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Lsm14b (LSM family member 14b) is a messenger ribonucleoprotein (mRNP) and a widely present component in eukaryotes. Lsm14b participates in oocyte development by regulating mRNA translation, however, the specific translational regulatory mechanisms remain unclear. Here, we explore the function of Lsm14b during early oocyte development and identify specific translational regulatory mechanisms. We established female-infertile lsm14b mutant zebrafish using CRISPR/Cas9. Histological examination showed that the oocyte development in the mutant zebrafish was arrested at the primary growth (PG) stage. The gene set enrichment analysis (GSEA) analysis of the transcriptome revealed that signaling pathways associated with mRNA translation suppression and mRNA poly(A) tail shortening were significantly downregulation in the mutant. The poly(A) tail length (PAT) assay confirmed the lengthen of mRNA poly(A) tail of the oocyte development-related genes zar1 and figla in the mutant. Further studies have suggested that the loss of Lsm14b triggers the unfolded protein response (UPR), which is related to abnormal translation inhibition. Our results demonstrate that Lsm14b assists in maintaining the translation-inhibited state of mRNA by regulating the length of the mRNA poly(A) tail in zebrafish early oocytes, which ensures that the mRNA synthesized and stored during the growth stage of oocytes, is necessary for the normal growth and development of oocytes.
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1 Introduction

Mature and healthy oocytes are essential for reproduction in females (Keefe et al., 2015; Robker et al., 2018). The growth and development of oocytes are precisely regulated (Das and Arur, 2017; Conti and Franciosi, 2018; Alam and Miyano, 2020). During oogenesis, growing oocytes synthesize large amounts of mRNA, some of which, such as GDF9 and BMP15, are translated into proteins that participate in oocyte growth and follicle formation (Ma et al., 2013; De Castro et al., 2016; Sha et al., 2018; Dai et al., 2022). However, most mRNAs remain in a translationally inhibited state and are stored in a granular structure known as messenger ribonucleoprotein (mRNP) (Richter and Lasko, 2011; Winata and Korzh, 2018; Dai et al., 2019). The timely activation of these translation-inhibiting mRNAs at later stages is necessary for oocyte maturation and subsequent development (Zheng et al., 2020; Cheng et al., 2022; Jiang et al., 2023).

Abnormalities in translational inhibition of maternal mRNA can lead to developmental and maturation defects in oocytes, resulting in female infertility (Zheng et al., 2020; Cheng et al., 2022). The translational regulatory mechanism that controls mRNA poly(A)-tail length during oocyte meiosis resumption, maturation, egg fertilization, and early embryonic development is widely understood (Richter, 2007; Liu et al., 2019; Sha et al., 2019; Poetz et al., 2022). However, the regulation of mRNA translation inhibition/activation by the poly(A) tail during early oocytes development remains unclear (Dai et al., 2022). Illustrating the mechanism of mRNA translation repression during early oocyte development will provide a better understanding of oocyte development.

RNA-binding protein Lsm14 (LSM family member 14, also known as RAP55) is a ubiquitous mRNA-protein complex component in eukaryotes (Albrecht and Lengauer, 2004). There are two Lsm14 homologous genes, Lsm14A and Lsm14B (Mura et al., 2003; Albrecht and Lengauer, 2004). As a key component of the P-body (a typical structures without membrane compartments), LSM14A primarily binds to mRNA silencing factors and inhibits mRNA translation (Tanaka et al., 2006; Mili et al., 2015). However, the function of LSM14B remains unclear. LSM14B interacts with numerous RNA-binding proteins involved in almost every aspect of RNA metabolism, indicating its role in mRNA metabolism by forming versatile ribonucleoprotein (RNP) complexes, which is an important section of translational regulation (Li et al., 2023). Xenopus LSM14B has been reported to be specifically expressed in oocytes (Ladomery and Sommerville, 2015). Most mRNA bound by Xenopus LSM14B is undergoing translation, whereas a small portion is in a translational inhibition state (Ladomery and Sommerville, 2015). It remains unclear whether LSM14B induces mRNA translation activation or assists in maintaining the translational inhibition of mRNAs. Mouse LSM14B is highly expressed in the cytoplasm of oocytes and is localized to the mitochondria-associated ribonucleoprotein domain (MARDO) (Cheng et al., 2022). The knockdown of mouse Lsm14b misregulated the expression of Cyclin B1, and Cdc20, leading to the development of oocytes blocked in the first meiotic metaphase (Zhang et al., 2017). Recent studies have shown that Lsm14b knockout leads to infertility in female mice (Li et al., 2023; Shan et al., 2023; Wan et al., 2023; Zhang et al., 2024). However, these studies were focused on the role of LSM14B in oocyte maturation, meiosis, and early embryonic development (Zhang et al., 2017; Li et al., 2023; Shan et al., 2023; Wan et al., 2023; Zhang et al., 2024). Its role in early oocyte growth and specific translational regulatory mechanisms remain unclear.

In this study, our goals were to explore the function of Lsm14b during early oocyte development and identify specific translational regulatory mechanisms. We used zebrafish as a model and created an lsm14b mutant using CRISPR/Cas9 technology and found that the lack of Lsm14b in zebrafish led to the oocyte developmental arrest at PG stage, resulting in female sterility. The translation-related signaling pathway was active, whereas the deadenylation pathway was downregulated in the lsm14b mutant. Furthermore, the poly(A) tail lengths of zar1 and figla mRNA were significant increased in the lsm14b mutant. Our results suggest that Lsm14b may control the poly(A) tail length of certain mRNA through the adenylation pathway and thus help maintain mRNA in a translationally inhibition state during early oocyte growth.




2 Result



2.1 Lsm14b expresses in early zebrafish oocytes specifically

As reported previously, Lsm14b is specifically expressed in early stages oocytes (Zhao et al., 2010). To confirm this, we used recently released single-cell transcriptome data from juvenile zebrafish ovaries (Liu et al., 2022). Uniform manifold approximation and projection (UMAP) analysis showed that lsm14b was expressed specifically in early oocytes of the juvenile ovary (Figure 1A) and was co-expressed with zar1, org, and gdf9 (Figure 1B).




Figure 1 | Expression pattern of lsm14b in zebrafish ovary. (A) Cells expressing lsm14b were analyzed by UMAP using a previously published juvenile zebrafish ovarian single-cell transcriptome database. Left (a1), ovary cell types at 40 dpf. Right (a2), distribution of lsm14b-expressed cells. (B) The co-expression of lsm14b with the oocyte marker genes zar1, org, and gdf9 in early oocytes was analyzed using an ovarian single-cell transcriptome database. (C) Coexpression of Lsm14b (green) with the germ cell marker Vasa (red) by double IF staining (N = 6). The arrowhead to indicates the signal. Scale bar, 100 µm. N represents analyzed zebrafish number.



To confirm the expression of Lsm14b in the ovary, we generated a rabbit polyclonal antibody against Lsm14b. As shown by immunofluorescence (IF) against anti-Lsm14b and anti-Vasa antibodies, Lsm14b was enriched in early oocytes, specifically in PG and pre-vitellogenic (PV) stage oocytes (Figure 1C), which is consistent with the UMAP analysis. These results confirm that Lsm14b is specifically expressed in early zebrafish oocytes.




2.2 Lack of Lsm14b leads to female infertility

To investigate the functions of Lsm14b, we generated an lsm14b mutant using the CRISPR/Cas9 system. We obtained two mutated alleles, one with a deletion of 2 base pairs (lsm14b-2/-2) and the other with an insertion of 11 base pairs (lsm14b+11/+11) (Figures 2A–D). The open reading frame of Lsm14b was shifted as a result of both mutations. Since these two homozygous mutant alleles showed no phenotypic differences, we used the lsm14b+11/+11 allele for subsequent analyses (marked as lsm14b-/-). The deficiency of lsm14b in lsm14b-/- was confirmed by RT-qPCR and IF (Figures 2E–G), suggesting that nonsense mediated mRNA decay (NMD) promoted the degradation of lsm14b mRNA.




Figure 2 | Deletion of Lsm14b leads to female infertility. (A) Schematic diagram of the zebrafish lsm14b gene structure and location of gRNA target sites. The gRNA target sites are highlighted in red. (B-D) The sequencing results of the WT (B), strain with a 2-bp deletion (C), and strain with an 11-bp insertion (D), the indels of DNA are highlighted in red arrow. (E) High-resolution melting curves showing the melting curves of WT (red), heterozygous (purple), and 11-bp insertion homozygous mutations (green). (F) RT-qPCR results showing the expression of lsm14b in the ovaries of lsm14b-/- and WT adults. Data are presented as the mean ± SEM. ****P ≤0.0001; ns, no significance. (G) The expression of Lsm14b in the ovaries of lsm14b-/- and WT zebrafishes was analyzed by double IF with Lsm14b (green) and germ cell marker Vasa (red) (N = 6). The arrowhead indicates the signal. Scale bar, 100 µm. (H) Number of male and female zebrafish in each genotype of lsm14b heterozygous incross offspring. (I) Fertilization rates of lsm14b-/- males and female (N = 6). Data are presented as the mean ± SEM, ****P ≤0.0001.



Zebrafish with defects in oocyte development have often been reported to induce female-to-male sex reversal and develop exclusively into males (Dranow et al., 2016; Lau et al., 2016; Miao et al., 2017; Yin et al., 2017). To confirm the function of Lsm14b in zebrafish oocyte development, we mated heterozygotes and counted the sex ratio of the offspring by observing the secondary sex characteristics of zebrafish, including the genital papilla and the color of the anal fin (Kossack and Draper, 2019; Song et al., 2021). Among the adult offspring, 31 were wild-type (WT), 75 were heterozygous, and 30 were homozygous (Figure 2H), showing an expected genotype ratio of 1:2:1, indicating that no abnormal death occurred. And the sex ratio also showed a normal 1:1 ratio (Figure 2H). These results suggested that the absence of Lsm14b does not affect the sexual differentiation in zebrafish.

We then evaluated the fertility of lsm14b-/- female mutants by mating with WT males, and lsm14b-/- male mutants by mating with WT females. The lsm14b-/- male mutants exhibited normal fertility at 4-months post-fertilization (mpf), similar to the WT. However, lsm14b-/- female mutants were unable to spawn (Figure 2I). These results indicate that deletion of Lsm14b does not affect sexual differentiation or the reproductive capacity of males, but leads to female infertility, suggesting that Lsm14b plays a specific role in zebrafish oocyte development or ovulation.




2.3 Lsm14b controls PG-PV growth transition during zebrafish folliculogenesis

Female infertility results from the arrest of oocyte development or problems with ovulation (Chu et al., 2014; Sun et al., 2018; Shang et al., 2019). To identify the cause of infertility induced by Lsm14b deficiency, we analyzed the oocyte development in lsm14b-/- female mutants in detail. We found that lsm14b-/- females appeared comparable to WT females, but their ovary morphology differed significantly (Figure 3A). The gonadosomatic index (GSI) data showed that the ovary of lsm14b-/- females were significantly lower than those of the WT females (Figure 3B). The ovary of WT female contained with all stages of follicles, including the PG, PV, early vitellogenic (EV), mid-vitellogenic (MV), late vitellogenic (LV), and full-grown (FG) pre-ovulatory stages. However, oocytes in the lsm14b-/- were arrested at the PG stage, only a few PV and no EV, MV or FG stage oocytes were found (Figures 3C–E). These results show that Lsm14b plays an important role in the oocyte PG - PV transition in zebrafish.




Figure 3 | The oocyte development of lsm14b-/- female zebrafish is blocked in PG-PV growth transition. (A) Secondary sex characteristics and gonadal morphology of lsm14b-/- and WT female zebrafish. (N = 6). Scale bar, 2 mm. (B) Body length of lsm14b-/- zebrafish (N = 6). Data are presented as the mean ± SEM. ****P ≤0.0001. (C) GSI of lsm14b-/- zebrafish (N = 6). Data are presented as the mean ± SEM. ****P ≤0.0001. (D) HE staining of lsm14b-/- and WT ovaries (N = 6). The regions of red box are magnified in the below. Scale bar, 500 µm. (E) Quantitative assessment of follicle diameter of lsm14b-/- and WT zebrafish (N = 6). ** p≤0.01.






2.4 Lsm14b regulates the expression of genes related to oocyte development

To investigate the mechanism by which Lsm14b regulates early oocyte development, we isolated the 4 mpf ovaries from WT females and lsm14b-/- and performed RNA-seq analysis. RNA-seq analysis showed that 5574 genes were differentially expressed in lsm14b-/-ovaries compared to WT ovaries. Among them, 3158 genes were significantly downregulated, and 2416 genes were upregulated (padj ≤ 0.05) (Figure 4A). According to GO annotation, the differentially expressed genes were enriched in the GO terms of cellular process, metabolic process, biological regulation, regulation of biological process, and response to stimulus (Figure 4B). KEGG pathway analysis showed that FoxO signaling pathway, apoptosis, P53 signaling pathway, and progesterone-mediated oocyte maturation pathway were significantly disrupted in the lsm14b-/- oocytes (Figure 4C).




Figure 4 | Expression of genes associated with oocyte development and reproductive processes are downregulated in lsm14b-/- zebrafish. (A) Volcano plot showing the differentially expressed genes in lsm14b-/- and WT zebrafish. (B) Top 20 significantly enriched KEGG pathways in lsm14b-/- zebrafish oocyte. (C) Top enriched biological processes in lsm14b-/- zebrafish oocyte. (D) RT-qPCR analysis of oocyte development-related genes in lsm14b-/-oocytes. Data are presented as the mean ± SEM. ****P ≤0.0001.



Furthermore, the expression of genes associated with oocyte development were significantly downregulated in lsm14b-/-. Among these, the decreased expression of genes, including growth differentiation factor 9(gdf9), bone morphogenetic protein 15 (bmp15), cytochrome P450, family 17, subfamily A, polypeptide 1 (cyp17a1), cytochrome P450, family 19, subfamily A, polypeptide 1a (cyp19a1a), and hydroxysteroid (17-beta) dehydrogenase 3 (hsd17b3), were confirmed further by RT–qPCR (Figure 4D). The exception was folliculogenesis specific bHLH (figla), which was expressed both in the PG and PV stages of oocyte and was significantly upregulated (Figure 4D). This was consistent with our previous result showing only the PG stage oocytes exist in the ovary of lsm14b-/-. These results demonstrate that Lsm14b is essential for oocyte development, particularly for maintaining the correct expression of genes related to oocyte development.




2.5 Lsm14b maintains translational inhibition state of mRNA by regulating the poly(A) tail length

Previous studies suggested that Lsm14b is involved in mRNA translation (Ladomery and Sommerville, 2015; Li et al., 2023). However, it is still inconclusive whether it induces translational activation or helps maintains the translational inhibition state (Winata and Korzh, 2018; Li et al., 2023). We conducted the overall gene set enrichment analysis (GSEA) of the RNA-seq data and found that genes associated with negative regulation of translation were downregulated significantly (Figure 5A). The same result was further confirmed by RT-qPCR (Figure 5D). This suggests that Lsm14b acts as a translational repressor in zebrafish oocytes.




Figure 5 | The translation is aberrant in lsm14b-/- zebrafish oocytes. (A-C) GSEA results revealing that the downregulated genes are enriched in negative regulation of translation (A), deadenylation-dependent decay (B) and mRNA poly(A) tail shortening (C). (D) RT-qPCR analysis of the expression of mRNA deadenylation-related genes in lsm14b-/- oocytes. Data are presented as the mean ± SEM. ****P ≤0.0001. (E) Poly(A) tail length analysis of zar1 and figla mRNA in lsm14b-/- oocytes from the PAT experiment. The increase in poly(A) tail length corresponds to a higher molecular mass of the sequence, which manifests as larger molecular mass of PCR products. Poly(A) PCR products are indicated by red arrow. Horizontal lines are represented by white dashed lines. M, Marker; RT+, reverse transcription; RT−, no reverse transcription.



The length of the mRNA poly(A) tail is a crucial mechanism regulating mRNA translation under normal conditions. This regulation is a part of the natural process that maintains mRNA stability and translation efficiency, which ensures cellular homeostasis (Richter, 2007; Liu et al., 2019; Sha et al., 2019; Poetz et al., 2022). The poly(A) polymerase is responsible for the poly(A) lengthening, whereas the CCR4-NOT complex mediates poly(A) shortening (Passmore and Coller, 2022). GSEA revealed that the expression of genes associated with deadenylation-dependent decay and mRNA poly(A) tail shortening were significantly downregulated (Figures 5B, C). The RT-qPCR results revealed that the subunits of CCR4-NOT complex, including cnot6a/b, cnot7, cnot8, dcp1b, dcp2, and btg4, were significantly downregulated (Figure 5D). The PAT assay accurately recapitulates changes in poly(A) tail lengths, allowing precise measurement and analysis of mRNA stability and translation efficiency (Sha et al., 2018). The PAT assay showed that the poly(A) length of zar1 and figla mRNA were significantly increased in lsm14b-/- ovary (Figure 5E). According to previous studies, both Zar1 and Figla are associated with oocyte development. These results suggest that Lsm14b is involved in maintaining the translational repression state of mRNAs related to oocyte development by regulating the length of the mRNA poly(A) tail.




2.6 Lsm14b deletion triggers ER stress and unfolded protein response

Over-activation of mRNA translation consistently induces ER stress and the UPR in cells (Hetz et al., 2020; Bhatter et al., 2024). Consistently, the RNA-seq data revealed that ER stress and UPR-related genes, including atf3, plvapb, ddit4, and ddit3 were upregulated significantly in lsm14b-/- (Figures 6A, B). Furthermore, the transcription of xbp1 has underwent obvious splicing in the fourth exon in lsm14b-/-(Figure 6C). Xbp1 is a transcription factor that induces the expression of ER molecular chaperones and the ER-associated protein degradation (ERAD) to decrease ER stress during mRNA splicing (Shen et al., 2001; Yoshida et al., 2001; Luo et al., 2022). To verify these data, we examined xbp1 mRNA transcripts in lsm14b-/- oocytes using RT-PCR (Figures 6D, E). The results showed that the splicing ratio of xbp1 was increased in lsm14b-/- ovary, further confirming the occurrence of ER stress.




Figure 6 | Lsm14b deletion triggers ER stress and UPR. (A) Heatmap showing the expression of genes related to ER stress and UPR. (B) The expression of atf3 in lsm14b-/- zebrafish oocytes determined by RT-qPCR. ****P ≤0.0001. (C) Selective splicing of Xbp1 in lsm14b-/- zebrafish oocytes revealed by transcriptomic analysis. The position of selective splicing is highlight in red arrow. (D) Xbp1 splicing confirmed by RT-PCR (N = 4), xbp1u, unspliced xbp1; xbp1s, spliced xbp1; β-actin (actb2) is the reference. (E) The xbp1s/xbp1u ratio in E represents the relative intensity ratio of corresponding PCR product bands in D. (F) Apoptosis in lsm14b-/- zebrafish oocytes analyzed by double immunofluorescence staining with cleaved-Caspase 3 (green) and germ cell marker Vasa (red) (N = 5). Scale bar, 100 µm. **p≤0.01.



Incorrect or untimely translation of mRNAs that should have been maintained in a translationally inhibited state can cause oocytes apoptosis (He et al., 2022). We also determined the level of apoptosis using a cleaved-Caspase 3 antibody in lsm14b-/- ovary and found apoptotic signals in the cytoplasm of early stage mutant oocytes but not in WT oocytes (Figure 6F). These findings indicate that lsm14b-/- oocytes trigger ER stress and excessive UPR, leading to oocytes apoptosis. These results further confirmed our conclusion that Lsm14b promotes early oocyte development in zebrafish by maintaining the timely translation of proteins related to oocyte development through regulating the length of the corresponding mRNA poly(A) tail.





3 Discussion

The function of Lsm14b in oocyte development has long remained unknown. Several recent studies have shown that LSM14B is essential for the mouse oocyte development (Li et al., 2023; Shan et al., 2023; Wan et al., 2023; Zhang et al., 2024). However, further investigation is required. In the present study, we evaluated the potential role and mechanism of Lsm14b in early oocyte development and found that Lsm14b can ensure a PG-PV transition by maintaining a state of translational repression oocyte development-related proteins by regulating the length of the mRNA poly(A) tail. Our results provide critical information regarding the functional roles of Lsm14b in controlling oocyte development, especially oocyte development during the PG-PV stage transition.

Folliculogenesis in zebrafish includes primary growth (PG, stage I), secondary growth stage (SG, stage II-III), maturation (stage IV), and ovulation (stage V) (Selman et al., 1993; Li and Ge, 2020). The SG stage can be divided into stage II, which can further be divided into pre-vitellogenic (PV), early vitellogenic (EV), mid-vitellogenic (MV) and late vitellogenic (LV), and stage III, which is the full-grown (FG) pre-ovulatory stage (Selman et al., 1993; Li and Ge, 2020). The PG-PV stage transition in zebrafish is similar to two comparable phases in mammals: primordial and early antral follicles (De Figueiredo et al., 2018). However, the PG-PV stage transition and its regulatory mechanisms in zebrafish remain poorly understood. Benefiting from advancements in reverse genetic technologies, some endocrine hormones and paracrine factors, such as fshb and fshr, have been shown to play key roles in the PG-PV stage transition in recent years (Chu et al., 2015; Zhang et al., 2015b). Deficiency of fshb in zebrafish causes PG-PV transition delay (Chu et al., 2015; Zhang et al., 2015b). The loss of fshr completely blocked oocyte development during the PG stage (Chu et al., 2015; Zhang et al., 2015a). However, the role of the RNA-binding proteins (RBP) in this process is still insufficient. Miao et al. reported that Zar1 is specifically expressed in early oocytes and is critical for the development of early stage follicles in zebrafish by binding to zona pellucida (ZP) mRNAs and repressing their translation (Miao et al., 2017). As also an RBP, the function of Lsm14b in oocyte development has long remained unknown. Since June 2023, several groups have reported that Lsm14b is critical for oocyte maturation, especially from MI to MII, mainly by regulating maternal mRNA metabolism and the assembly of P-body and MARDO t (Li et al., 2023; Shan et al., 2023; Wan et al., 2023; Zhang et al., 2024). However, the role of Lsm14b in earlier oocyte development has not yet been reported. Here, we analyzed previously reported single-cell transcriptome data of juvenile zebrafish ovaries and found that lsm14b was co-expressed with zar1, org, and gdf9 in juvenile zebrafish ovary, indicating a specific role of Lsm14b in early oocyte development. Our investigations indicated that the loss of Lsm14b in zebrafish caused oocytes development arrest at the PG stage (corresponding to the primordial stage of the mouse ovary), leading to female sterility. This is the first time that Lsm14b has been shown to promote the PG-PV stage transition during oocyte development.

Previous studies have shown that blocking zebrafish oocyte development during PG-PV generally leads to female-to-male sexual reversal and causes all offspring develop into males, such as in the mutants of bmp15, egfra, figla, and fshr (Chu et al., 2015; Zhang et al., 2015a; Dranow et al., 2016; Qin et al., 2018; Song et al., 2021). Notably, with Lsm14b mutation, oocytes also experienced PG-PV developmental arrest, however, the mutants still developed into females. To date, we have observed female lsm14b mutants at 12-mpf. We need to observe these female mutants over an extended period to determine whether they will undergo sexual reversal. Whether these mutants are fertile after the female-to-male sex reversal also requires further observation.

Oocytes are transcriptionally active during early development and synthesize enormous amounts of mRNA, most of which is stored as translationally inhibited mRNP to provide an energy source for subsequent development (Richter and Lasko, 2011; Sha et al., 2018; Winata and Korzh, 2018; Dai et al., 2019; Sha et al., 2019). The translational regulation of mRNA plays an important role in this process. However, the mechanism underlying mRNA storage during oocyte genesis remains unclear. It is well known that mRNA translation is associated with mRNA adenylation (Richter, 2007; Liu et al., 2019; Sha et al., 2019; Poetz et al., 2022). In the early oocyte stage, most mRNAs undergo de-adenylation and from mRNPs with proteins. The mRNPs then aggregate into particles, such as Balbiani bodies and P-bodies, which specifically exist in early oocytes (A. Schisa, 2012; Zaucker et al., 2020; Cassani and Seydoux, 2024). Coincidentally, Lsm14b is expressed in the Balbiani body of zebrafish, indicating that it may be involved in the transcriptional regulation of mRNA in early oocytes (Jamieson-Lucy et al., 2022). As expected, in lsm14b mutants, mRNA translation was activated, suggesting that Lsm14b acts as a translational repressor during the early growth stage of oocyte development. Furthermore, our results showed that the deadenylation-related genes were significantly downregulated in the lsm14b mutant, and the poly(A) tail length of zar1 and figla mRNA significantly increased, suggesting that Lsm14b regulates mRNA storage by inhibiting the translation of certain “star factors” involved in oocyte development. Similarly, Xenopus LSM14B specifically interacts with the DDX6 helicase Xp54. Xp54 is detected in polysomes and blocks translation-initiation complexes by acting as a translation suppressor (Ladomery and Sommerville, 2015). However, Li et al. showed that the translation efficiency of LSM14b-bound mRNA in Lsm14b-defect oocytes was significantly reduced, indicating that the function of LSM14B in oocytes may not be translational inhibition, but rather selective promotion the translation of certain mRNA (Li et al., 2023). Different results have been obtained in various studies, and further exploration is required to understand the relationship between Lsm14b and mRNA translation.

ER stress and UPR are usually associated with abnormal translation. The ER stress response can be caused by excessive or misfolded protein accumulation, which triggers the UPR to restore homeostasis. Under ER stress, the endonuclease IRE1a induces Xbp1 mRNA splicing to produce mature mRNA that encoding the active transcription factor spliced XBP1 (XBP1s). The XBP1s-encoded proteins can be transported to the nucleus, where they induce the expression of ER molecular chaperones and ERAD to decrease ER stress (Shen et al., 2001; Yoshida et al., 2001; Luo et al., 2022). In our study, we found that the mRNA expression of ER stress and UPR-related genes (atf3, plvapb, ddit4, and ddit3) increased in the ovary of the lsm14b mutant. In addition, Xpb1 splicing occurred to form active Xpb1s. These results demonstrated that the loss of Lsm14b triggers ER stress and the UPR, leading to the failure of oocyte development. Although lsm14b-deleted zebrafish oocytes attempted to restore ER homeostasis, our results showed that oocyte apoptosis occurred. These results demonstrated that abnormal translational events occur in Lsm14b-deficient oocytes.

In conclusion, we created a lsm14b-deficient zebrafish line using CRISPR/Cas9 and found that the loss of Lsm14b caused oocytes developmental arrest at the PG stage, resulting in female sterility. In the absence of Lsm14b, the poly(A) tail length of mRNAs related to oocyte development was significantly increased, inducing ER stress and UPR, eventually, leading to oocyte apoptosis. Collectively, our results provide critical information regarding the functional role of Lsm14b in translational repression during early oocyte development in zebrafish. Our research is expected to reveal the regulatory role and mechanism of Lsm14b in the growth and development of oocyte and provide a theoretical basis and experimental evidence for assisted reproductive technology for female infertility caused by abnormal growth and development of oocytes.




4 Materials and methods



4.1 Zebrafish husbandry

Zebrafish husbandry and manipulation were approved by the Animal Care and Use Committee of The First Affiliated Hospital of Shenzhen University (Shenzhen Second People’s Hospital) (NO: IACUC-2023-8793-01). AB strain zebrafish was used as the wild-type (WT) fish to generate genetically modified lines. The zebrafish used in this study were maintained in a recirculating water system at 28°C with a 14 h light/10 h dark cycle.




4.2 Establishment of lsm14b mutant lines

The lsm14b mutants were established using CRISPR/Cas9, as described in our previous study (Jia et al., 2020). Briefly, the target sites of lsm14b were identified using ZiFiT tools (zifit.partners.org/ZiFiT/ChoiceMenu.aspx). The PCR primers used to amplify the gRNA template (sgDNA) are listed in Supplementary Table S1. The purified gRNA template was used to transcribe sgRNA using the MEGAshortscript™ T7 transcription kit (Invitrogen, AM1354) and purified with the mirVana miRNA Isolation Kit (Invitrogen, AM1560). A 2 nL mixture of TrueCut™ Cas9 Protein v2 (Invitrogen™, A36497) and sgRNA was co-injected into one-cell-stage zebrafish embryos. DNA sequencing was performed to confirm whether the F0 founders were mutated. Genomic DNA was extracted and amplified from 30 randomly injected embryos at 24 hpf. A DNA fragment containing the peripheral sequences of the target site was amplified using the two primers (listed in Supplementary Table S1).




4.3 High-resolution melt analysis

HRMA assay was used to identify mutants in F1 and F2 offspring. Briefly, genomic DNA was extracted using 100 μL NaOH (50 mM) at 95°C for 20 min. Afterward, 10 μL of Tris (1M, pH 8.0) was added to neutralize the solution. The primers used for HRMA are listed in Supplementary Table S1. HRMA was performed using EvaGreen Dye (Biotium, 31000) on the CFX96 Real-time PCR Detection System (Bio-Rad, USA). HRMA analysis was conducted using the Precision Melt Analysis software.




4.4 Fertility assay

Fertility tests were conducted by mating 4-mounth-old lsm14b-/- females and males with 4-mounth-old fertile WT males and females respectively. Individuals which were unable to spawn or produce fertilized embryos after at least 10 attempts were considered infertile.




4.5 Histological examination

The zebrafish at 4 months were anesthetized with MS-222. Body length and body weight were also measured. The fishes/ovaries were photographed before and after dissection for histological examination. The ovaries were fixed in Bouin’s solution at room temperature for 24 h. Then, fixed ovaries were dehydrated with a gradient of ethanol, hyalinized with xylene, and embedded in paraffin. The sections (7μm) were stained with standard hematoxylin and eosin.




4.6 Lsm14b antibody generation and immunofluorescence

The Lsm14b antibody was raised in rabbits commissioned by the AtaGenix Laboratories Co., Ltd. (Wuhan, PR China). The epitope of Lsm14b is NNENKPPTSRRKPGT. The ovaries were dissection for IF according to previously described (Song et al., 2015). Briefly, ovaries were fixed with 4% paraformaldehyde at room temperature for 2 h, and dehydrated in 30% sucrose at 4°C. Then, the gonads were embedded in OCT (optimal cutting temperature compound, Tissue-Tek) and frozen at -80°C. The frozen sections (10 μm) were cut by a cryosta (Lecia CM1950), and the sections were mounted on poly-L-lysine-coated coverslips. The sections were then air-dried and blocked with 10% bovine serum albumin for 1 h. After blocking, the sections were incubated with primary antibodies overnight at 4°C. After washing with PBS, the sections were incubated with secondary antibodies. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) and imaged on a ZEISS confocal microscope. The primary antibodies are used in this study were Vasa (DIA-AN, 2008, 1:500), Lsm14b (our laboratory, 1:500) and cleaved-Caspase3 (CST, 9661S,1:1000). The secondary antibodies were Alexa Fluor 488-labeled donkey anti-rabbit antibody (Invitrogen, A21206, 1:1000) and Alexa Fluor 555-labeled donkey anti-mouse antibody (Invitrogen, A31570, 1:1000).




4.7 Real-time quantitative polymerase chain reaction

The relative mRNA levels of the genes in the control and lsm14b-/-oocytes were detected by using RT-qPCR. Quantitative primers used are listed in the Supplementary Table S1. Total RNA was extracted using TRIzol (Invitrogen, #15596-026), and reversed transcribed into cDNA using a reverse transcription kit (Toyobo, #TRT-101). RT-qPCR was performed on the CFX96 Real-Time PCR Systems using the SYBR Green Master Mix (Toyobo, #QPK-201). The expression levels of target genes were normalized to the housekeeping gene β-actin and then analyzed by 2−△△CT method.




4.8 Transcriptome analysis

To compare ovarian transcriptomes between WT and lsm14b-/-, the ovaries at 4-months were selected for RNA-seq analysis. Total RNA was extracted using the TRIzol reagent (Invitrogen, #15596-026). RNA-seq and data analyses were performed by Gene Denovo Biotechnology Co., Ltd (Guangzhou, China). RNA-seq libraries were prepared using the NEB Next Ultra RNA Library Prep Kit for Illumina (NEB, #7530) and sequenced on an Illumina Novaseq6000 platform. The raw data were deposited in SRA database (accession number: PRJNA1095659). The reads were mapped to the zebrafish genome by HISAT 2. Differential gene expression (DEGs) analysis was performed using DEseq2. Genes with p-values <= 0.05 and |log2FC|>1 were considered as DEGs. Gene Ontology (GO) terms of DEGs was conducted by Goatools. Kyoto Encyclopedia of Genes and Ge-nomes (KEGG) pathways enrichment analysis was performed using the KOBAS tools. Gene set enrichment analysis (GSEA) was performed using the software GSEA software (version 4.1.0). To determine significantly enriched functional annotations, we set the significance threshold at P value < 0.05 and |Normalized Enrichment Score (NES)| ≥ 1.




4.9 Poly(A) tail length assay

Total RNAs were extracted from the WT and lsm14b mutant at 4 months. Reverse transcription and poly(G/I) tailing were carried out by using a poly(A)-Tail Length Assay kit, following the manufacturer’s instructions (ThermoFisher, 764551KT). Briefly, RNA extracted from ovaries was underwent G/I tailing. Complementary DNA was synthesized via reverse transcription using the poly(G/I)-tailed RNA as a template. Targeted PCR products were generated using specific primers. The primers used for the poly(A) tail length assay are listed in Supplementary Table S1. The PCR products were separated on an agarose gel.




4.10 Statistical analysis

Data were analyzed using the GraphPad Prism9 and presented as the mean ± standard error of the mean (SEM). Two-tailed unpaired Student’s t-test or one-way analysis of variance (ANOVA) was used to determine significant differences between groups, with significance levels of *P ≤0.05, **P ≤ 0.01, ***P ≤0.001, and ****P ≤0.0001. “NS” indicates no significance difference.
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Lsm14b controls zebrafish oocyte growth by
regulating polyadenylation of the mRNA
poly(A) tail
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gRNA: ATGAGCAGCGGAACTCCCTACATCGGCAGTAAGATCAGCC
Ism14b22 ATGAGCAGCGGAACTCCCTA----- TCGGCAGTAAGATCAGCC
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