Reagent

(QIAGEN, USA, Cat#01705) with 50 mL of Opti-MEM (Invitrogen, USA, Cat#31985070) and 100 pmol of siRNA with 50 mL of Opti-MEM to
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transfect these siRNAs into Neuro-2a cell line. Following transfection, we extracted RNA and reverse transcribed them to cDNA as described

before. qRT-PCR (quantitative real-time PCR) was performed using Taq Pro Universal SYBR qPCRMaster Mix (Vazyme, China, Cat#Q712) on a

Step One Real-Time PCR System (Applied Biosystems, USA). For detailed effective siRNA sequences, refer to Table S4, and for the qPCR

primer sequences, refer to Table S5.

METHOD DETAILS

Transcriptome data analysis

We downloaded the single-cell transcriptome data of human and mouse oocytes and preimplantation embryos with the accession number

GEO: GSE44183. The human embryos cover seven consecutive stages of preimplantation development (oocyte, pronucleus, zygote, 2-cell,

4-cell, 8-cell, and morula) while mouse embryos cover six (oocyte, pronucleus, 2-cell, 4-cell, 8-cell, and morula). According to previous

research,48 we identified the pronucleus and zygote as the 1-cell stage.

Four human single-cell transcriptome data in 8-cell with an abnormal length of reads were discarded. Sequence quality control was

performed by FastQC (version 0.11.9) and fastp (version 0.20.1). Subsequently, RNA-Seq reads were mapped to genome GRCm38/mm10

and GRCh37/hg19 respectively using STAR (version 2.7.6a). The bam files resulting from STAR were quantified by featureCounts (version

2.0.1) and the quantification file was further analyzed in software R (version 4.1.1). DESeq2 R package (version 1.34.0) was used to load count

matrices and identify differentially expressed genes (DEGs) with padj<0.05 and |log2FoldChange|>2.

R2-lite data analysis

mRNA-seq data and Ribo-lite data from previous research1,49 were collected and analyzed. Translational efficiency (TE) was calculated by the

ratio of Ribo-lite and mRNA-seq (FPKM+1/FPKM+1).

Temporal dynamic clustering analysis of gene expression profiles

Genes of different stages were clustered byMfuzz R package, which can identify potential time-series patterns of expression profiles. Clusters

of genes with similar patterns would help us understand the dynamic patterns of genes and how they are functionally linked. Themembership

values represent how well the gene is represented by the cluster, varying continuously from zero to one and color-encoded in the plot. We

divided the genes into 22 clusters and chose 0.75 as the threshold to define the high relationships between genes within a cluster.

Differential alternative splicing events identification

Multivariate Analysis of Transcript Splicing for replicates (rMATS version 4.1.0) software was performed to detect differential alternative splicing

events of two consecutive adjacent stages from RNA-Seq data with parameters: rmats.py –b1 stage1_path.txt –b2 stage2_path.txt –gtf gtf –od

out –nthread 1 –readLength 90 -t paired –tmp_tmp. There are five types of alternative splicing events recognized by rMATS, namely skipped

exon (SE), alternative 50 splice site (A5SS), alternative 30 splice site (A3SS), mutually exclusive exons (MXE) and retained intron (RI). The tool quan-

tifies the expression of variable splicing events in different samples (with biological replicates) by rMATS statistical model and then calculates the

p value by likelihood-ratio test to represent the difference between two groups of samples at Inclusion Level (IncLevel), also known as percent

spliced-in (PSI). The FDR value was obtained by correcting the p value with the Benjamini&Hochberg algorithm. The difference of IncLevel

(6IncLevel) is applied to evaluate the difference in the isoform ratio of a gene between two conditions. We filtered the output by p < 0.05,

FDR <0.05 and |6IncLevel| > 0.1 for subsequent analyses. Visualization of AS genes were exhibited by rmats2sashimiplot (version 2.0.2). rMAPS2

(RNA Map Analysis and Plotting Server 2, http://rmaps. cecsresearch.org/) was utilized to test for the enrichment of binding motifs and RNA

binding proteins in the vicinity of alternatively spliced cassette exons in order to identify putative splicing regulators.50

Identification of isoform switch events

IsoformSwitchAnalyzeR package51 was used to identify the expression of isoform switch events (ISEs) from RNA-Seq data via the quantitative

results of transcripts obtained by RSEM (RNA-Seq by ExpectationMaximization, version 1.3.3).52 Besides, we integrate other annotations such

as protein domains (via Pfam: https://www.ebi.ac.uk/Tools/pfa/pfamscan/), coding potential (via CPAT)53 and sensitivity to Non-sense Medi-

ated Decay (NMD) in ISEs’ analysis.

Validation of differential alternative splicing events

RNA extraction from 2-cell and 4-cell embryos was performed using the HiPure Total RNA Micro Kit (Magen, Cat#R4114-01), and HiScript III

All-in-one RT SuperMix Kit (Vazyme, Cat#R333-01) was used for cDNA. PCR was performedwith 2X Taq Plus MasterMix II (Vazyme, Cat#P213-

02), and the PCR primers are listed in Table S6. The PCR products were then separated on 1% agarose.

Function enrichment analysis

Gene Ontology enrichment analysis was performed using both clusterProfiler R package54 and the Metascape database (https://metascape.

org/gp/index.html#/main/step1). FDR less than 0.05 was chosen to represent significance. ggplot2 package was utilized to visualize the GO

terms.
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Prediction of DASEs-related RBP regulators

We collected 1,961 RBP genes in human from the Li et al.55 study and matched these genes to mouse genome using biomaRt R package

(version 2.48.3) to obtain the mouse RBP genes. In order to identify the RBPs that may potentially regulate the AS events in early embryonic

development, we design a three-step pipeline that integrated RBP expression and AS profiling.

First, we identified DASEs between two consecutive stages. According to rMATS output file [AS_Events].MATS.JC.txt, we can collect the

inclusion level values of specific splicing events for the specific stage. Next, we calculated the splicing event activity score. Since6IncLevel =

IncLevel1 - IncLevel2, according to the parameters of rMATS, IncLevel1 was the evaluation of the previous developmental stage and IncLevel2

was the later one, we considered the events that contain an increase in the level of the spliceosome at the latter stage as splice active events

(SA), and the events that contain a decrease in the level of the spliceosome at the latter stage as splice repressive events (SR). As a result, when

6IncLevel >0, it is an SR event. For each stage j, the two scores were calculated as follows:

SpliceðactiveÞj =
Xp

a = 1

IncLevelaj ; if 6IncLevelaj < 0
Splice
�
repressive

�
j
=

Xq

b = 1

IncLevelbj ; if 6IncLevelbj >0

p and q are the number of AS events with 6IncLevel less or greater than 0, respectively.

Second, we recognized differentially expressed RBPs between every two adjacent stages using Wilcoxon rank-sum test (p < 0.05). We hy-

pothesized that the expression levels of RBPs could be correlated with the value of the inclusion level. Thus, we calculated the Spearman cor-

relation coefficient between the expression level of RBPs and the inclusion level of splicing events. p.value <0.05 and absolute cor value >0.6

were selected for further analysis.
Smart-seq2 for Eif4a3-knockdown embryos

In order to explore the regulatory role of the RBP we predicted on alternative splicing, an experiment was carried out. Using effective siRNAs,

Eif4a3 was selected as an example and its expression was decreased in mouse zygotes via microinjection. Blastocysts were collected on the

fifth day, with 3 samples from each of the Negative Control group (NC) and the Eif4a3-knockdown (Eif4a3-KD) group, each sample containing

5 embryos. The embryos were then placed in SMART lysate and sent to LC-Bio Technologies (Hangzhou) Co., Ltd for Smart-seq2 sequencing,

which was conducted using the Illumina Novaseq 6000 150PE platform.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses for experiments were performed with R (version 4.1.1) software. Number of replication and the standard error of mean

(meanG SEM) are outlinedwithin each figure legend. Unpaired t-test was used in the comparison betweenNC and siRNAgroup. Each group

were repeated at least three times to assure consistency. All statistics are *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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