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Abstract 19 

Isoform expression in preimplantation embryos has been extensively investigated, and 20 

many novel isoforms have been identified. However, the regulation patterns of different 21 

types of transcripts along the developing stages remains unexplored. We quantified the 22 

expression of full-length isoforms in over one hundred single blastomeres from the mouse 23 

oocyte to blastocyst stage and found that the 3’ prime partial transcripts that lack stop 24 

codons were highly accumulated in oocytes and zygotes. A typical 3’ prime partial isoform, 25 

Ncl-S-350, was demonstrated to be not a transcription by-product but to function in the 26 

ZGA process. SRSF4 was identified to be responsible for generating these 3’ prime partial 27 

transcripts in mouse embryonic stem cells (mESCs), and both Ncl-S-350 and Srsf4 28 

overexpression could convert mESCs to a 2-cell (2C)-like state. Our work reveals the 29 



important role of isoform switch regulation in early embryonic development and lays the 30 

foundation for an alternative way of acquiring totipotent cells. 31 

Introduction 32 

One gene can be transcribed into multiple kinds of transcripts, namely, isoforms, which 33 

are then translated into different proteins. Isoform compositions vary between different cell 34 

types and states; therefore, isoform switch is important in determining cell identity1,2. In 35 

recent years, several third-generation sequencings (TGS) based single-cell RNA-36 

sequencing (scRNA-seq) methods have been developed for direct isoform sequencing1,3-37 

7. Among these methods, SCAN-seq has been shown to have high gene detection 38 

sensitivity and to enable the discovery of large number of novel transcripts in rare samples, 39 

such as preimplantation embryos4. Nevertheless, SCAN-seq failed to quantify the absolute 40 

abundance of the detected genes and isoforms since it is difficult to specify unique 41 

molecular identifiers (UMIs) under the high error rate of Nanopore sequencing8,9. Thereby, 42 

HIT-scISOseq and MAS-ISO-seq have been used to quantify isoform abundance in single 43 

cells with improved data throughput by using the PacBio HiFi sequencing platform5,7. 44 

Many studies have focused on the molecular regulation of preimplantation embryo 45 

development, as it is the basis for reproduction. In particular, the maternal to zygote 46 

transition is the foundation of the whole-body development plan10-13. Although hundreds of 47 

genes have been reported in zygotic genome activation (ZGA), the functional regulators 48 

remain largely unclear, not to mention whether the isoform switch participate in the 49 

process14-16. 50 

In this study, we modified the HIT-scISOseq method for low throughput of cells and 51 

sequenced the isoforms in single blastomeres of mouse preimplantation embryos. We 52 

quantified the isoforms of each gene in each single cell, and different isoform types showed 53 

varied proportions among different stages. Specifically, we observed large number of 3’ 54 

prime partial transcripts (which lack stop codons and generate proteins lacking C-termini) 55 

in oocytes and zygotes that quickly degraded from early 2-cell stage (2C) stage. We 56 

validated the 3’ prime partial nucleolin (Ncl) gene transcripts, and surprisingly, the short Ncl 57 

transcripts may promote ZGA by significantly inducing the expression of Dux and other 2C 58 



genes. Moreover, we found that the splicing factor Srsf4 plays an important role in the 59 

expression of 3’ prime partial transcripts, which could also induce 2C gene expression in 60 

mESCs. Therefore, the 3’ prime partial transcripts, which are usually regarded as 61 

detrimental by-products, may be essential regulators during preimplantation embryo 62 

development, and isoform switch may be a specific regulatory mechanism for the ZGA 63 

process. 64 

 65 

Results 66 

Characterization of the mouse preimplantation embryos by gene and 67 

isoform expression 68 

To detect gene isoforms in each blastomere of the mouse metaphase II oocytes and 69 

preimplantation embryos, we amplified RNAs in each single cell with a 10x gel bead using 70 

the Smart-seq2 protocol5,17. Then, the amplified cDNAs of different cells were pooled for 71 

further ligation and PacBio library construction following the HIT-scISOseq method5. 72 

Meanwhile, the corresponding barcode sequence of each cell was pre-determined through 73 

Sanger sequencing of the cDNAs (Extended Data Fig. 1a). Expression data for a total of 74 

161 single-cell isoforms were obtained from three batches, comprising the mouse oocyte, 75 

zygote, early 2-cell (E2C), late 2-cell (L2C), 4-cell, 8-cell, 16-cell, 32-cell, and blastocyst 76 

stages and mESCs (Extended Data Table 1). Each sequencing batch generated about 5 77 

million circular consensus sequencing (CCS) reads, with the average length around 4kb, 78 

indicating ligation of 2-3 cDNA molecules in most cases. After data splitting and mapping, 79 

about 90% of the full-length isoforms could be correctly assigned to cells (Extended Data 80 

Table 1). In this way, the samples from each stage could be sequenced with a relatively 81 

sufficient depth (Extended Data Fig. 1b). To evaluate the accuracy of measuring absolute 82 

numbers of isoforms with our procedure, we also amplified ERCC and SIRV spike-ins18. At 83 

the gene level, we observed high correlation values between the added molecules and the 84 

detected UMI counts (Extended Data Fig. 1c). At the isoform level, different isoforms of the 85 

same gene could be correctly specified without any false match (Extended Data Fig. 1d). 86 

These results indicate that our workflow accurately measures the abundances of the 87 

transcripts in each single cell. 88 



As expected, the mouse oocyte and zygote contained many more RNA molecules than 89 

later stage blastomeres as a result of subsequent maternally inherited RNA degradation. 90 

The number of transcript molecules was well correlated (R=0.96) with the number of genes 91 

expressed in the cells (Fig. 1a). We used gene expression data and isoform expression 92 

data to perform principal component analysis (PCA) of all the cells. Both types of data 93 

generated similar PCA results and could be used to clearly separate blastomeres of 94 

different stages (Fig. 1b, c). In both sets of PCA results, the oocyte and zygote showed 95 

similar expression patterns, the L2C and 4-cell stages could be grouped together, the 8-96 

cell, 16-cell and 32-cell stages were close, and the blastocyst cells were analogous to the 97 

mESCs. We further extracted stage-specific genes and transcripts with the same criterion 98 

and obtained 3867 genes and 6819 isoforms, respectively. Each list could be divided into 99 

six corresponding clusters based on their expression patterns across all embryonic stages 100 

(Fig. 1d, e). To be specific, Cluster 1 (C1) transcripts were highly abundant in oocytes and 101 

zygotes, subsequently degraded from E2C stage. Cluster 2 (C2) included transcripts only 102 

upregulated in E2C stage. Cluster 3 (C3), cluster 4 (C4) and cluster 5 (C5) transcripts were 103 

highly expressed in the L2C to 4-cell stages, 8-cell to 32-cell stages and blastocyst stages, 104 

respectively. The mESC-specific transcripts were in cluster 6 (C6). In addition, we 105 

compared the genes and isoforms in each pair of matched clusters. More number of RNAs 106 

could be identified in each cluster at the isoform level, and most of the isoforms showed 107 

consistency with the genes (Fig. 1f, Extended Data Table 2). Thus, the single-cell isoform 108 

expression data could be directly used to illustrate cellular heterogeneity and distinguish 109 

different types of cells as single-cell gene expression does. 110 

To investigate the relationship between gene and isoform expression during mouse 111 

preimplantation development, we divided genes into six groups based on the number of 112 

isoform types they expressed (Extended Data Fig. 2a). Although majority of genes 113 

expressed only one type of isoform across different stages, more genes expressed multiple 114 

types of isoforms in the earlier stages. About 60% of genes in mouse oocytes and zygotes 115 

expressed more than one type of isoforms, and nearly 20% of genes were detected with 116 

more than five types of isoforms. In comparison, approximately 70% of genes in mESCs 117 

expressed only one type of isoform, and few genes expressed over five types of isoforms 118 



(Extended Data Fig. 2a). The same isoform expression characteristics could also be 119 

observed with SCAN-seq data (Extended Data Fig. 2b), suggesting rich isoform diversity 120 

in early mouse embryos. In addition, the genes expressing more types of isoforms were 121 

detected with higher expression levels in both our data and SCAN-seq data (Extended 122 

Data Fig. 2c, d). To assess the isoform dominant level in each gene expressing multiple 123 

types of isoforms, we calculated the ratio of the UMI number of the major isoform to the 124 

total UMI number of the corresponding gene. The major isoform ratios increased from early 125 

to late embryonic stages, especially after the ZGA process (Extended Data Fig. 2e). In 126 

comparison, the major isoforms accounted for 90% of most genes in mESCs, indicating a 127 

dominant isoform expression pattern and less isoform diversity in these cells. 128 

 129 

Fig. 1| Gene and isoform expression in the mouse preimplantation embryos 130 

a, Number of genes and UMIs in each cell at different stages. b-c, PCA plot of all the 131 

blastomeres and mESCs based on gene expression (b) and isoform expression (c). d-e, 132 

Heatmap of stage-specific genes (d) and isoforms (e). f, Venn plot of pairwise groups of 133 

stage-specific genes and isoform-corresponding genes. 134 



 135 

Large abundance of 3’ prime partial transcripts was observed in mouse 136 

oocytes and zygotes 137 

According to the integrity of putative corresponding open reading frames (ORFs), the 138 

transcripts were divided into 5 types: complete, representing isoforms coding the complete 139 

ORFs of the reference genes; 3’ prime partial transcripts and 5’ prime partial transcripts, 140 

missing the stop codon section and start codon section, respectively; internal, predicted 141 

with proteins lacking both ends; and others, including isoforms located outside the 142 

reference ORFs19 (Fig. 2a). As expected, the complete transcripts had the longest lengths, 143 

and the internal transcripts were the shortest (Extended Data Fig. 3a). Nevertheless, the 144 

predicted protein length was similar for the three incomplete transcript types (Extended 145 

Data Fig. 3b). Intriguingly, we found that the 3’ prime partial transcripts were highly 146 

expressed in oocytes and zygotes and then dramatically decreased from the E2C stage 147 

(Fig. 2b, c). The same expression pattern was also observed in the SCAN-seq data 148 

(Extended Data Fig. 3c, d). Then, we performed Gene Ontology (GO) analysis on genes 149 

detected with 3’ prime partial transcripts (Extended Data Table 3). These genes were 150 

enriched in the pathways of RNA processing, cell cycle checkpoint, ribonucleoprotein 151 

complex biogenesis, DNA metabolic process, chromatin organization, etc. (Extended Data 152 

Fig. 3e), all of which have been reported to play essential roles in mouse and human 153 

preimplantation embryo development10,13,20-23. In addition, we found that 82% of these 3’ 154 

prime partial transcripts ended within the exon, while only 44% of the 5’ prime partial 155 

transcripts ended within the exon (Extended Data Fig. 3f). 156 

We further chose some candidates to validate the enrichment of 3’ prime partial 157 

transcripts in the maternally inherited RNAs. For example, the Ncl gene was detected with 158 

6 isoform types that could be assigned to three categories based on how many RNA 159 

recognition motifs (RRM) they contained (Fig. 2d, left). All 6 isoform types were observed 160 

in the reverse transcription and PCR (RT–PCR) products of mouse oocytes (Fig. 2d, right). 161 

Meanwhile, the short isoforms appeared to be much more abundant than the full-length 162 

isoform (Ncl-FL-71) in mouse oocytes. Then, we calculated the abundance of each 163 

category of Ncl isoform along developing stages. Ncl was first downregulated in the E2C 164 



stage and then increased from the L2C stage at the gene level (Fig. 2e). According to 165 

changes in the abundances of different isoforms, we found that the two categories of short 166 

Ncl isoforms were highly expressed in oocytes and zygotes and then almost disappeared. 167 

In comparison, the full-length Ncl isoform only showed low expression in the maternal 168 

RNAs and was largely upregulated after ZGA (Fig. 2e). This finding highlights the isoform 169 

switch of the Ncl gene during the ZGA process; and such regulation approaches are 170 

masked in gene-level analysis. To demonstrate this, we performed reverse transcription 171 

and real-time quantitative PCR (RT–qPCR) using primers targeting all the Ncl isoform 172 

types and only the full-length type, respectively, and calculated the relative percentages of 173 

the full-length isoform in different stages of mouse preimplantation embryos. As expected, 174 

less than 20% of the Ncl transcripts were full length in oocytes when we set the full-length 175 

relative ratio as 100% at the morula stage (Fig. 2f). The detected 3’ prime partial transcripts 176 

of some other genes related to RNA processing (Sf3b2, Srpk1) and protein translation and 177 

transporting (Dnajc3, Hsp90aa1) were also revealed by gel analysis of mouse oocyte RT–178 

PCR products (Extended data Fig. 4a). 179 

The 3’ prime partial transcripts lack the stop codon by definition. We further sequenced 180 

the amplified 3’ prime partial transcripts of Ncl and genes in Extended data Fig. 4a by 181 

Sanger sequencing for validation. Each predicted isoform was confirmed to have a poly(A) 182 

tail without a stop codon (Extended data Fig. 4b). Usually, transcripts without stop codons 183 

are quickly degraded by a nonstop decay (NSD) mechanism in eukaryotic cells24,25. We 184 

analysed the expression of Pelota, Hbs1 and Abce1, the three indispensable regulators 185 

triggering the NSD process (Extended data Fig. 4c). Both Pelota and Abce1 were 186 

expressed at low levels in oocytes and zygotes, indicating the NSD pathway shall be in 187 

quite low activity before ZGA process. In this way, the 3’ prime partial transcripts can be 188 

largely accumulated in the maternal content. 189 



 190 

Fig. 2| Expression patterns of different types of transcripts during mouse 191 

preimplantation embryonic development 192 

a, Schematic diagram of different transcript types. b, Ratios of each type of transcripts at 193 

different stages. c, Number of 3’ prime partial transcripts detected at each stage. d, 194 

Schematic diagram of Ncl isoforms (left) and gel picture showing these isoforms by RT-195 

PCR of Ncl in mouse oocytes (right). e, Expression levels of each category of Ncl isoforms 196 

and the Ncl gene at different stages. f, The relative ratios of Ncl full-length isoforms at 197 

different stages detected by RT-qPCR. The relative ratio of NCL-FL/All in morulae was set 198 

as 1.0. 199 

 200 

 201 

 202 



The 3’ prime partial Ncl transcript (Ncl-S-350) induces the expression of 203 

2C genes 204 

NCL encoded by the Ncl gene has been demonstrated to participate in a wide range 205 

of cellular programs, including ribosome biogenesis, chromatin organization and stability, 206 

and DNA and RNA metabolism26. This gene is highly expressed in mESCs, and it has been 207 

proven that NCL forms a complex with KAP1/TRIM28 and LINE1 RNA to repress the 208 

expression of Dux, the master activator of the 2C transcription program27-31. Knocking 209 

down Ncl in mESCs by siRNA had been reported to lead to activation of the 2C transcription 210 

program characterized by the expression of a series of 2C genes, such as Dux, MERVL, 211 

Zscan4C and Tsctv127,32. There were very few 3’ prime partial transcripts in mESCs, 212 

including Ncl-S-350, which was highly detected in the maternal RNA content (Fig. 2b, 2c). 213 

To determine whether these 3’ prime partial transcripts are functional, we overexpressed 214 

Ncl-S-350 in mESCs (Fig. 3a). Surprisingly, Ncl-S-350 overexpressing cells also 215 

significantly upregulated 2C genes, including Dux, MERVL, and Zscan4c (Fig. 3b). This 216 

finding was consistent with the results when Ncl was knocked down in mESCs (Fig. 3c)27,32. 217 

The direct interaction between LINE1 RNA and NCL has been confirmed in vitro and 218 

in vivo33,34. Moreover, the full integrity of the first and second RRM domains is required to 219 

bind RNA35. As NCL inhibits Dux expression under the guidance of LINE1 RNA27, we 220 

deduced that the NCL-S-350 lacks the ability to bind LINE1 RNA compared to the full-221 

length isoform (NCL-FL). Therefore, the NCL-S-350 protein may function as an antagonist 222 

of the NCL-FL-71 protein to form a complex with KAP1/TRIM28 without LINE1 RNA. To 223 

verify this assumption, we did co-immunoprecipitation (Co-IP) assay and the result 224 

confirmed that NCL-S-350 protein can bind KAP1 as the NCL-FL proteins do (Fig. 3d). The 225 

results imply that the 3’ prime partial transcripts shall not be transcription by-products and 226 

may play an important role in preimplantation embryo development. 227 



 228 
Fig. 3| Overexpression of the 3’ prime partial transcript Ncl-S-350 induced 2C gene 229 

expression in mESCs 230 

a, Overview of the overexpression workflow in mESCs. b-c, Bloxplot showing increased 231 

expression levels of Dux and other 2C genes by RT-qPCR after overexpressing Ncl-S-350 232 

(b) or knocking down Ncl using siRNA (c) in mESCs (n=3). d, Co-IP assay showing that 233 

NCL-S-350 can combine with KAP1 as NCL-FL-71 does.  234 

 235 

Srsf4 promotes the accumulation of 3’ prime partial transcripts 236 

The 3’ prime partial transcripts in the maternally inherited RNAs mostly ended within 237 

the exon region (Extended Data Fig. 3f) and were likely not regulated by spliceosomes, 238 

which function in introns. Exon splicing requires serine/arginine-rich splicing factors 239 

(SRs)36,37. Therefore, we speculated that the generation of 3’ prime partial transcripts rely 240 

on SRs. The SR family consists of 12 members in mammals38. We checked the expression 241 

patterns of each SR gene in the mouse preimplantation embryo samples and noticed that 242 

Srsf4 was highly expressed in oocytes and zygotes and then downregulated at the later 243 

stages (Fig. 4a, Extended data Fig. 5). The same expression patterns of the SR genes 244 

were also observed in previous NGS data (Fig. 4a, Extended data Fig. 6)39. We further 245 

analysed the motifs using the 100 bp sequence flanking the end point of all the 3’ prime 246 



partial transcripts (Fig. 4b). Interestingly, AGAAAA is consistent with the conserved binding 247 

motif of SRSF4, which has been reported to work on Ncl mRNA40. We checked the 248 

distribution of the AGAAAA motif on all the exons of Ncl, and its locations matched perfectly 249 

to the end sites of those 3’ prime partial transcripts of Ncl (Extended data Fig. 7a). 250 

In order to check the function of SRSF4 in producing the 3’ prime partial transcripts, 251 

we overexpressed Srsf4 in mESCs. Subsequently, we amplified the Ncl transcripts and 252 

examined the isoform types on the gel. Intriguingly, compared to the phenomenon that Ncl-253 

FL-71 was dominant in normal mESCs, Ncl-S-350 became the most abundant isoform type 254 

in Srsf4-overexpressing mESCs (Fig. 4c). The other 3’ prime partial transcripts of Ncl were 255 

also increased. Moreover, the expression pattern of Ncl isoforms in Srsf4-overexpressing 256 

mESCs was almost identical to that in mouse oocytes (Fig. 4c). These results suggested 257 

that Srsf4 regulates the generation of the 3’ prime partial transcripts of Ncl. We further 258 

detected the expression of 2C genes in Srsf4-overexpressing mESCs by RT-qPCR. As 259 

expected, Dux, MERVL, Zscan4c and other 2C genes were all significantly upregulated, 260 

which was consistent with the results in mESCs overexpressing Ncl-S-350 (Fig. 4d). 261 

To further investigate the targets of SRSF4 and whether the cells acquired totipotency 262 

when overexpressed with the 3’ prime partial transcripts, we performed single-cell full-263 

length isoform sequencing on Srsf4-overexpressing mESCs (Srsf4 OE), Ncl-S-350-264 

overexpressing mESCs (Ncl-S-350 OE) and GFP-overexpressing control mESCs (GFP 265 

OE). The Srsf4 OE and Ncl-S-350 OE cells were almost the same with each other but 266 

different from the GFP OE control mESCs (Extended Data Fig. 7b, c). Overexpression of 267 

both Srsf4 and Ncl-S-350 led to elevated expression of totipotent genes in mESCs (Fig. 268 

4e, Extended Data Table 4). In addition, most minor and major ZGA genes were also 269 

upregulated (Extended Data Fig. 7d, Extended Data Table 4). To check the states of the 270 

two groups of cells, we clustered them with the embryo samples and previously reported 271 

totipotent-like stem cells (TLSCs)16. Interestingly, both Srsf4 OE and Ncl-S-350 OE cells 272 

were close to the TLSCs, all showing similarity to the 2C embryo (Fig. 4f). 273 

Notably, the proportion of 3’ prime partial transcripts increased from 7% in the GFP 274 

OE group to about 19% in the Srsf4 OE and Ncl-S-350 OE groups (Fig. 4g). Genes 275 

generating 3’ prime partial transcripts under SRSF4 were related to RNA processing, 276 



mitotic cell cycle, chromatin organization, etc., which was similar to those enriched in the 277 

mouse preimplantation embryos (Extended Data Table 5 and Fig. 7e). Moreover, the 278 

isoform diversity increased in the Srsf4 OE and Ncl-S-350 OE groups, as 43.7% and 46.2% 279 

of genes in the two groups expressed more than 5 isoform types, respectively, which was 280 

much higher than the ratio (33.9%) in the GFP OE group (Fig. 4h). This finding also 281 

resembled the large isoform diversity in oocytes and early embryos (Extended Data Fig. 282 

2a, b). Therefore, Srsf4 may play an essential role in the generation of 3’ prime partial 283 

transcripts, and both Srsf4 and Ncl-S-350 may participate in cellular identity determination 284 

in mouse oocytes and early embryos. 285 

 286 

 287 

 288 

 289 

 290 



 291 
Fig. 4| Srsf4 regulates the production of the 3’prime partial transcripts of Ncl and 292 

other genes 293 

a, Expression levels of Srsf4 at different embryonic stages in our data and in the NGS data 294 

by Deng et al., 201439. b, The significant motifs in the 100 bp sequences flanking the end 295 

sites of the 3’ prime partial transcripts. The red box highlights the one consistent with the 296 

SRSF4 binding motif. c, Gel analysis of RT-PCR products of normal mESCs, Srsf4 OE 297 

mESCs, Ncl-S-350 OE mESCs and mouse MII oocytes. d, Bloxplot showing increased 298 

expression levels of Ncl, Dux and other 2C genes by RT-qPCR after overexpressing Srsf4 299 

in mESCs. e, Heatmap showing generally elevated expression of totipotent genes in Srsf4 300 

OE and Ncl-S-350 OE cells compared with control GFP OE cells. f, Dendrogram displaying 301 

the Srsf4 OE and Ncl-S-350 OE cells were similar to previously reported TLSCs and 2-cell 302 

embryos in gene expression. g, Ratio of each type of transcript in the three groups of cells. 303 

h, The ratios of genes containing different numbers of isoform types in the three groups of 304 

cells. 305 



 306 

Discussion 307 

An abundance of novel transcripts and splicing events in preimplantation embryos 308 

have been annotated by TGS-based full-length isoform sequencing at either the bulk or 309 

single-cell level4,14,41. However, it remains unclear how different types of isoforms regulate 310 

the developmental process. In the present study, by dividing the transcripts into subtypes 311 

according to their coding characteristics, we found large number of 3’ prime partial 312 

transcripts, which lack stop codons, in mouse MII oocytes and zygotes (Fig. 2b). Defects 313 

in the NSD pathway in the maternal contents enable these transcripts to be maintained. 314 

This type of transcript has been largely studied in cancers and is considered an oncogenic 315 

factor42. While in early embryos, these transcripts might be important for promoting the 316 

ZGA process, as their host genes were highly enriched in RNA processing, cell cycle 317 

checkpoint, ribonucleoprotein complex biogenesis, DNA metabolic process and chromatin 318 

organization pathways (Extended Data Fig. 3e). 319 

Taking Ncl as an example, we proved that the 3’ prime partial transcripts of Ncl 320 

promoted the expression of Dux and other 2C genes, possibly by competing with the full-321 

length isoform to form the NCL/Kap1 complex27. However, they lost the capacity to bind 322 

LINE1 RNA to locate the repressive complex to the Dux promoter (Fig. 5). After ZGA, these 323 

transcripts are degraded rapidly, and the full-length isoform is upregulated to suppress Dux 324 

again. Such isoform switch regulation is blinded through single-cell gene expression 325 

analysis, emphasizing the importance of performing isoform sequencing. 326 



 327 

Fig. 5| The hypothesis of the regulatory mechanism of Dux by Ncl-S-350 328 

In early 2-cell stage, the numerous existing 3’ prime partial types of NCL could enhance 329 

the activation of Dux, while in late 2-cell stage, these transcripts degrade rapidly, and the 330 

increased full-length NCL suppresses Dux expression. In mESCs, Dux is suppressed by 331 

full-length NCL27. Overexpression of 3’ prime partial type Ncl-S-350 directly or by Srsf4 332 

overexpression results in competition with the full-length NCL form complex with KAP1 but 333 

lacks LINE1 as the guidance to suppress Dux. 334 

 335 

A recent study demonstrated that spliceosomal repression induces totipotency in 336 

mESCs43, indicating that alternative splicing is essential for modulating cell fate. However, 337 

the PlaB they used to inhibit SF3B, which forms spliceosomes to splice the intron region43-338 

45, and the 3’ prime partial transcripts in the maternal RNAs primarily ended within the exon 339 

region. We proved that SRSF4 can produce the 3’ prime partial transcripts of both Ncl and 340 

many other genes, inducing a 2C-like state in mESCs (Fig. 4). We also noticed that the 341 

overexpression of Ncl-S-350 enhanced the expression of Srsf4 (data not shown). This 342 

could explain why the Srsf4 OE and Ncl-S-350 OE cells were almost the same as each 343 

other and similar to TLSCs from a previous study. This may promote a new way for the in 344 

vitro culture of totipotent cells, and such an assumption needs further experimental 345 

exploration and verification. 346 



We extrapolated that the large number of 3’ prime partial transcripts in maternally 347 

inherited RNAs are not transcription by-products. These transcripts may play functional 348 

roles in the preimplantation embryo development. In current work, we investigated the 349 

function of Ncl, while there are many other genes worthy of further study. Our work provides 350 

new insights into the mechanisms regulating early embryonic development. 351 

  352 
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Extended Data Fig 472 

 473 

 474 

Extended Data Fig. 1| Quality evaluation of the single-cell isoform expression data 475 

a, Diagram of the experimental and analysis workflow for single-cell isoform sequencing of 476 

the mouse preimplantation embryos. b, Saturation curve of representative cells from each 477 

stage. c, Correlation between detected UMI counts and absolute spiked abundances of 478 

each ERCC gene. d, Isoform mapping results of the SIRV spike-ins. 479 



 480 

Extended Data Fig. 2| Relationship between gene and isoform expression 481 

a-b, The ratios of genes detected with different numbers of isoform types for each stage of 482 

mouse embryos and mESCs in this study (a) and SCAN-seq data (b). c-d, Expression 483 

levels of genes detected with different numbers of isoform types for each stage of mouse 484 

embryos and mESCs in this study (c) and SCAN-seq data (d). e, Density plot showing the 485 

proportion of the major isoforms in genes expressing multiple isoform types. Only genes 486 

detected with UMI counts over 5 were included. 487 



 488 

Extended Data Fig. 3| The characteristics of different types of transcripts 489 

a, Length distribution of different types of transcripts. b, Relative length of the predicted 490 

protein to the complete reference ORF of each type of transcript. c, Ratios of each type 491 

of transcript at different stages calculated using SCAN-seq data. d, Expression level of 492 

the 3’ prime partial transcripts detected at each stage in SCAN-seq data. e, The top GO 493 

terms for genes generating 3’ prime partial transcripts in the mouse embryo samples. f, 494 

The ratios of 3’ and 5’ prime partial transcripts ended in exons and introns. 495 



 496 

Extended Data Fig. 4| Validation of the 3’ prime partial transcripts 497 

a, Gel picture showing the isoforms by RT-PCR of the target genes in mESCs and mouse 498 

oocytes. The red arrows indicate the candidate 3’ prime partial transcripts of the genes. b, 499 

Sanger sequencing of the candidate 3’ prime partial transcripts in panel a and the Ncl gene. 500 

c, Violin plot showing the expression levels of the essential NSD genes at different mouse 501 

embryonic stages. 502 



 503 

Extended Data Fig. 5| Expression levels of each SR family gene at different mouse 504 

embryonic stages in our data. 505 



 506 

Extended Data Fig. 6| Expression level of each SR family gene at different mouse 507 

embryonic stages in the NGS data by Deng et al39. 508 



 509 

Extended Data Fig. 7| Transcriptomic changes after overexpression of Srsf4 or Ncl-510 

S-350 in mESCs 511 

a, The location distribution of the SRSF4-specific binding motif on the Ncl transcript. b, The 512 

t-SNE map showing the high consistency of the Srsf4 OE and Ncl-S-350 OE mESCs based 513 

on gene expression patterns. c, Gene expression correlation between the Srsf4 OE sample 514 

and the Ncl-S-350 OE sample, the GFP OE sample and the Srsf4 OE sample, and the 515 

GFP OE sample and the Ncl-S-350 OE sample respectively. d, Heatmap showing generally 516 

elevated expression of minor and major ZGA genes in Srsf4 OE and Ncl-S-350 OE cells 517 

compared with control GFP OE cells. e, The top GO terms for genes generating 3’ prime 518 

partial transcripts in the Srsf4 OE mESCs  519 
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