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Introduction: Comprehensive functional annotation of the genome is crucial for elucidating the molecular mechanisms underlying complex traits and diseases. Although functional annotation has been partially completed in sheep, a systematic annotation focused on reproductive tissues remains absent.

Methods: In this study, we integrated 60 transcriptomic and epigenomic datasets from five reproductive tissues. Using a multi-omics approach, we predicted 15 distinct chromatin states and conducted thorough functional annotation.

Results: We established the first regulatory element atlas for sheep reproductive tissues and examined the roles of these elements in reproductive traits and disease. In total, we annotated 1,680,172 regulatory elements, including 83,980 tissue-specific strong active enhancers (EnhAs).

Discussion: Enhancers were identified as critical drivers of tissue-specific functions, operating through sequence-specific transcription factor binding and direct regulation of target genes. Key transcription factors associated with reproductive function included INHBA (ovary), KITLG (oviduct), Snai2 (cervix), WNT7A (uterine horn), FOLR1 (uterine body), and SALL1 (shared uterine regions). Additionally, our findings support the potential of sheep as a promising model for investigating embryonic development and miscarriage. This work lays a theoretical foundation for future research into the molecular mechanisms of complex traits and diseases in sheep.
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1 Introduction

Sheep are one of the most important domesticated animals and play a crucial role in ensuring food and livestock product security. Reproductive traits, as critical economic indicators, directly affect production costs and economic returns of the sheep farming industry (1). Studies have demonstrated that the uterus (2–4), ovaries (5), and oviducts (6) are the primary organs influencing sheep reproductive performance.

Functional annotation of regulatory elements in the major organs of domesticated animals is crucial for understanding the molecular mechanisms of economically important complex traits, including growth, reproduction, and disease resistance (7, 8). Gene expression in specific tissues and cells, along with their physiological roles, is regulated by cis-regulatory elements such as enhancers and promoters. These elements control the expression patterns of target genes by recruiting sequence-specific transcription factors (TFs) in a tissue-specific manner (9, 10). Therefore, systematically analyzing the functions of tissue-specific regulatory elements in the sheep uterus, ovaries, and oviducts is crucial for understanding the physiological roles of reproductive tissues. Genome-wide association studies (GWAS) have identified a large number of gene variants associated with diseases and complex traits (11). However, over 90% of single-nucleotide polymorphisms (SNPs) identified in GWAS loci are located in noncoding regions, indicating that the activity of noncoding regions is a primary driver of phenotypic variation (12, 13). Noncoding variants are mainly concentrated in regulatory elements. Thus, comprehensive annotation of functional regulatory elements, especially in noncoding regions, will contribute to resolving fundamental biological questions (14), uncovering the genetic architecture of disease risk and phenotypic variation (15), and improving the accuracy of polygenic trait predictions (1, 16).

The Encyclopedia of DNA Elements (ENCODE) project, the Roadmap Epigenomics Project, and the Functional Annotation of Animal Genomes (FAANG) consortium have clearly demonstrated the importance of regulatory element annotation in humans, model organisms, and domesticated animals (7, 8, 17). After years of effort, regulatory element maps have been identified and annotated for humans (17, 18), mice (19), zebrafish (20), dogs (21), pigs (22), chickens (23), cattle (24), and horses (25), with continual refinement of these datasets. However, the annotation of regulatory elements in sheep has been completed for only a few tissues (26, 27), with annotations for tissues related to reproductive traits still missing. In this study, 40 CUT&Tag, 10 ATAC-Seq, and 10 RNA-Seq datasets generated by the authors’ laboratory were utilized. The datasets were derived from reproductive tissues of sheep, including uterus (cervix, cornua uteri, and corpus uteri), ovaries, and oviduct tissues. Through a multi-omics integrative analysis, we identified 15 distinct chromatin states and investigated the functions of tissue-specific regulatory elements. Furthermore, association analyses between these regulatory elements and phenotypic data from humans and mice were performed. The ultimate objective was to construct a comprehensive map of regulatory elements in sheep reproductive tissues, demonstrating their roles in influencing reproductive traits and diseases in sheep.



2 Materials and methods


2.1 Animals and tissues

Tissue collection was carried out following protocols approved by the Animal Welfare and Ethics Committee of the Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing. Two female Small-Tailed Han sheep, each from different families, were selected. The ewes were 3 years old, sexually mature, and had given birth twice. The ewes underwent estrus synchronization and were euthanized 24 h after estrus detection. All experimental animals were euthanized via intravenous injection of pentobarbital sodium at a dose of 100 mg/kg. Five reproductive tissues were collected: the cervix, cornua uteri, corpus uteri, ovaries, and oviducts. All tissue samples were isolated in strict accordance with the standards of the FAANG project. The isolated tissues were immediately flash-frozen in liquid nitrogen and then stored in a − 80°C freezer for long-term preservation for future use.



2.2 Library construction and sequencing

The frozen tissues collected in the previous step were selected for RNA sequencing (RNA-seq), Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq), and Cleavage Under Targets and Tagmentation (CUT&Tag) experiments. The CUT&Tag experiment includes four histone modification markers: H3K4me3, H3K27ac, H3K4me1, and H3K27me3. H3K4me3 is highly enriched at active promoters near transcription start sites (TSS) and shows a positive correlation with transcription (28). H3K27ac is found in both the proximal and distal regions of transcription start sites (TSS) and is considered a marker of active enhancers (29). H3K4me1 is enriched in both active and primed enhancers and plays a critical role in regulating the expression of cell identity genes, making it essential for determining cell identity (30). H3K27me3 represses gene expression and shares a location with H3K27ac, with the two marks interacting in an antagonistic manner (31). For RNA-seq, total RNA was extracted using TRIzol reagent, and its integrity was assessed to ensure a minimum RNA integrity number (RIN) value of 6. rRNA was then removed to purify the samples, and strand-specific RNA-seq libraries were constructed using the dUTP method following Illumina’s protocol. The libraries were sequenced on the Illumina HiSeq X Ten PE150 platform. For ATAC-seq, the isolation of frozen tissue nuclei was undertaken employing the 52201-10 protocol. Approximately 5 mg of tissue sample was added to 0.5 mL of lysis buffer, and the sample was ground with a pestle until no visible clumps remained. The mixture was incubated on ice for 2–10 min, filtered to remove impurities, and resuspended in suspension buffer, yielding 50,000 nuclei. The Hyperactive ATAC-Seq Library Prep Kit for Illumina was then used to prepare the ATAC-seq library. Nuclei were incubated in a transposase reaction mix at 37°C for 30 min. DNA was extracted using ATAC DNA Extract Beads, followed by amplification and two-step size selection with ATAC DNA Clean Beads. The resulting DNA fragments were quantified and sequenced on the Illumina HiSeq X Ten PE150 platform. For CUT&Tag, nuclei were extracted using the same method as in the ATAC-seq experiment. The construction of the library was then performed using the Hyperactive Universal CUT&Tag Assay Kit for Illumina Pro. Extracted nuclei were incubated overnight at 4°C with Diagenode primary antibodies (0.4 μL H3K4me3, 0.66 μL H3K4me1, 0.4 μL H3K27ac, and 0.9 μL H3K27me3). The samples were then incubated at room temperature with a rabbit secondary antibody for 1 h, followed by incubation with pA/G-Tnp Pro for another hour. Magnesium ions were added to activate the transposase for DNA fragmentation. The fragmented DNA was purified using VAHTS DNA Clean Beads, and the purified fragments were quantified and sequenced on the Illumina HiSeq X Ten PE150 platform.



2.3 Raw sequence data processing

The ATAC-seq and RNA-seq data were processed using the FAANG functional annotation pipeline developed by the University of California, Davis.1 The CUT&Tag data analysis process followed the methodology established by the Steven team.2 All analyses were performed using the Ramb_v2.0 sheep reference genome. For data quality control and trimming, Trim Galore (v.0.6.5) was used. RNA-seq reads were aligned to the reference genome using STAR (v.2.7.11a), while ATAC-seq reads were aligned using BWA (v.2.2.1). Samtools (v.1.18) was applied to filter out reads with a mapping quality (MAPQ) score below 30. For RNA-seq, HTSeq-Count (v.2.0.4) was utilized to extract gene read counts, and gene expression levels were normalized with EdgeR (v.4.0.2) and StringTie2 (v.2.2.1). For CUT&Tag data, duplicate reads were removed using Picard (v.3.1.1), and peak calling was performed using MACS2 (v.2.2.9.1). Hi-C data were analyzed using the Juicer software, including the identification of topologically associated domains (TADs).3



2.4 Sample clustering

Clustering analysis was conducted on all samples across different tissues and sequencing methods using deepTools (v.3.5.0). The tag signals (bigWig) for each sample were generated using bamCompare and subsequently normalized using Z-score through the scipy.stats.zscore function in Scipy (v.1.8.0). The Z-score-normalized signals for all samples were summarized using multiBigwigSummary. Correlation analysis between samples was performed using the plotCorrelation function, and principal component analysis (PCA) was conducted on the samples using the plotPCA function.



2.5 Annotation of chromatin states

First, we downloaded the sheep reference genome (fna) and genome annotation file (gtf) from the NCBI website.4 Using the STAR software (v2.7.11b), we input the fna and gtf files to generate the CHROMSIZES file for the sheep genome. Then, using gtfToGenePred (v469), we converted the gtf file into a genePred file. Next, with ChromHMM (v1.26) and its ConvertGeneTable function (using default parameters), we input the genePred file to produce sheep genome annotation files in the COORDS and ANCHORFILES directories. After setting up the required files, we used the binarizeBam function (with default parameters) from ChromHMM to process the CUT&Tag and ATAC-seq bam files, generating binary matrices. Finally, we trained a model using the LearnModel function (with default parameters), which resulted in the generation of chromatin states. Fifteen distinct chromatin states were identified based on significant epigenetic marks and selected for annotation. The chromatin states were determined by epigenomic modifications and their enrichment around transcription start sites (TSSs) (17, 32), and the following names are employed: Strongly active promoters/transcripts (TssA), Flanking active TSS without ATAC (TssAHet), Transcribed at gene (TxFlnk), Weakly transcribed at gene (TxFlnkWk), Transcribed region without ATAC (TxFlnkHet), Strong active enhancer (EnhA). Medium enhancer with ATAC (EnhAMe), Weak active enhancer (EnhAWk), Active enhancer without ATAC (EnhAHet), Poised enhancer (EnhPois), ATAC island (ATAC_Is), Bivalent/poised TSS (TssBiv), Repressed polycomb (Repr), Weak repressed polycomb (ReprWk), and Quiescent (Qui). For each chromatin state, the number, size, and gene coverage were calculated to provide a comprehensive annotation.



2.6 Identification and differential analysis of tissue-specific regulatory elements

To investigate the EnhA in each tissue type, the number of overlapping regulatory regions across tissue (RRAT) was calculated across tissues. An RRAT region was assigned a value of 1 for a given tissue if at least one EnhA overlapped; otherwise, it was assigned a value of 0. This analysis resulted in the generation of six tissue-specific regulatory (TSR) enhancer modules: a common uterine module (shared across the three uterine tissues) and five distinct tissue-specific modules. The topologically associating domains (TADs) derived from Li Menghua’s Hi-C dataset were utilized to establish a connection between EnhA and potential target genes, thus facilitating the identification of target genes associated with the TSR (33). Gene Ontology (GO) enrichment analysis of these target genes was conducted using clusterProfiler (version 4.4.1). To investigate the impact of sheep tissue-specific EnhAs on human and mouse phenotypes, we downloaded the GCF_016772045.2ToHg38.over.chain.gz file from https://hgdownload.soe.ucsc.edu/hubs/GCF/016/772/045/GCF_016772045.2/liftOver/ and used the Liftover tool to convert sheep tissue-specific EnhAs into human genome segments. GREAT (Genomic Regions Enrichment of Annotations Tool) is a powerful online tool for the functional annotation of genomic regions, encompassing extensive phenotype data for humans and mice. Based on the converted human genome segments, we performed enrichment analysis for human and mouse phenotypes using the GREAT tool (parameters: 2 kb upstream proximally, 1 kb downstream, and an additional 3 kb distally). HOMER (v.4.11) was employed to identify motifs significantly enriched (FDR < 0.05) in tissue-specific EnhAs. The top five motifs with tissue-specific functions were selected as candidate motifs for each tissue.




3 Results


3.1 Summary of epigenomic data from sheep reproductive tissues

We integrated 60 whole-genome sequencing datasets from five sheep reproductive tissues, which was conducted, encompassing four histone modifications (H3K27ac, H3K27me3, H3K4me3, and H3K4me1) measured using CUT&Tag, along with ATAC-seq and RNA-seq data. Comprehensive bioinformatics analyses were performed to identify and characterize tissue-specific enhancers, chromatin states, and their association with human and mouse phenotypes (Figure 1A). A total of 1.4 billion clean reads were generated, with an average mapping rate of 97.27% (Supplementary Table 1). The analysis yielded an average of 76,753 peaks for ATAC, 51,889 peaks for H3K27ac, 23,111 peaks for H3K27me3, 76,390 peaks for H3K4me3, and 29,782 peaks for H3K4me1 across the five tissues. These peaks covered 1.29, 1.41, 0.48, 2.59, and 1.17% of the entire genome (Figure 1C; Supplementary Table 1; Supplementary Figure 1). In order to evaluate the relationships between different tissues, a hierarchical clustering based on the signal intensity of epigenetic markers and gene expression profiles was performed, followed by principal component analysis (PCA). The results showed that the oviduct was distinct from the ovary and uterus, exhibiting a negative correlation. In contrast, the cervix, cornua uteri, and corpus uteri demonstrated a positive correlation (Figure 1B; Supplementary Figure 2).
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FIGURE 1
 Summary of the data used to construct the epigenomic map of sheep reproductive tissues. (A) Schematic diagram of the tissues and datasets analyzed in this study. The left figure shows a schematic of the reproductive tissue types analyzed, the middle displays the number of epigenomic (ATAC-Seq, H3K4me3, H3K4me1, H3K27me3, and H3K27AC) and transcriptomic (RNA-Seq) samples, and the right figure depicts the main bioinformatics and statistical analyses used in the study. (B) The relationship between tissues based on the Pearson correlation of their normalized signals within a 1 kb window across the entire genome. (C) The average number of peaks for five epigenetic marks across different tissues.




3.2 Identification and characterization of chromatin states in sheep reproductive tissues

Utilizing ChromHMM, we integrated the five epigenetic markers across sheep reproductive tissues and identified 15 distinct chromatin states. Chromatin states are classified into six categories based on their function: 1. Promoters, such as TssA, TssAHet, and TssBiv, which make up 2.93% of the entire genome; 2. TSS proximal transcription regions, including TxFlnk, TxFlnkWk, and TxFlnkHet, which make up 1.93% of the entire genome; 3. Enhancers, such as EnhA, EnhAMe, EnhAWk, EnhAHet, and EnhPois, which comprise 6.18% of the genome; 4. ATAC islands, including ATAC_Is, which constitute 0.95% of the genome; 5. Repressive regions, such as ReprWk, which account for 15.75% of the genome; 6. Quiescent regions, including Qui, which occupy 72.26% of the genome (Figure 2B). Across five reproductive tissues, 1,680,172 regulatory elements were identified, excluding Quiescent regions. These elements include 229,625 promoters, with an average size of 962 bp; 153,009 TSS proximal transcription regions, with an average size of 886 bp; 950,456 enhancers, with an average size of 624 bp; 98,921 ATAC islands, with an average size of 879 bp; and 248,161 repressive regions, with an average size of 4,248 bp (Figures 2C,D). To facilitate visualization and exploration, we uploaded datasets for chromatin states, CUT&Tag, ATAC-seq, and RNA-seq to the UCSC Genome Browser, focusing on chromosome 1 (Figure 2A). It was observed that regions exhibiting higher gene density were characterized by active chromatin states, elevated gene expression, and increased chromatin accessibility.

[image: Figure 2]

FIGURE 2
 The genome-wide chromatin state landscape across five tissues. (A) Visualization on the UCSC browser (chr1), including chromatin states, CUT&Tag, ATAC-seq, and RNA-seq data. (B) Genome coverage of each chromatin state (proportion, not percentage). (C) The total number of non-redundant regulatory elements (NRRET) and their average size within each chromatin state. (D) The total number of NRRET in five sheep reproductive tissues, across each chromatin state.




3.3 Ovarian tissue-specific EnhA and their functional annotation

Our previous research has shown that enhancers demonstrate the greatest variability across different tissues among the 15 chromatin states (23). Building on this, we focused on tissue-specific EnhA and identified 23,896 EnhAs in the ovary (Figure 2A). In order to further explore the biological functions of EnhAs, GO analysis was conducted on their predicted target genes. The result indicates that ovarian-specific EnhAs primarily involved in regulating ovulation, reproductive system development, and placental development. Motifs enrichment analysis of the ovarian tissue-specific EnhAs identified several motifs such as SF1, TRPS1, RBM24, OSR1, and MITF, all of which are associated with the biological functions of the ovary. Of particular note is the function of TRPS1, which has been identified as a primary regulator of embryonic development prior to implantation. Furthermore, OSR1 has been demonstrated to regulate the receptivity of the endometrium (Figures 3B–C). To exemplify how regulatory elements regulate tissue-specific gene expression, the inhibin subunit beta A (INHBA) gene locus was used as a model (Figure 3D). INHBA is highly expressed in the ovary, with nearby regulatory elements displaying active chromatin states.
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FIGURE 3
 Ovarian tissue-specific strong enhancers (EnhA) and their functional annotation. (A) The number and spatial distribution of strong active enhancer (EnhA) in ovarian tissue, along with their enrichment patterns. (B) GO functional enrichment analysis based on the target genes of ovarian EnhAs. (C) Enrichment analysis of transcription factor motifs in ovarian tissue. (D) The chromatin state landscape and mRNA expression of the INHBA (chr4:80,959,294-80,976,837, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 210.




3.4 Oviducal tissue-specific EnhA and their functional annotation

We identified 23,438 tissue-specific EnhAs in oviducal tissue (Figure 4A). GO analysis of predicted target genes of oviduct-specific EnhAs shows their role in regulating functions of the oviduct, including antral ovarian follicle growth, gonad development, and the development of primary female sexual characteristics (Figure 4B). Motif enrichment analysis identified several transcription factor binding motifs associated with oviducal EnhAs, including PDX1, MEF2, ZEB2, FMR1, and FOXA1. Among these, FOXA1 is particularly noteworthy for its potential role in regulating ovarian physiological functions through interactions with the oviduct (Figure 4C). In order to illustrate the role of the oviduct in reproduction, KIT ligand (KITLG) was used as an example. As a target gene of EnhAs in the oviduct, KITLG exhibits a high expression level in this tissue (Figure 4D).

[image: Figure 4]

FIGURE 4
 Oviducal tissue-specific strong enhancers (EnhA) and their functional annotation. (A) The number and spatial distribution of EnhA in oviducal tissue, along with their enrichment patterns. (B) GO functional enrichment analysis based on the target genes of oviducal EnhAs. (C) Enrichment analysis of transcription factor motifs in oviducal tissue. (D) The chromatin state landscape and mRNA expression of the KITLG (chr3:124,751,722-124,891,391, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 150.




3.5 Uterine common tissue-specific EnhA and functional annotation

In order to study the function of the uterus, we focused on EnhAs shared across the cervix, cornua uteri, and corpus uteri, identifying 835 shared uterine EnhAs (Figure 5A). GO analysis of the predicted target genes of these EnhAs revealed that the uterus contributes to the development of various organs during embryonic stages, including the lungs, ears, skin, nervous system, and blood vessels (Figure 5B). In the motif analysis, it was found that the uterus may contribute to the regulation of embryonic development through TFAP2A and SOX5 (Figure 5C). To further explore the physiological relevance of uterine EnhAs, we used spalt like transcription factor 1 (SALL1) as a case study (Figure 5D).
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FIGURE 5
 Uterine common tissue-specific strong enhancers (EnhA) and functional annotation. (A) The number and spatial distribution of EnhA in uterine common tissue, along with their enrichment patterns. (B) GO functional enrichment analysis based on the target genes of uterine common EnhAs. (C) Enrichment analysis of transcription factor motifs in uterine common tissue. (D) The chromatin state landscape and mRNA expression of the SALL1 (chr14:19,060,302-19,081,400, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 50.




3.6 Uterine common tissue-specific EnhA and functional annotation

The uterus is divided into three anatomical regions: cervix, cornua uteri, and corpus uteri. To explore the physiological functions of these distinct regions, separate analyses were performed for each, identifying 8,111 EnhAs in the cervix, 7,971 EnhAs in the cornua uteri, and 20,564 EnhAs in the corpus uteri (Figure 6A). The results of the GO analysis indicate that the functions associated with different regions vary. The cervix is primarily implicated in limb development, the cornua uteri mainly participates in mesoderm formation and the Wnt signaling pathway, and the corpus uteri maintains uterine function primarily through folic acid transport (Figure 6B). Motif enrichment analysis identified distinct transcription factors in each uterine region, including HIF1A and TEAD2 in the cervix, TEAD4, DPRX, and RORA in the cornua uteri, and GATA6, TEAD4, and DLX3 in the corpus uteri (Figure 6D). To further understand the physiological roles of these regions, we focused on several genes: snail family transcriptional repressor 2 (SNAI2) in the cervix, Wnt family member 7A (WNT7A) in the cornua uteri, and folate receptor alpha (FOLR1) in corpus uteri (Figure 6C).
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FIGURE 6
 Uterus various tissue-specific strong enhancers (EnhA) and their functional annotation. (A) The number and spatial distribution of EnhA in cervix, cornua uteri, and corpus uteri tissue, along with their enrichment patterns. (B) GO functional enrichment analysis based on the target genes of cervix (left figure), cornua uteri (middle figure), and corpus uteri (right figure) EnhAs. (C) Enrichment analysis of transcription factor motifs in cervix (left figure), cornua uteri (middle figure), and corpus uteri (right figure) tissue. (D) The left figure shows the chromatin state landscape and mRNA expression of the SNAI2 (chr9:32,949,607-32,955,054, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 300. The middle figure shows the chromatin state landscape and mRNA expression of the WNAT7A (chr19:58,050,035-58,148,599, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 10. The right figure shows the chromatin state landscape and mRNA expression of the FOLR1 (chr15:50,521,446-50,538,520, Ramb_v2.0) locus across five tissues. The vertical scale of the UCSC track represents the normalized RNA-seq signal, ranging from 0 to 100.




3.7 Uterine common tissue-specific EnhA and functional annotation

Building on our previous work, which demonstrated that evolutionarily conserved enhancers retain tissue-specific biological functions and are linked to tissue-specific phenotypes in both humans and mice, we conducted an association analysis with human and mouse phenotypic data. In this study, our analysis revealed that cervix- and ovary-specific EnhAs are linked to mitral valve physiology in humans, while cornua uteri-specific EnhAs are associated with peripheral nerve conduction (Figure 7A). In the mouse phenotype context, corpus uteri-specific EnhAs are found to be associated with the placental labyrinth, and oviduct-specific EnhAs have been linked to mammary gland lobule morphology and alveolar development (Figure 7B).
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FIGURE 7
 Human phenotype and mouse phenotype in tissue-specific strong enhancer. (A) Enrichment of specific human phenotypes. (B) Enrichment of specific mouse phenotypes. In the heatmap, the columns represent different tissues, the rows represent different phenotypes, and the color scale indicates the associated tissue for each entry.





4 Discussion

In this study, we constructed the first comprehensive map of regulatory elements in the reproductive tissues of sheep, covering five reproductive tissue types.5 A total of 1,680,172 regulatory elements, including 83,980 novel, tissue-specific EnhAs were identified and systematically characterized (26, 27). By analyzing the enriched pathways, associated transcription factors, and linked phenotypes (in humans and mice), we explored the role of these EnhAs in regulating reproductive functions across different tissues. The construction of this map marks a significant milestone for functional genomics annotation and offers valuable insights into the mechanisms underlying complex traits and diseases.

Tissue-specific functions are not predominantly located in conserved transcription start site regions (promoters) but are instead enriched in intergenic and intronic regions, often corresponding to enhancers (34). This study provides a pioneering investigation into the characteristics of tissue-specific EnhAs in sheep. In general, the regulation of tissue-specific functions is primarily achieved through two mechanisms. First, tissue-specific enhancers regulate putative target genes. GO analysis results indicate that the ovary-specific EnhAs target genes, such as INHBA, which play crucial roles in the process of ovulation. INHBA influences follicular development by modulating the synthesis of inhibin and activin, which impacts fertility in sheep (35, 36). KITLG, a gene deemed essential in the process of ovulation in mammals, is highly expressed in the oviduct (37, 38). The uterus, being the most significant reproductive organ, functions as a pivotal site for embryonic development. The SALL1 gene, expressed in all three uterus regions, has been shown to play a role in the development of the gonads and embryonic organs (39, 40). Moreover, each uterine region exhibits distinct tissue-specific functions. SNAI2, a target gene of cervix-specific EnhAs, regulates morphogenetic events during embryonic development (41); WNT7A, a target gene of cornua uteri-specific EnhAs, plays a role in the development of the limbs and female reproductive system (42); and FOLR1, a target gene of corpus uteri-specific EnhAs, maintains fetal growth and vitality by regulating folate transport (43, 44). The second mechanism involves the recruitment of sequence-specific TFs, which are crucial for tissue development and the maintenance of tissue identity (45). In this study, a number of key TFs were found to be significantly enriched in tissue-specific EnhAs, including OSR1 in the ovary (46), FMR1 in the oviduct (47), TEAD2 in the cervix (48, 49), TEAD4 in the cornua uteri and corpus uteri (50–52), and TFAP2A (53), which was found to be common to all three uterus regions. These TFs have been shown to be crucial in the maintenance of normal embryonic development, through the regulation of ovarian physiology, trophoblast precursor differentiation, endometrial receptivity, and the expression of the placental prolactin gene. Consequently, the epigenomic map of sheep reproductive tissues provides insights into the complex gene regulation and functions of different tissues during reproduction and provides further insights.

Recent research in human epigenetics has highlighted the role of tissue-specific regulatory elements in complex traits and diseases (17, 54). Genetic variations associated with these traits are found to be particularly prevalent in open chromatin regions (55), and chromatin states (56). It has been demonstrated by preceding studies that the preservation of sequence across different species is a common method of identifying regulatory elements. Furthermore, it has been established that highly conserved regulatory elements are capable of regulating essential physiological processes (22). Cheng et al. discovered that regulatory elements are conserved across humans, mice, pigs, cattle, and sheep (24, 57). This conversation indicates the potential of domesticated animals as animal models for the study of human diseases. For instance, cattle can serve as models for human metabolic diseases (57), while pigs are valuable models for studying Alzheimer’s disease and inflammatory bowel disease (IBD) (22, 58). In this study, we established a correlation between abnormalities in the physiology of the mitral valve, fetal cardiomyocyte physiology, and placenta labyrinth morphology and the presence of EnhAs in sheep reproductive tissues. Based on these findings, we hypothesize that sheep may serve as an effective model for studying embryonic development and miscarriage. Furthermore, the epigenomic map of sheep reproductive tissues may serve as a valuable resource for advancing sheep as an animal model for human diseases.

In summary, a comprehensive and systematic approach was adopted to generate, collect, and analyze a substantial array of transcriptomic and epigenomic data from 60 datasets across five distinct reproductive tissues in sheep. Utilizing a multi-omics integrative approach, we constructed the first-ever epigenomic map of sheep reproductive tissue regulatory elements and investigated the functions of tissue-specific EnhAs. Furthermore, we integrated phenotype data from humans and mice to explore the potential application of sheep regulatory elements in diseases. Finally, a comprehensive catalogue of regulatory elements in sheep reproductive tissues was provided, with their potential roles in reproduction and disease highlighted.
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