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Transcriptome analysis revealed the characteristics and functions of long non-coding RNAs in the hypothalamus during sexual maturation in goats
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The hypothalamus is an essential neuroendocrine area in animals that regulates sexual development. Long non-coding RNAs (lncRNAs) are hypothesized to regulate physiological processes related to animal reproduction. However, the regulatory mechanism by which lncRNAs participate in sexual maturity in goats is poorly known, particularly from birth to sexual maturation. In this study, RNAseq analysis was conducted on the hypothalamus of four developmental stages (1day (D1, n = 5), 2 months (M2, n = 5), 4 months (M4, n = 5), and 6 months (M6, n = 5)) of Jining grey goats. The results showed that a total of 237 differentially expressed lncRNAs (DELs) were identified in the hypothalamus. Among these, 221 DELs exhibited cis-regulatory effects on 693 target genes, while 24 DELs demonstrated trans-regulatory effects on 63 target genes. The target genes of these DELs are mainly involved in biological processes related to energy metabolism, signal transduction and hormone secretion, such as sphingolipid signaling pathway, adipocytokine signaling pathway, neurotrophic signaling pathway, glutamatergic synapse, P53 signaling pathway and GnRH signaling pathway. In addition, XR_001918477.1, TCONS_00077463, XR_001918760.1, and TCONS_00029048 and their potential target genes may play a crucial role in the process of goat sexual maturation. This study advances our understanding of lncRNA in hypothalamic tissue during sexual maturation in goats and will give a theoretical foundation for improving goat reproductive features.
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1 Introduction

The sexual maturity of animals strongly influences their reproductive capacity. Animals go through puberty after birth to reach sexual maturity, a process involving complex physiological changes (1). Early-maturing ruminants experience a younger age of first birth, leading to enhanced reproductive longevity and fecundity (2). The hypothalamus, the gonadal axis’ most upstream tissue and organ, secretes GnRH to stimulate the synthesis of pituitary gonadotropins and gonadal steroid hormones, which are vital for an animal’s sexual development (3–5). The hypothalamus receives signals from the periphery and others that act directly or indirectly on GnRH and its associated reproductive neurons, which in turn affect the synthesis, secretion, and morphology of GnRH, ultimately leading to the occurrence of puberty and sexual maturation (6–8).

Long non-coding RNAs (lncRNAs) are a prevalent class of non-coding RNAs found in mammals, typically exceeding 200 nt in length and devoid of protein-coding capabilities (9, 10). It has been demonstrated to play a significant role in diverse biological processes through transcriptional, post-transcriptional, or epigenetic regulation (11). Currently, lncRNAs have been widely reported to be involved in embryonic development (12), muscle development (13), metabolism (14), and reproductive regulation (15). Recent research has demonstrated that lncRNA Meg3 can regulate the expression of GnRH and Kiss-1 in hypothalamic cells, and knockdown of lncRNA Meg3 can delay puberty in female rats (16). Additionally, the lncRNA MSTRG.33887.2 has the potential to influence goat reproduction by regulating target genes involved in hypothalamic folate metabolism and energy metabolism homeostasis (17). Mouse hypothalamic lncRNA AK044061 plays a crucial role in energy balance by mediating NF-kβ. Neurons with high expression of lncRNAs AK044061 in ARC cells lead to energy imbalance and obesity in mice (18).

However, there is a scarcity of research investigating the dynamic expression patterns of lncRNAs throughout the sexual maturation process in female goats, specifically from birth to the completion of sexual maturation. The Jining grey goat, a well-known high-breeding goat breed in China, exhibits non-seasonal estrus, strong fecundity, and precocious puberty. Sexual maturity in these goats is reached at 3 to 4 months of age, with puberty commencing as early as 2 months of age (19). This trait makes it an ideal animal model for investigating goat fecundity. Hence, it is highly significant to investigate the regulatory mechanism of hypothalamic lncRNAs in the sexual maturation process of female goats.

In this study, the lncRNA of hypothalamic tissue of 1-day-old, 2-month-old, 4-month-old, and 6-month-old (D1, M2, M4, and M6; n = 5) female Jining grey goats were sequenced. This study aimed to uncover the expression profile characteristics of lncRNAs during goat sexual maturation, identify lncRNAs associated with hypothalamic development and sexual maturation, and elucidate their molecular regulatory mechanisms. Our research will provide a theoretical basis for the genetic improvement of goat reproductive traits.



2 Materials and methods


2.1 Animals and sample collection

The experimental goats were all from the Jining Grey Goats Breeding Farm (Jiaxiang, Shandong, China). Under the same feeding management conditions, 20 healthy and disease-free female Jining grey goats were selected. The selected goats were divided into four groups according to age: 1 day old (D1, n = 5; body weight (BW): 2.08 ± 0.11 kg), 2 months old (M2, n = 5; BW: 4.42 ± 0.24 kg), 4 months old (M4, n = 5; BW: 7.62 ± 0.50 kg), and 6 months of age (M6, n = 5; BW: 8.82 ± 0.53 kg). The body condition of Jining grey goats was similar in each group. The experimental goats were slaughtered on the same day, and after the electric shock, the hypothalamic tissue was quickly slaughtered and collected, and stored at −80°C.



2.2 RNA extraction and library construction

Total RNA was extracted from 20 hypothalamic tissues using TRIzol® reagent (Thermo Fisher Scientific, Waltham, MA, United States). Screening of qualified RNA samples for RNA strand-specific library construction. The rRNA was removed from total RNA samples using the Ribo-Zero rRNA Removal Kit (Illumina, Inc., San Diego, United States), and then a sequencing library was generated using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB E7420) for Illumina to generate sequencing libraries. The enriched RNA was fragmented using a fragmentation buffer to yield small fragments. Then, the fragmented RNA served as a template for reverse transcription with the addition of 6 bp random primers (random hexamers) to synthesize the first cDNA strand. This was followed by the addition of buffer, dNTPs (with dTTP replaced by dUTP), DNA polymerase I, and RNase H to synthesize the second cDNA strand. The synthesized double-stranded cDNA was purified and enriched via PCR. The PCR product was then purified to obtain the final strand-specific library. After reverse transcription and PCR amplification, 150 bp paired-end reads were sequenced using the Illumina Novaseq6000 platform (Illumina, Inc., San Diego, United States).



2.3 Reads mapping and transcriptome assembly

To obtain high-quality sequencing data, we utilized Fastp (v0.23.1) to eliminate sequences containing poly-N, low-quality reads, and adapters from the obtained sequencing data. The high-quality reads obtained are used for downstream data analysis. We generated an index of the reference genome by employing HISAT2 (v2.0.5.) Subsequently, we aligned the clean reads with the goat reference genome (GCF_001704415.2_ARS1.2) using HISAT2 (20). Transcript assembly is performed using Stringtie (v1.3.3b), and gene expression levels are calculated (21). Gene expression levels were normalized using fragments per kilobase of exon model per million mapped reads (FPKM).



2.4 lncRNA identification

The novel lncRNAs were identified in hypothalamic tissue following the steps shown in Figure 1: (1) removing transcripts with an exon number of 1, (2) removing transcripts less than 200 nt in length, and (3) screening out transcripts that overlapped the exon region annotated in the database by gffcompare software (v0.10.6) (22); (4) CPC2 (v3.2.0) (23), Pfam (v1.6) (24), and CNCI (v2.0) (25) were used to predict the encoding potential of lncRNAs, and the transcripts that were predicted in the three software without coding potential were intersected, and (5) the low-expression lncRNAs (FPKM <0.5) were filtered out.
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FIGURE 1
 Pipeline for identification of long non-coding RNAs (lncRNAs).




2.5 Differential expression analysis of lncRNAs

The DEseq2 (v1.20.0) package was utilized to examine the differential expression of lncRNAs (DELs) across various developmental stages. The readcounts from the sequencing data were used as the input matrix, and the p-value was adjusted utilizing the Benjamini & Hochberg method. The DELs were screened according to the threshold |log2 (Fold change)| ≥1 and False Discovery Rate (FDR) <0.05. Cluster analysis of FPKM values of lncRNAs was performed using the ggplot2 package (v3.4.4). Data for lncRNAs were normalized [log2(X + 1)] and then standardization (z-score).



2.6 Prediction and functional analysis of potential target genes of lncRNA

lncRNAs can regulate the expression of potential target genes through cis-or trans-regulatory methods. Based on the location information of lncRNAs, mRNAs within 100 kb upstream and downstream of lncRNAs are defined as cis-target genes of lncRNAs (26). There will be a significant correlation with lncRNA expression (|R| > 0.95 and p < 0.05) is defined as a potential trans-target gene for lncRNA.

Subsequently, we used clusterProfiler software (v3.8.1) to perform Gene Ontology (GO) functional analysis of these differentially lncRNAs predicted target genes (27). The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis is performed by KOBAS (http://bioinfo.org/kobas; Accessed: 12.19, 2023) (28). p < 0.05 was considered to be significantly enriched.



2.7 Quantitative real-time PCR

Six lncRNAs were randomly selected and the accuracy of the lncRNA sequencing results was verified by qRT-PCR. First, we used PrimeScript™II First strand cDNA synthesis kit (Takara Bio Inc., Dalian) to reverse transcrib total RNA from goat hypothalamus tissue into cDNA. Then qRT-PCR was performed in a Roche LightCycler 96 using the SYBR PrimeScript™ RT-PCR Kit (Takara Bio Inc., Dalian). GAPDH was used as an internal reference gene to correct gene expression levels and normalize the data. The primers designed using Primer 5.0 (Supplementary Table S1). The relative expression levels of lncRNAs were calculated by 2−ΔΔCT (29). One-way ANOVA was performed with SPSS 17.0, and the results were expressed as mean ± standard error. Three repetitions are performed for each set. p < 0.05 was considered statistically significant.




3 Result


3.1 Overview of RNA sequencing data

RNA was isolated from the hypothalamic tissues of female Jining grey goats at four developmental stages (D1, M2, M4, and M6), and 20 lncRNA libraries were constructed. Sequencing of the libraries was conducted on the Noveseq 6000 platform, resulting in a total of 1,803,310,692 raw reads. Following quality control procedures, we obtained 1,764,056,912 clean reads (Supplementary Table S2). The alignment of these clean reads to the goat reference genome was performed using HiSAT2, achieving alignment rates ranging from 86.05 to 95.99%, with unique mapping reads alignment rates between 75.1 and 91.98% (Supplementary Table S2). Subsequent analysis only considered the uniquely mapped reads.



3.2 Identification and characterization of lncRNAs

A total of 10,630 lncRNAs were identified according to the steps shown in Figure 1, of which 1,676 were annotated and 8,954 lncRNAs were newly identified. Cluster analysis showed that most of the lncRNAs were expressed at low levels at the D1 stage (Supplementary Figure S1). Further analysis of the identified lncRNA signatures showed that showed that about 62% of the lncRNAs had 2 exons, and a few lncRNAs (3%) had more than 6 exons (Figure 2A). In addition, the length distribution of the identified lncRNAs ranged from 122 to 73,429 bp. More than 50% of the lncRNAs were less than 1,000 bp in length, about 83% were in the 0–3 kb range, and a few (17%) were greater than 3 kb (Figure 2B). About 35.2% of the lncRNAs are located in the intergenic region. Only 12.4% of the lncRNAs are from the antisense region, and about 32.9% of the lncRNAs are from the intron region (Figure 2C).
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FIGURE 2
 Identification and characterization of goat hypothalamic lncRNAs. (A) Pie plot of lncRNA exon number distribution. (B) Pie plot of lncRNA length distribution. (C) Pie chart of lncRNA classification.




3.3 Differential expression analysis of lncRNAs

According to the screening criteria of |log2 (Fold change)| ≥1 and padj < 0.05, the lncRNAs of four different developmental stages (D1, M2, M4 and M6) in hypothalamic tissue were compared and analysed. This analysis resulted in the identification of 237 differentially expressed lncRNAs (Figure 3A).
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FIGURE 3
 Differentially expresses lncRNA (DELs) characteristics in different comparison groups. (A) Cluster analysis of differential lncRNAs. Each column represents a grouping and each row represents a differential lncRNA. (B) Histogram of DELs. (C) The upset plot shows the distribution of DELs in the different comparison groups.


A total of 135 DELs (31 up-regulated and 104 down-regulated) were identified in M2 vs. D1, 68 DELs (38 up-regulated and 30 down-regulated) were identified in M4 vs. M2, and 16 DELs (11 up-regulated and 5 down-regulated) were identified in M6 vs. M4. A total of 53 DELs (16 up-regulated and 37 down-regulated) were identified in M4 vs. D1, 33 DELs (15 up-regulated and 18 down-regulated) were identified in M6 vs. D1, and 69 DELs (48 up-regulated and 21 down-regulated) were identified in M6 vs. M2. Interestingly, Figure 3B shows different expression patterns for these DELs, and Figure 3C shows that the M2 vs. D1 group has the most unique DELs, with 72. The M6 vs. M4 group had the lowest number of DELs with 3. Remarkably, 9 DELs were the same in the three comparison groups of M2 vs. D1, M4 vs. D1, and M6 vs. D1. This suggests that TCONS_00076225, TCONS_00148767, TCONS_00191611, TCONS_00102342, TCONS_00192735, TCONS_00032355, TCONS_00032357, TCONS_00053700, and TCONS_00070238 may be significant in the postnatal sexual development of goats.



3.4 lncRNA target gene prediction and functional analysis

lncRNAs have been implicated in influencing gene expression through cis-or trans-interactions. To investigate the role of lncRNAs in the goat hypothalamus, we predicted the potential regulatory roles of the identified DELs on both cis and trans target genes. Specifically, based on a distance threshold of 100 kb between lncRNAs and their target genes, 221 DELs were predicted to regulate 693 target genes in a cis manner (Supplementary Table S3).

The Gene Ontology (GO) analysis results showed that the target genes were significantly enriched in 50 categories (Supplementary Table S4) These cis-target genes are involved in many biological processes, such as regulation of catalytic activity, regulation of molecular function, regulation of hydrolase activity, and dephosphorylation (Figure 4A). In addition, KEGG analysis showed that these target genes were significantly enriched in sphingolipid signaling pathway, protein processing in endoplasmic reticulum, progesterone-mediated oocyte maturation, adipocytokine signaling pathway, neurotrophin signaling pathway, oocyte meiosis, sphingolipid metabolism, glutamatergic synapse, cGMP-PKG signaling pathway, inositol phosphate metabolism, phospholipase D signaling pathway and other pathways (p < 0.05) (Figure 4B and Supplementary Table S5).
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FIGURE 4
 The functional enrichment analysis of DELs target genes (A) DELS cis-target gene GO analysis. (B) DELS cis-target gene KEGG analysis. (C) DELS trans-target gene GO analysis. (D) DELS trans-target gene KEGG analysis.


According to |R| > 0.95 and p < 0.05, 24 lncRNAs were found, which had 63 trans target genes (Supplementary Table S6 and Supplementary Figure S2). The number of trans-target genes identified in lncRNAs was significantly lower than that in cis, suggesting that lncRNAs may function mainly by cis-regulating gene expression. The GO analysis results showed that we found that these cis-target genes were involved in many biological processes, such as signal receptor binding, hormone activity, NADH dehydrogenase activity, transferase activity, transfer aminoacyl, etc. (Figure 4C and Supplementary Table S7). In addition, KEGG analysis showed that these target genes were significantly enriched in neuroactive ligand receptors, multiple apoptosis, adipocytokine signaling pathway, GnRH signaling pathway, JAK-STAT signaling pathway, and p53 signaling pathway (p < 0.05) (Figure 4D and Supplementary Table S8).

The results suggest that these lncRNAs may be involved in hormone secretion, signal transduction processes, and thus regulation of sexual maturation in goats by modulating cis and trans target genes. Interestingly, LOC108634846, LOC108635405, LOC108637396, AGRP, and PIK3C2G were predicted in both cis and trans target genes. Among these, PIK3C2G is the trans-target gene and the cis-target gene of TCONS_00038560.



3.5 Interaction analysis

To better understand the role of goat hypothalamic DELs in the process of sexual maturation, we selected the target gene of DELs involved in reproduction. Construction of lncRNA-mRNA regulatory networks for DELs and their cis-and trans-target genes, respectively (Figure 5). A total of 31 lncRNAs regulated 34 target genes.
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FIGURE 5
 Network diagram of interaction between DELs and target genes. (A) Network diagram of interaction between DELs and cis-target genes. (B) Network diagram of interaction between DELs and trans target genes. Sky blue represents DELs, light green represents target genes, and pink represents pathway.




3.6 Verify lncRNA expression using qRT-PCR

To verify the accuracy of the sequencing results, we randomly selected 6 lncRNAs (XR_001297374.2, XR_001917241.1, TCONS_00176496, XR_001919854.1, TCONS_00032357, and TCONS_00074891) for qRT-PCR detection. The results showed that the expression patterns of these lncRNAs and those found in the transcriptome data were consistent with the sequencing results (Figure 6). This further illustrates the high reliability and accuracy of RNA-seq.
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FIGURE 6
 qRT-PCR verification of lncRNA expression levels in hypothalamus at four developmental stages of Jining grey goat.





4 Discussion

The hypothalamus is an important neuroendocrine center in mammals and plays an important role in the sexual development of animals. lncRNAs are non-coding RNAs that are more than 200 nt in length and do not have protein-coding functions. Many studies have shown that lncRNAs play an important role in reproductive regulation through transcriptional regulation or epigenetic modification (30, 31). Investigating the role of hypothalamic lncRNAs during sexual maturation in female goats is critical to understanding reproductive mechanisms in this species.

This study conducted lncRNA sequencing on hypothalamic tissue samples obtained from four postnatal developmental stages (D1, M2, M4, and M6) of female Jining grey goats. A total of 10,254 lncRNAs were identified according to rigorous screening criteria, including 1,676 known lncRNAs and 8,954 novel identified lncRNAs. Characterization of lncRNAs revealed that the majority of them consisted of 2–3 exons (84%), and approximately 54% were under 1 kb in length, consistent with previously reported profiles of lncRNAs in goats (32). A total of 236 DELs were identified by differential analysis of lncRNAs. The number of DELs is highest between M2 and D1, totaling 135, while the DELs are least frequent between M6 and M4, with only 16 instances. These results indicated that the number of DELs decreased with the gradual maturity of goats, and the development of Jining grey goats from birth to 2 months of age was an important developmental stage.

Recent studies have shown that lncRNAs are involved in the regulation of gene expression through both cis-and trans-regulatory mechanisms and play an important role in a wide range of biological processes (33, 34). The results showed that 220 DELs regulated 693 target genes through cis. These target genes are involved in the sphingomyelin signaling pathway, progesterone-mediated oocyte maturation, neurotrophin signaling pathway, oocyte meiosis, sphingomyelin metabolism, glutamatergic synapses, cGMP-PKG signaling pathway, phosphoinositide metabolism, and phospholipase D signaling pathway. These pathways are involved in hypothalamic neuronal development, energy metabolism, and reproductive processes (35–38), suggesting that lncRNAs may play an important role in the sexual maturation of goats. Based on this result, we constructed a lncRNA-mRNA regulatory network. Among them, XR_001918477.1, TCONS_00077463, XR_001918760.1, and TCONS_00029048 target GRIN3A, MAP2K1, NOTCH1, and LEP, respectively, and these genes are involved in sexual maturation and reproductive hormone secretion (39–42). GRIN3A is a member of the glutamate-regulated ion channel superfamily, and the expression level of GRIN3A is significantly increased before estrus in mice, which may be related to enhanced glutamate receptor signaling in preovulatory GnRH neurons (43). In mammals, LEP acts on neural circuits in the hypothalamus to regulate feeding and energy metabolism (44), and in addition, leptin can be involved in the regulation of puberty through mTOR (9).

The trans target genes of lncRNAs are predicted by calculating the correlation of mRNA to lncRNAs. This approach enables lncRNAs to regulate mRNA away from their transcription sites (9). In this study, a total of 23 lncRNAs were negatively correlated with 63 protein-coding genes. These target genes are mainly enriched in neuroactive ligand and receptor interactions, JAK-STAT signaling pathway, p53 signaling pathway, and GnRH signaling pathway. Based on this, we speculate that these lncRNAs may be involved in various biological processes, such as hormone secretion and signal transduction, during goat sexual maturation by regulating the expression of these target genes (45–47). Furthermore, we constructed a regulatory network related to reproduction, including 6 lncRNAs and 6 target genes involved in the interaction between neuroactive ligands and receptors and the GnRH signaling pathway. Among them, TCONS_00123911 acts on neuropeptide Y (NPY) through trans regulation. Studies have shown that NPY plays an important role in energy homeostasis and reproductive hormone secretion (48). In addition, NPY has been shown to play an important role in sexual maturation by regulating GnRH secretion patterns and luteinizing hormone secretion (49, 50). In addition, we have identified XR_001917998.1 that can trans-modulate GnRHR. GnRHR plays an important role in the regulation of mammalian reproduction (51). Studies have shown that after hypothalamic GnRH stimulation, GnRHR regulates the activity of the HPG axis through signal transduction, thereby participating in the synthesis and release of LH and FSH, and regulating gonadal function (52, 53).

The identified DELs potentially play a role in the sexual maturation process of goats by modulating target genes through cis-trans regulation. However, experimental validation is required to confirm the functions of lncRNAs. Subsequent research will focus on unraveling the molecular mechanisms through which lncRNAs regulate sexual maturation in goats at both the molecular and cellular levels.



5 Conclusion

In summary, we described the characteristics of the expression profile of lncRNA in the hypothalamus at four developmental stages in goats and analyzed the regulatory mechanism of lncRNAs in the process of sexual maturation in goats. In this study, a total of 237 DELs were identified and their cis-trans target genes were predicted, and functional analysis showed that the cis-trans target genes of these DELs were mainly involved in sphingomyelin signaling pathway, glutamatergic synapse, neuroactive ligand and receptor interaction, p53 signaling pathway, GnRH signaling pathway, hypothalamic development and hormone secretion. This work enriches the goat lncRNA database, lays a theoretical foundation for elucidating the molecular mechanism of goat sexual maturation in the future, and will provide a theoretical basis for the improvement of goat genetic traits.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/, GSE244004.



Ethics statement

The animal study was approved by the Animal Care and Use Committee of Shandong Agricultural University ethics committee (SDAUA-2023-157). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

QL: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. TC: Funding acquisition, Validation, Visualization, Writing – review & editing. YW: Software, Writing – review & editing. RX: Validation, Visualization, Writing – review & editing. YG: Visualization, Writing – review & editing. PH: Software, Writing – review & editing. LZ: Visualization, Writing – review & editing. JW: Funding acquisition, Investigation, Methodology, Project administration, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This project was financed by the Project of Improved Agricultural Varieties in Shandong Province (2021LZGC010 and 2019LZGC012), the National Key R & D Plan (Integration and Demonstration of Key Technologies for Large-Scale, Efficient and Safe Breeding of Goats) (2018YFD0501906), Natural Science Foundation Project of Shandong Province (ZR2023QC044), Shandong Provincial Sheep and Goat Industry Technology System (SDAIT-10-01), Shandong “Double Tops” Program (SYL2017YSTD12).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1404681/full#supplementary-material



References

 1. DeLamater, J, and Friedrich, WN. Human sexual development. J Sex Res. (2002) 39:10–4. doi: 10.1080/00224490209552113 

 2. Valasi, I, Chadio, S, Fthenakis, GC, and Amiridis, GS. Management of pre-pubertal small ruminants: physiological basis and clinical approach. Anim Reprod Sci. (2012) 130:126–34. doi: 10.1016/j.anireprosci.2012.01.005 

 3. Brown, GR, and Spencer, KA. Steroid hormones, stress and the adolescent brain: a comparative perspective. Neuroscience. (2013) 249:115–28. doi: 10.1016/j.neuroscience.2012.12.016 

 4. Herbison, AE
. Control of puberty onset and fertility by gonadotropin-releasing hormone neurons. Nat Rev Endocrinol. (2016) 12:452–66. doi: 10.1038/nrendo.2016.70 

 5. Tenuta, M, Carlomagno, F, Cangiano, B, Kanakis, G, Pozza, C, Sbardella, E , et al. Somatotropic-testicular axis: a crosstalk between GH/IGF-I and gonadal hormones during development, transition, and adult age. Andrology. (2021) 9:168–84. doi: 10.1111/andr.12918 

 6. Dees, WL, Hiney, JK, and Srivastava, VK. IGF-1 influences gonadotropin-releasing hormone regulation of puberty. Neuroendocrinology. (2021) 111:1151–63. doi: 10.1159/000514217 

 7. Pellegrino, G, Martin, M, Allet, C, Lhomme, T, Geller, S, Franssen, D , et al. GnRH neurons recruit astrocytes in infancy to facilitate network integration and sexual maturation. Nat Neurosci. (2021) 24:1660–72. doi: 10.1038/s41593-021-00960-z 

 8. Spaziani, M, Tarantino, C, Tahani, N, Gianfrilli, D, Sbardella, E, Lenzi, A , et al. Hypothalamo-pituitary axis and puberty. Mol Cell Endocrinol. (2021) 520:111094. doi: 10.1016/j.mce.2020.111094 

 9. Kopp, F, and Mendell, JT. Functional classification and experimental dissection of long noncoding RNAs. Cell. (2018) 172:393–407. doi: 10.1016/j.cell.2018.01.011 

 10. Bridges, MC, Daulagala, AC, and Kourtidis, A. LNCcation: lnc RNA localization and function. J Cell Biol. (2021) 220:e202009045. doi: 10.1083/jcb.202009045 

 11. Ma, L, Bajic, VB, and Zhang, Z. On the classification of long non-coding RNAs. RNA Biol. (2013) 10:925–33. doi: 10.4161/rna.24604 

 12. Zhang, Y, and Duan, E. lncRNAs and paraspeckles predict cell fate in early mouse embryo†. Biol Reprod. (2019) 100:1129–31. doi: 10.1093/biolre/ioz021 

 13. Maguire, EM, and Xiao, Q. Noncoding RNAs in vascular smooth muscle cell function and neointimal hyperplasia. FEBS J. (2020) 287:5260–83. doi: 10.1111/febs.15357 

 14. Shen, X, Zhang, Y, Ji, X, Li, B, Wang, Y, Huang, Y , et al. Long noncoding RNA lncRHL regulates hepatic VLDL secretion by modulating hnRNPU/BMAL1/MTTP axis. Diabetes. (2022) 71:1915–28. doi: 10.2337/db21-1145 

 15. Liu, KS, Li, TP, Ton, H, Mao, XD, and Chen, YJ. Advances of long noncoding RNAs-mediated regulation in reproduction. Chin Med J. (2018) 131:226–34. doi: 10.4103/0366-6999.222337 

 16. Li, H, Ren, C, Lu, J, Xu, S, Gong, X, Zhang, W , et al. Knockdown of lncRNA Meg3 delays the onset of puberty in female rats. Theriogenology. (2023) 207:72–81. doi: 10.1016/j.theriogenology.2023.05.026 

 17. Dong, S, Hou, B, Yang, C, Li, Y, Sun, B, Guo, Y , et al. Comparative hypothalamic transcriptome analysis reveals crucial mRNAs, lncRNAs, and circRNAs affecting litter size in goats. Genes. (2023) 14:444. doi: 10.3390/genes14020444 

 18. Li, J, Long, J, Zhang, Q, Shen, H, Guo, AY, Ma, Z , et al. Hypothalamic long noncoding RNA AK044061 is involved in the development of dietary obesity in mice. Int J Obes. (2021) 45:2638–47. doi: 10.1038/s41366-021-00945-9 

 19. Shi, Y, Wang, S, Bai, S, Huang, L, and Hou, Y. Postnatal ovarian development and its relationship with steroid hormone receptors in JiNing Grey goats. Anim Reprod Sci. (2015) 154:39–47. doi: 10.1016/j.anireprosci.2015.01.001 

 20. Kim, D, Paggi, JM, Park, C, Bennett, C, and Salzberg, SL. Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol. (2019) 37:907–15. doi: 10.1038/s41587-019-0201-4 

 21. Pertea, M, Pertea, GM, Antonescu, CM, Chang, TC, Mendell, JT, and Salzberg, SL. StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat Biotechnol. (2015) 33:290–5. doi: 10.1038/nbt.3122 

 22. Pertea, G, and Pertea, M. GFF utilities: GffRead and GffCompare. F1000Res. (2020) 9:304. doi: 10.12688/f1000research.23297.1 

 23. Kang, YJ, Yang, DC, Kong, L, Hou, M, Meng, YQ, Wei, L , et al. CPC2: a fast and accurate coding potential calculator based on sequence intrinsic features. Nucleic Acids Res. (2017) 45:W12–w16. doi: 10.1093/nar/gkx428 

 24. Finn, RD, Bateman, A, Clements, J, Coggill, P, Eberhardt, RY, Eddy, SR , et al. Pfam: the protein families database. Nucleic Acids Res. (2014) 42:D222–30. doi: 10.1093/nar/gkt1223


 25. Sun, L, Luo, H, Bu, D, Zhao, G, Yu, K, Zhang, C , et al. Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. (2013) 41:e166. doi: 10.1093/nar/gkt646 

 26. Bao, Z, Yang, Z, Huang, Z, Zhou, Y, Cui, Q, and Dong, D. lncRNADisease 2.0: an updated database of long non-coding RNA-associated diseases. Nucleic Acids Res. (2019) 47:D1034–7. doi: 10.1093/nar/gky905


 27. Yu, G, Wang, LG, Han, Y, and He, QY. clusterProfiler: an R package for comparing biological themes among gene clusters. Omics. (2012) 16:284–7. doi: 10.1089/omi.2011.0118 

 28. Xie, C, Mao, X, Huang, J, Ding, Y, Wu, J, Dong, S , et al. KOBAS 2.0: a web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. (2011) 39:W316–22. doi: 10.1093/nar/gkr483


 29. Rao, X, Huang, X, Zhou, Z, and Lin, X. An improvement of the 2−ΔΔCT method for quantitative real-time polymerase chain reaction data analysis. Biostat Bioinforma Biomath. (2013) 3:71–85.

 30. Taylor, DH, Chu, ET, Spektor, R, and Soloway, PD. Long non-coding RNA regulation of reproduction and development. Mol Reprod Dev. (2015) 82:932–56. doi: 10.1002/mrd.22581 

 31. Golicz, AA, Bhalla, PL, and Singh, MB. lncRNAs in plant and animal sexual reproduction. Trends Plant Sci. (2018) 23:195–205. doi: 10.1016/j.tplants.2017.12.009 

 32. Varela-Martínez, E, Luigi-Sierra, MG, Guan, D, López-Béjar, M, Casas, E, Olvera-Maneu, S , et al. The landscape of long non-coding RNA expression in the goat brain. J Dairy Sci. (2024) 107:4075–91. doi: 10.3168/jds.2023-23966 

 33. Roberts, TC, Morris, KV, and Weinberg, MS. Perspectives on the mechanism of transcriptional regulation by long non-coding RNAs. Epigenetics. (2014) 9:13–20. doi: 10.4161/epi.26700 

 34. Amaral, PP, Leonardi, T, Han, N, Viré, E, Gascoigne, DK, Arias-Carrasco, R , et al. Genomic positional conservation identifies topological anchor point RNAs linked to developmental loci. Genome Biol. (2018) 19:32. doi: 10.1186/s13059-018-1405-5


 35. Stoffel, W, Jenke, B, Blöck, B, Zumbansen, M, and Koebke, J. Neutral sphingomyelinase 2 (smpd3) in the control of postnatal growth and development. Proc Natl Acad Sci USA. (2005) 102:4554–9. doi: 10.1073/pnas.0406380102 

 36. Vozella, V, Realini, N, Misto, A, and Piomelli, D. Feeding stimulates sphingosine-1-phosphate mobilization in mouse hypothalamus. Int J Mol Sci. (2019) 20:4008. doi: 10.3390/ijms20164008 

 37. Heras, V, Castellano, JM, Fernandois, D, Velasco, I, Rodríguez-Vazquez, E, Roa, J , et al. Central ceramide signaling mediates obesity-induced precocious puberty. Cell Metab. (2020) 32:951–966.e958. doi: 10.1016/j.cmet.2020.10.001 

 38. Gueorguiev, M, Góth, ML, and Korbonits, M. Leptin and puberty: a review. Pituitary. (2001) 4:79–86. doi: 10.1023/a:1012943029127 

 39. Burger, LL, Haisenleder, DJ, Aylor, KW, and Marshall, JC. Regulation of Lhb and Egr 1 gene expression by GNRH pulses in rat pituitaries is both c-Jun N-terminal kinase (JNK)- and extracellular signal-regulated kinase (ERK)-dependent. Biol Reprod. (2009) 81:1206–15. doi: 10.1095/biolreprod.109.079426 

 40. Batchuluun, K, Azuma, M, Yashiro, T, and Kikuchi, M. Notch signaling-mediated cell-to-cell interaction is dependent on E-cadherin adhesion in adult rat anterior pituitary. Cell Tissue Res. (2017) 368:125–33. doi: 10.1007/s00441-016-2540-5 

 41. Bossi, S, Pizzamiglio, L, and Paoletti, P. Excitatory GluN1/GluN3A glycine receptors (eGlyRs) in brain signaling. Trends Neurosci. (2023) 46:667–81. doi: 10.1016/j.tins.2023.05.002 

 42. Vastagh, C, Rodolosse, A, Solymosi, N, and Liposits, Z. Altered expression of genes encoding neurotransmitter receptors in GnRH neurons of proestrous mice. Front Cell Neurosci. (2016) 10:230. doi: 10.3389/fncel.2016.00230 

 43. Ahima, RS, Saper, CB, Flier, JS, and Elmquist, JK. Leptin regulation of neuroendocrine systems. Front Neuroendocrinol. (2000) 21:263–307. doi: 10.1006/frne.2000.0197 

 44. Roa, J, and Tena-Sempere, M. Energy balance and puberty onset: emerging role of central mTOR signaling. Trends Endocrinol Metab. (2010) 21:519–28. doi: 10.1016/j.tem.2010.05.003 

 45. Feng, Z, Zhang, C, Kang, HJ, Sun, Y, Wang, H, Naqvi, A , et al. Regulation of female reproduction by p53 and its family members. FASEB J. (2011) 25:2245–55. doi: 10.1096/fj.10-180166 

 46. Ko, EK, Chorich, LP, Sullivan, ME, Cameron, RS, and Layman, LC. JAK/STAT signaling pathway gene expression is reduced following Nelf knockdown in GnRH neurons. Mol Cell Endocrinol. (2018) 470:151–9. doi: 10.1016/j.mce.2017.10.009 

 47. Stamatiades, GA, and Kaiser, UB. Gonadotropin regulation by pulsatile GnRH: signaling and gene expression. Mol Cell Endocrinol. (2018) 463:131–41. doi: 10.1016/j.mce.2017.10.015 

 48. Manfredi-Lozano, M, Roa, J, and Tena-Sempere, M. Connecting metabolism and gonadal function: novel central neuropeptide pathways involved in the metabolic control of puberty and fertility. Front Neuroendocrinol. (2018) 48:37–49. doi: 10.1016/j.yfrne.2017.07.008 

 49. Corder, R, Walker, CD, Gaillard, RG, and Aubert, ML. Inhibition of sexual maturation in male rats by melatonin: evidence linking the mechanism of action to changes in the regulation of hypothalamic neuropeptide y. J Neuroendocrinol. (1992) 4:1–8. doi: 10.1111/j.1365-2826.1992.tb00337.x 

 50. Pierroz, DD, Gruaz, NM, d’Alièves, V, and Aubert, ML. Chronic administration of neuropeptide Y into the lateral ventricle starting at 30 days of life delays sexual maturation in the female rat. Neuroendocrinology. (1995) 61:293–300. doi: 10.1159/000126851


 51. Janjic, MM, Stojilkovic, SS, and Bjelobaba, I. Intrinsic and regulated gonadotropin-releasing hormone receptor gene transcription in mammalian pituitary gonadotrophs. Front Endocrinol. (2017) 8:221. doi: 10.3389/fendo.2017.00221


 52. Kraus, S, Naor, Z, and Seger, R. Intracellular signaling pathways mediated by the gonadotropin-releasing hormone (GnRH) receptor. Arch Med Res. (2001) 32:499–509. doi: 10.1016/S0188-4409(01)00331-9 

 53. Naor, Z
. Signaling by G-protein-coupled receptor (GPCR): studies on the GnRH receptor. Front Neuroendocrinol. (2009) 30:10–29. doi: 10.1016/j.yfrne.2008.07.001 


Copyright
 © 2024 Li, Chao, Wang, Xuan, Guo, He, Zhang and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-11-1404681-g005.jpg





OPS/images/fvets-11-1404681-g006.jpg
R|
—a—RNA-seq

XR_001919854.1
- r3

XR_001297374.2

wTecR

XR_001917241.1

TCONS_00032357

TCONS_00176496

TCONS_00074891






OPS/images/fvets-11-1404681-g003.jpg
( ]






OPS/images/fvets-11-1404681-g004.jpg
V77 il

fifii iy f ,/

!i

!ii f};, !{f’f

ii ;’;;; f;

fffffiffi

)

iifff ff i

W

o0
8%

§ [ —

Somonetsrcaen
ROk st st oy
St ot kg cce-

[om——
553 s puy
AT s
P g essce | @

Aasceykra s -

Aoncons - s sceces-

®o¢ | /mum—|





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptome analysis revealed the characteristics and functions of long non-coding RNAs in the hypothalamus during sexual maturation in goats



		1 Introduction



		2 Materials and methods



		2.1 Animals and sample collection



		2.2 RNA extraction and library construction



		2.3 Reads mapping and transcriptome assembly



		2.4 lncRNA identification



		2.5 Differential expression analysis of lncRNAs



		2.6 Prediction and functional analysis of potential target genes of lncRNA



		2.7 Quantitative real-time PCR









		3 Result



		3.1 Overview of RNA sequencing data



		3.2 Identification and characterization of lncRNAs



		3.3 Differential expression analysis of lncRNAs



		3.4 lncRNA target gene prediction and functional analysis



		3.5 Interaction analysis



		3.6 Verify lncRNA expression using qRT-PCR









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fvets-11-1404681-g001.jpg
D1(n=5) M2(n=5) M4(n=5) M6(n=5)

L 2

RNA-seq data

2 2

Alignment to ARS1 with Hisat2
Transcript assembly with Stringtie
Merged transcriptome with Stringtie-merge

2

Remove transcripts:

(1) Single exon

(2) Transcript length <200 bp

(3) CPC,Pfam,CNCI :coding

(4) Contain known protein domain

FPKM 20.5

4

Novel INcRNA 8954
Annotated IncRNA 1676





OPS/images/fvets-11-1404681-g002.jpg
6 exons:

3 exons: 22%

0.5-1kb: 25%

I incRNA

[ antisense

[ sense_overlapping
sense_intronic





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Transcriptome analysis revealed
the characteristics and functions
of long hon-coding RNAs in the
hypothalamus during sexual
maturation in goats












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






