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Abstract

:

The study of chromatin accessibility across tissues and developmental stages is essential for elucidating the transcriptional regulation of various phenotypes and biological processes. However, the chromatin accessibility profiles of multiple tissues in newborn pigs and across porcine liver development remain poorly investigated. Here, we used ATAC-seq and rRNA-depleted RNA-seq to profile open chromatin maps and transcriptional features of heart, kidney, liver, lung, skeletal muscle, and spleen in newborn pigs and porcine liver tissue in the suckling and adult stages, respectively. Specifically, by analyzing a union set of protein-coding genes (PCGs) and two types of transcripts (lncRNAs and TUCPs), we obtained a comprehensive annotation of consensus ATAC-seq peaks for each tissue and developmental stage. As expected, the PCGs with tissue-specific accessible promoters had active transcription and were relevant to tissue-specific functions. In addition, other non-coding tissue-specific peaks were involved in both physical activity and the morphogenesis of neonatal tissues. We also characterized stage-specific peaks and observed a close association between dynamic chromatin accessibility and hepatic function transition during liver postnatal development. Overall, this study expands our current understanding of epigenetic regulation in mammalian tissues and organ development, which can benefit both economic trait improvement and improve the biomedical usage of pigs.
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1. Introduction


Pigs (Sus scrofa) are important agricultural animals of substantial economic value, serving as a major source of meat globally. In recent years, the pig has also emerged as an essential large animal model for biomedical research [1,2], providing multiple cells and tissues suitable for xenotransplantation and stem cell therapy in humans [3,4,5]. In-depth investigations of the genetic and epigenetic regulation of porcine tissues can provide theoretical guidance for the further improvement of economic traits and enhance biomedical potential.



Genomic DNA is tightly compacted in eukaryotic cells to ensure gene transcription control and DNA damage protection. In general, structurally loose chromatin (i.e., euchromatin) has more active gene transcription, while condensed chromatin (i.e., heterochromatin) confers transcriptional repression and genome stability [6]. For example, accessible cis-regulatory elements (e.g., promoters, enhancers, and silencers) located in open chromatins enable the binding of transcription factors (TFs) to activate or silence target genes [7]. This epigenetic control of gene expression is an important mechanism involved in the regulation of several biological processes (e.g., development) and diverse physical activities across different tissues [8,9,10,11,12].



The assay for transposase-accessible chromatin followed by sequencing (ATAC-seq) is a well-developed technique of high robustness that is widely used for measuring genome-wide chromatin accessibility and exploring epigenetic regulation [13,14]. A large number of studies have used ATAC-seq to characterize open chromatin accessibility across the tissues of embryonic or adult pigs [15,16,17,18,19] but not newborn pigs. The neonatal period of farm animals is of particular value in scientific research, as it represents the end of fetal development and the start of postnatal growth. Hence, understanding the molecular regulatory features in this stage may lay the foundation for the improvement of economic traits and phenotypes in adult animals. For example, low birth weight in pigs associated with genetic and environmental factors causes lifelong impairments in muscle development and growth [20,21].



The liver plays an essential, multifunctional role in mammals, including hematopoiesis in the embryonic and fetal stages and metabolism, immunity, and clotting in the postnatal stages [22,23,24,25,26,27,28,29]. In particular, the liver is the animal metabolic hub [29,30,31] and closely associated with economic traits (e.g., meat yield, feed efficiency, and growth rate) in pigs [32,33,34]. Moreover, porcine liver is a potential source of xenotransplantation in humans [35]. Accordingly, the analysis of chromatin accessibility dynamics and epigenetic regulation during porcine liver development is essential for understanding the molecular mechanisms of hepatic function transition throughout development and for improving xenotransplantation.



We thus analyzed chromatin accessibility and transcriptomic profiles in six tissues (heart, kidney, liver, lung, skeletal muscle (longissimus dorsi muscle), and spleen) of newborn (one-day-old) pigs and characterized dynamic chromatin accessibility and concomitant transcriptional changes during liver development. We identified tissue-specific and stage-specific accessible regions that regulated tissue-specific and hepatic function transition during development. Our study confirmed the transcriptional regulatory role of chromatin accessibility across promoters and other non-coding regions in tissue-specific physical activities and organ development and enriched the epigenetic profiling and genome regulation profiling of pigs across tissues and developmental stages. This information has implications for advanced breeding programs and biomedical applications.




2. Results


2.1. Landscape of Chromatin Accessibility across Tissues and Postnatal Liver Development


To profile chromatin accessibility across multiple tissues in newborn pigs, we performed ATAC-seq to obtain genome-wide accessible chromatin regions (ACRs) in the heart, kidney, liver, lung, skeletal muscle, and spleen of animals aged one day old (newborn) (Figure 1A). We also examined chromatin accessibility changes during postnatal liver development by profiling the ACRs in porcine liver at 28 days (suckling) and 180 days (adult) using ATAC-seq (Figure 1A). We construct a total of sixteen libraries, generating 86.17–167.12 million (M) high-quality ATAC-seq reads with a mapping ratio of 60.18–85.88% for each sample (Figure 1B and Table S1). After filtering and deduplication, we obtained 45.83–106.01 M informative reads (Figure 1B and Table S1). The fragment size distribution showed decreasing and periodic peaks corresponding to nucleosome-free (<100 bp) and mono- (~200 bp), di- (~400 bp), and tri-nucleosomal (~600 bp) fragments [9] (Figure S1). The nucleosome-free regions which can be captured via ATAC-seq at the 5′ ends of genes are closely associated with transcription initiation [36]. As expected, the normalized ATAC-seq signals were enriched in the transcription start site (TSS) region (i.e., 2 kb upstream and 500 bp downstream of TSS) in all the samples (Figure S2). To further observe other epigenetic signatures in the promoters, we downloaded the previous epigenetic data, including H3K4me3 and H3K27me3 (which are associated with the activation and repression of promoters, respectively) [37]. The active histone mark H3K4me3 was enriched in the promoter regions, a finding which was similar to that for the ATAC-seq signals, whereas H3K27me3 was depleted (Figure S3). Correlation analysis of the 16 samples not only demonstrated the high reproducibility of the ATAC-seq data but also confirmed divergent chromatin accessibility patterns among multiple tissues (Figure 1C and Figure S4A). The correlation of chromatin accessibility between newborn and suckling livers (Spearman’s R = 0.953, p < 2.2 × 10–16) was higher than that between newborn and adult livers (Spearman’s R = 0.831, p < 2.2 × 10–16), which indicated global similarity in chromatin structure during the early postnatal development of the liver.



We identified 115,523–270,293 ATAC-seq peaks in each replicate of six tissues and 136,452–286,446 peaks in each liver sample in the three stages using MACS2 (Figure 1D and Table S2). To acquire representative ACRs for each tissue or stage, the peaks of replicates were merged, allowing us to obtain 57,126–133,254 and 109,003–141,689 consensus peaks for each tissue from newborn pigs and for each developmental stage of the liver, respectively (Figure 1D and Table S2). These peaks were used for subsequent analyses. In all the tissues, peak annotation showed that the majority of merged peaks intersected with intronic (41.80–46.43%, mean = 43.93%) and intergenic regions (22.49–27.59%, mean = 24.76%). To some extent, these intronic and intergenic regions might also harbor active cis-regulatory elements, such as enhancers, insulators, or silencers [38,39]. The remaining peaks were located in the promoter (15.77–24.80%, mean = 20.36%) and exonic (10.38–11.62%, mean = 10.92%) regions (Figure 1E). Peaks identified in the liver samples across developmental stages showed similar genomic distributions (Figure 1F).



Additionally, we used enhancer data from liver samples in the newborn stage published in [40] and observed a significant enrichment of enhancers, especially highly active enhancers, in accessible chromatin regions. These observations confirmed that non-coding accessible regions usually contain substantial cis-regulatory elements to implement transcriptional regulation [41] (Figure 1G).
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Figure 1. Basic features of the ATAC-seq data across tissue samples (n = 16). (A) Experimental design overview. The heart, kidney, liver, lung, skeletal muscle, and spleen tissue samples of newborn pigs and porcine liver samples obtained in the suckling and adult stages (each with two replicates) were collected for ATAC-seq and rRNA-depleted RNA-seq profiling, including the RNA-seq data of newborn tissue samples downloaded from the GSA. (B) High-quality read counts, mapping ratios (upper), mapped read counts (middle), and informative read counts (lower) are shown (see Materials and Methods). (C) Spearman’s correlation coefficients of the normalized ATAC-seq signals among 16 samples are shown in the following three categories: between tissues, between developmental stages of the liver, and between biological replicates. Data are shown as the mean ± SD. (D) The number of ATAC-seq peaks of merged replicates for each tissue in the newborn stage and each developmental stage of the liver are shown (green bars). The number of peaks identified in each replicate are indicated by dots. (E) Genomic distribution of consensus peaks for six tissues of newborn pigs. (F) Genomic distribution of consensus peaks for the livers of newborn, suckling, and adult pigs. (G) Comparison of enhancer density between accessible and inaccessible chromatins (left) and accessible enhancer ratios (defined as the proportion of accessible enhancers among enhancers with different activities identified in newborn porcine liver; right). These enhancers were identified in published research [40]. Enhancers with low, moderate, and high activity are shown as PEs (poised enhancers), REs (regular enhancers), and SEs (super enhancers). 






Figure 1. Basic features of the ATAC-seq data across tissue samples (n = 16). (A) Experimental design overview. The heart, kidney, liver, lung, skeletal muscle, and spleen tissue samples of newborn pigs and porcine liver samples obtained in the suckling and adult stages (each with two replicates) were collected for ATAC-seq and rRNA-depleted RNA-seq profiling, including the RNA-seq data of newborn tissue samples downloaded from the GSA. (B) High-quality read counts, mapping ratios (upper), mapped read counts (middle), and informative read counts (lower) are shown (see Materials and Methods). (C) Spearman’s correlation coefficients of the normalized ATAC-seq signals among 16 samples are shown in the following three categories: between tissues, between developmental stages of the liver, and between biological replicates. Data are shown as the mean ± SD. (D) The number of ATAC-seq peaks of merged replicates for each tissue in the newborn stage and each developmental stage of the liver are shown (green bars). The number of peaks identified in each replicate are indicated by dots. (E) Genomic distribution of consensus peaks for six tissues of newborn pigs. (F) Genomic distribution of consensus peaks for the livers of newborn, suckling, and adult pigs. (G) Comparison of enhancer density between accessible and inaccessible chromatins (left) and accessible enhancer ratios (defined as the proportion of accessible enhancers among enhancers with different activities identified in newborn porcine liver; right). These enhancers were identified in published research [40]. Enhancers with low, moderate, and high activity are shown as PEs (poised enhancers), REs (regular enhancers), and SEs (super enhancers).



[image: Ijms 24 11076 g001]






2.2. Coordination between Gene Transcription and Chromatin Accessibility


Chromatin accessibility is usually qualitatively and quantitatively associated with gene transcription. To decipher gene transcriptional activity regulated by ACRs in pig somatic tissues and during liver development, we built transcriptional profiles for the same samples (n = 16) using both the downloaded and newly generated rRNA-depleted RNA-seq data (15.91 Gb of high-quality data per sample; Figure 2A and Table S3). As expected, the RNA-seq data exhibited a tissue-dominant pattern and good reproducibility between biological replicates (Figure 2B and Figure S4B), demonstrating high reliability. Around two-thirds of the protein-coding genes (PCGs, 60.67–67.42%, transcripts per million (TPM) > 0.5), 48.30–63.54% of the long noncoding RNAs (lncRNAs, TPM > 0.1), and 45.40–65.53% of the transcripts of unknown coding potential (TUCPs, TPM > 0.1) had detectable expression in each tissue or developmental stage (Figure S5).



Based on the transcriptional data, we observed that the genes with accessible promoter regions had significantly upregulated expression compared to those without open promoters across tissues and developmental stages (Figure S6). In addition, genes with higher expression exhibited higher levels of chromatin accessibility (Figure 2C and Figure S7). A moderate correlation (Spearman’s R = 0.303–0.525) between the ATAC-seq signal and gene expression, as measured via RNA-seq, confirmed the important role of open chromatin in active gene transcription (Figure 2D and Figure S8).




2.3. Differences in Chromatin Accessibility between Tissues


We next sought to explore the differences in chromatin accessibility between tissues and transcriptional changes potentially caused by these differential ACRs. We observed that the differential peaks between tissues showed corresponding biases in gene transcription (Figure 3A). In total, we observed 5565–17,011 tissue-specific peaks in the PCG promoter regions of each tissue (Figure 3B and Table S2). The kidney-specific peaks overlapped with the promoter regions of 970 PCGs, followed by liver- and spleen-specific peaks, which overlapped with 824 and 574 PCG promoters, respectively. In addition, the heart- and muscle-specific peaks intersected with the least number of PCG promoter regions (n = 220 and 270, respectively) (Table S2). Interestingly, compared to all the ACRs identified in each tissue, tissue-specific peaks were located less in the promoter regions (averagely 20.36% vs. 5.21%) and more in the intronic regions (averagely 43.93% vs. 58.95%) (Figure 3C), suggesting that cis-regulatory elements inhabiting the intergenic and intronic regions, such as enhancers and insulators, are probably more important than promoters for tissue-specific functions.




2.4. Functional Implications of Tissue-Specific Peaks


Functional enrichment analysis showed PCGs with promoter regions overlapping tissue-specific ACRs, despite their small number and short length, were significantly enriched for the biological processes associated with each tissue (Figure 4A). For example, PCGs with heart-specific accessible promoters were mainly involved in cardiac cell development (e.g., MYH6 and TBX18) and blood circulation (e.g., ADCY6 and MYBPC3) (Figure S9A–D); PCGs with kidney-specific open promoters were enriched for terms related to the maintenance of pH balance and electrolyte homeostasis (such as the ‘regulation of potassium ion transport’ and ‘anion transport’,), excretion of harmful metabolites (‘positive regulation of small molecule metabolic process’), and early nephron formation (‘pattern specification process’, ‘negative regulation of cell fate specification’); PCGs with lung-specific promoters were overrepresented by those participating in epithelial cell differentiation, such as BMPR2 and NKX2-1 (Figure S9E,F); PCGs with promoters in skeletal-muscle-specific ACRs were enriched for ‘muscle contraction’, including SCN4A and ATP2A1 (Figure 4B and Figure S9G); PCGs with promoters exclusively accessible in the spleen, a lymphoid organ playing important roles in immune response, were most relevant for immune processes, such as the ‘positive regulation of immune response’ (including ADA and CD3E) and ‘inflammatory response’ (including HCK and VCAM1) (Figure 4C and Figure S9H–J); and liver-specific accessible PCGs were mainly associated with metabolic processes, such as ‘lipid localization’ (e.g., APOA2, APOB and APOH), the ‘triglyceride metabolic process (e.g., APOA2, MOGAT1 and SOAT2), and the ‘xenobiotic metabolic process’ (e.g., SULT2A1 and NR1I2) (Figure 4D and Figure S9K–P).



To understand whether the vast majority (>80%) of tissue-specific peaks in the intronic and intergenic regions play a role in somatic tissue function, we annotated these peaks using GREAT. Our results showed that these peaks were relevant to specific tissue functions, as well as morphogenesis and differentiation in newborn tissues, especially the heart and skeletal muscle (Figure S10). This suggests that cis-regulatory elements, such as enhancers and silencers, probably participate more than promoters in the transcriptional regulation of developmental and morphogenic processes.



To further explain which TFs are involved in transcriptional regulation via chromatin accessibility, we identified the enriched TFs in tissue-specific ACRs using motif analysis. We found that the majority of the TFs were relevant to tissue-dependent functions, including MEF2A (maintaining cyto-architectural integrity [42]) and MEF2D (regulating the cell cycle of neonatal cardiomyocytes [43]), which are enriched in heart-specific ACRs and responsible for maintaining normal heart function; MEF2C [44] and MYOD1 [45], which are enriched in skeletal-muscle-specific ACRs and regulate skeletal muscle regeneration and formation; and Spi1 [46] and IKZF1 [47], which were identified in the spleen-specific ACRs and participate in the generation of lymphoid lineages (Figure 4E–G and Figure S11, Table S4).



These results highlight the important regulatory roles of tissue-specific ACRs in the functional implementation of corresponding tissues, by both controlling the PCG expression and accessibility of non-coding regions, in which TFs probably play important roles.
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Figure 4. Functional and TF enrichment of tissue-specific ACRs. (A) Top ten significantly enriched Gene Ontology-Biological Process (GO-BP) terms or Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for PCGs with promoter regions overlapping tissue-specific peaks in the heart, kidney, liver, lung, skeletal muscle, and spleen. (B–D) Chromatin accessibility and gene expression levels in skeletal-muscle-specific ACRs overlapping the promoter regions of tissue markers, including ATP2A1 (essential for removing calcium from the cytoplasm in the skeletal muscle, which is required for muscle relaxation [48,49,50,51]; (B) CD3E (encoding CD3-epsilon polypeptide and participating in T-cell development [52]; and (C) APOA2 (playing a role in fatty acid and glucose metabolism [53,54]; (D). The grey squares indicate the promoter regions of the corresponding genes. (E–G) The top five enriched TF-binding motifs identified in the heart-, skeletal-muscle- and spleen-specific ACRs using the JASPAR database in the newborn stage. 






Figure 4. Functional and TF enrichment of tissue-specific ACRs. (A) Top ten significantly enriched Gene Ontology-Biological Process (GO-BP) terms or Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for PCGs with promoter regions overlapping tissue-specific peaks in the heart, kidney, liver, lung, skeletal muscle, and spleen. (B–D) Chromatin accessibility and gene expression levels in skeletal-muscle-specific ACRs overlapping the promoter regions of tissue markers, including ATP2A1 (essential for removing calcium from the cytoplasm in the skeletal muscle, which is required for muscle relaxation [48,49,50,51]; (B) CD3E (encoding CD3-epsilon polypeptide and participating in T-cell development [52]; and (C) APOA2 (playing a role in fatty acid and glucose metabolism [53,54]; (D). The grey squares indicate the promoter regions of the corresponding genes. (E–G) The top five enriched TF-binding motifs identified in the heart-, skeletal-muscle- and spleen-specific ACRs using the JASPAR database in the newborn stage.



[image: Ijms 24 11076 g004]






2.5. Dynamic ACRs during Liver Development


To profile dynamic chromatin accessibility during postnatal liver development, we first identified 14,416–28,053 differential ATAC-seq peaks between neighboring stages, which showed consistent expression biases between stages for PCGs with promoters overlapping these peaks (Figure 5A). These observations highlight the functional significance of dynamic ACRs during liver development.



Next, stage-specific ACRs were obtained, with a total of 3.09–4.85 Mb overlapping PCGs, 2.79–4.48 Mb intersecting lncRNAs, and 0.28–0.62 Mb overlapping TUCPs across the three stages. These included newborn-, suckling-, and adult-specific ACRs overlapping the promoter regions of 731, 1028, and 612 PCGs, respectively (Figure 5B and Table S2). The genomic distribution of the stage-specific ATAC-seq peaks was similar to that of the tissue-specific peaks, i.e., more peaks were located in intronic regions (59.27% vs. 47.09%) compared to the peaks identified in each stage (Figure 5C). The TFs enriched in these stage-specific ACRs were also identified, as shown in Figure S12 and Table S5.




2.6. Biological Meaning of Stage-Specific ACRs during Liver Development


To infer the functional implications of dynamic ACRs during postnatal liver development, we performed functional enrichment analyses for the PCGs with promoters overlapping stage-specific ACRs, as well as the other non-coding stage-specific ACRs. Both enrichment analyses demonstrated that the ACRs are closely associated with functional liver features in different developmental stages, from hematopoiesis and tissue development in the newborn stage to the immune and metabolic functions in adults (Figure 6A).



In addition to the general biological processes associated with signaling and ion transport, the PCGs with accessible promoters in the newborn stage showed the strongest enrichment in developmental processes (e.g., ‘embryo development ending in birth or egg hatching’, ‘cell fate commitment’, and the ‘regulation of cell development’) compared to other stages. These genes were also exclusively enriched for the ‘regulation of blood circulation’, corresponding to the hepatic function of hematopoiesis and regulating circulating blood volume. In addition, the PCGs with open promoters in the suckling or adult stages were related to immunity (e.g., ‘cellular response to cytokine stimulus’, ‘T cell receptor signaling pathway’, and ‘immune system development’) and metabolism (e.g., ‘steroid metabolic process’, ‘xenobiotic metabolic process’, and ‘monocarboxylic acid metabolic process’), respectively. These results support the hypothesis that the developing liver in the suckling stage has high immune activity, while the mature liver represents the metabolic hub of lipids, glucose, and xenobiotics.



The enrichment analysis of the stage-specific ACRs located in intronic and intergenic regions using GREAT showed similar results, supporting the notion that changing chromatin accessibility has regulatory roles in functional transition during liver development, probably via cis-regulatory elements, such as enhancers enriched in these ACRs (Figure 1G). The intronic and intergenic regions specifically accessible in the newborn stage were exclusively enriched for terms related to hematopoiesis (including ‘myeloid leukocyte differentiation’ and ‘response to ischemia’) (Figure 6B), while those in an accessible state in the suckling stage were mainly related to immune (e.g., ‘T cell selection’) and metabolic processes (e.g., ‘lipid translocation’ and ‘glycolipid transport’) (Figure 6C), and those accessible in the adult stage were mostly enriched in metabolism (Figure 6D), highlighting the association of ACRs with nutrient and energy homeostasis in the adult porcine liver.





3. Discussion


We profiled chromatin accessibility in six organ tissues, including the heart, kidney, liver, lung, skeletal muscle, and spleen, of newborn pigs and explored the associations between tissue-specific ACRs and tissue functions at birth through a combined analysis of ATAC-seq and transcriptome data. We also characterized the chromatin accessibility dynamics in the liver tissues during three developmental stages (i.e., newborn, suckling, and sexually mature stages) and investigated the potential roles of ACRs in the transition of hepatic functions during development, from hematopoiesis to immunity and metabolism, in conjunction with transcriptomic analysis.



In our study, we noted that the ATAC-seq signals were moderately associated with the gene expression levels. Of note, chromatin open states were also compromised due to DNA replication through disassociate nucleosomes, RNA polymerase, and regulatory factors from DNA [55,56]. Moreover, gene expression was also affected by the other epigenetic factors, such as histone modification and DNA methylation.



Unlike previous studies focusing on the chromatin accessibility of embryonic/fetal or grown pigs [16,17,18,19], our work broadens the epigenetic knowledge of somatic tissues in newborn pigs, which have specific functional characteristics (e.g., by implementing both developmental processes and tissue-specific physical activities) and high value in scientific research (i.e., playing important roles in the postnatal growth of pigs). Furthermore, the tissue-specific ACRs showed partial effects on the gene expression. It was important to explore function divergence between the tissue-specific ACRs consistent with the expression levels and those not consistent with the expression levels. Both types of genes exhibited the specialized functions of the respective tissues (Figure S13), albeit that there were some differences in particular terms, which need to be explored further, especially through an investigation of the regulating roles of the other epigenetic marks in mediating expression changes. In addition, using a union set of PCGs, lncRNAs, and TUCPs, we obtained a relatively comprehensive annotation of open chromatin in multiple porcine tissues, providing an informative resource for genetic studies of farm animals.



Interestingly, although both tissue-specific accessible promoters and other non-coding regions facilitated tissue-specific functions and developmental processes, the latter seemed to have a more important role in morphogenic processes in newborn porcine tissues. Similarly, in the liver, stage-specific ACRs in the intronic and intergenic regions also showed strong evidence supporting their regulatory role in hepatic function transition during development, from hematopoiesis and development in the neonatal stage to the immune and metabolic activities in the adult stage. Therefore, our study not only underlines the regulatory importance of both open promoters and other non-coding ACRs in animals, as previously published research observed [57], but also supports the findings of a recently published 3D genome study that showed that enhancers located in non-coding regions participate in the transcriptional regulation of hepatic function transition during development [58].




4. Materials and Methods


4.1. Ethics


Animal maintenance and experimental procedures were approved by the Institution of Animal Care and Use Committee of the College of Animal Science and Technology, Sichuan Agricultural University, Sichuan, China, under permit DKY-2021202057.




4.2. Sample Collection


We collected tissues from two healthy, full-sib, female Berkshire × Tibetan hybrid pigs aged 1 day (newborn stage, denoted as newborn), 28 days (the end of the suckling stage, suckling), and 180 days (sexually mature stage, adult), respectively. Specifically, following euthanasia, the heart, kidney, liver, lung, skeletal muscle, and spleen were collected from the two newborn pigs. Liver tissues were also collected from pigs in the suckling and sexually mature stages. All tissue samples (n = 16) were immediately snap-frozen in liquid nitrogen for subsequent high-throughput sequencing.




4.3. ATAC-Seq Library Preparation and Sequencing


A total of 16 samples were used to construct libraries for ATAC-seq. We performed the improved ATAC-seq protocol, termed Omni-ATAC [14]. The frozen animal tissues were homogenized in a pre-chilled Dounce and centrifuged in a pre-chilled centrifuge. Avoiding pelleted chunks of connective tissue, 400 uL of homogenate of each sample was transferred to a 2 mL Eppendorf tube. Density gradient centrifugation was conducted by mixing the homogenate with 400 uL of 50% Iodixanol solution and then layering 600 uL of 29% Iodixanol solution and 600 uL of 35% Iodixanol solution under the mixture. The nuclei band was collected, and 50,000 nuclei were transferred into a tube containing 1 mL of ATAC-RSB and 0.1% Tween-20. After centrifugation, the supernatant was discarded, and Omni-ATAC ATAC-seq reaction mix was added to the pellet. The mixture was resuspended and incubated at 37 °C for 30 min for transposition reaction. After a limited PCR cycle to amplify the fragmented DNA, the libraries were purified with AMPure beads. The library quality was assessed with Qubit. The clustering of the index-coded samples was performed with a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA) following the manufacturer’s instructions. The ATAC-seq libraries were sequenced (150 bp paired-end reads) on a NovaSeq 6000 platform.




4.4. ATAC-Seq Data Processing


The adapters and low-quality reads were removed from the raw ATAC-seq data. FastQC was used to examine the quality of the clean reads and high-quality filtered reads aligned with the reference pig genome (Sscrofa 11.1) using Bowtie2 [59] (v 2.2.6) with the following parameters: “-p 8 –end-to-end –very-sensitive –no-mixed –no-discordant –phred33 -t -I 10 -X 700 -q”. Mitochondrial alignments, low-quality alignments (q < 10), and PCR duplicates were removed from the pool of mapped reads using SAMtools [60] (v 1.3.1). The sam files were then converted to .bam files and sorted with SAMtools. The insert size of each sample was calculated using the respective .bam file. We normalized the read counts to a 1× depth (reads per genome coverage, RPGC) for the downstream analyses using the bamCoverage function of deepTools [61] with the following parameters: “--binSize 20000 --normalizeUsing RPGC --extendReads”. Spearman’s correlation coefficients between samples were calculated in 20 kb windows. The ATAC peaks were labeled using MACS2 [62] (https://github.com/macs3-project/MACS accessed on 5 January 2023) with the following options: “--nomodel --extsize 200 --shift -100 --nomodel -B --SPMR --format = BEDPE --keep-dup = 1 --qvalue = 0.05”. We evaluated the enrichment of the ATAC peaks in the TSS regions. IGV [63] (v 2.3.91) was used to visualize the normalized ATAC-seq signals in .bigwig files, which were generated with the merged .bam files of replicates using deepTools’s bamCoverage with RPGC normalization.




4.5. Identification of Consensus and Tissue- or Stage-Specific ATAC-Seq Peaks


The reproducible peaks between two biological replicates of the same tissue or stage were termed consensus peaks and identified using the Irreproducible Discovery Rate (IDR) method [64] (v2.0.2) with the default parameters. These peaks represent a comprehensive set of ACRs for certain tissues and/or developmental stages. The genomic distribution of the peaks was annotated in regard to genic features using the ChIPseeker R package [65] (v1.30.3). The peaks were located in promoter (within 2.2 kb upstream and 500 bp downstream of the sequence of TSS), first exon, other exon, first intron, other intron, downstream (within 300 bp downstream of the transcriptional end site), and distal intergenic regions. Differential peaks between two tissues or neighboring stages were identified using the consensus peaks with BEDtools2 [66] (v2.25.0). The tissue- or stage-specific peaks were defined as the consensus peaks that exclusively occurred in one tissue or stage.




4.6. rRNA-Depleted RNA-Seq Library Preparation and Sequencing


To explore the transcriptional profiles of the samples, we downloaded the rRNA-depleted RNA-seq data of the aforementioned newborn tissue samples (n = 12) from the Genome Sequence Archive (GSA, https://bigd.big.ac.cn/gsa/ accessed on 20 April 2023; accession number: CRR633913, CRR633924, CRR633914, CRR633925, CRR633948, CRR634010, CRR633915, CRR633926, CRR633938, CRR633950, CRR633916, CRR633927). We constructed strand-specific RNA-seq libraries for the liver tissue samples in the suckling and adult stages (n = 4) using an rRNA depletion protocol (Ribo-Zero kit, Epicentre, Madison, WI, USA) coupled with the Illumina TruSeq RNA-seq library protocol. All libraries were quantified using the Qubit dsDNA High-Sensitivity Assay Kit (Invitrogen, Carlsbad, CA, USA) and sequenced with 150 bp paired-end reads on the Illumina HiSeq X Ten platform or, alternatively, with 100 bp paired-end reads on the BGISEQ-500 platform.




4.7. RNA-seq Data Processing


The raw reads were trimmed to remove the adapters and low-quality base pairs across samples. The high-quality RNA-seq reads were then aligned with the pig reference genome (Sus scrofa 11.1, release 107) using STAR [67] (v 2.6.0c). A comprehensive set of gene annotations was used, including PCGs, lncRNAs [68], and TUCPs [68]. Gene-level expression was estimated as TPM using the Kallisto software [69] (v 0.43.0) with the default parameters. IGV was used to visualize the locations of the genes and the expression data (average values of two replicates in bigwig files converted from .bam files) of the selected genomic regions. For each tissue, we averaged the replicates and then calculated the tissue specificity of gene abundance using the tau score (τ) [70] (we used 0.75 as the cut-off for tissue-specific genes).




4.8. Functional Enrichment Analyses


Functional enrichment analyses were performed using Metascape [71] (http://metascape.org accessed on 28 April 2023). Candidate genes were converted to their human orthologs and used as inputs, taking all the protein-coding genes annotated in the reference human genome as the background. GO-BP and KEGG pathway terms with p < 0.01 were considered as statistically significant.



To explore the functional implications of the non-coding open chromatins, we performed enrichment analysis for the tissue- or stage-specific peaks located in intronic and intergenic regions using the GREAT software (v 4.0.4) [72] (http://great.stanford.edu/public/html/ accessed on 30 April 2023) with the default parameters. The homologous regions in the human reference genome (GRCh38) of these peaks were used as inputs.




4.9. Motif Enrichment Analysis


Motif enrichment analysis was performed for the peaks of interest using the Analysis of Motif Enrichment tool [73] from MEME [74] (v 5.5.1) with the default settings based on the JASPAR database.





5. Conclusions


In summary, our study enriched the epigenetic data reservoir of farm animals but also offered novel insights into the epigenetic features and transcriptional regulation processes in the liver, an essential organ serving as a metabolic hub after birth and closely related to the economic traits (e.g., muscle mass and growth rate) of domestic pigs. Our study lays a theoretical foundation for improving these economic traits in the future.
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Figure 2. RNA-seq data summary and the close association between transcriptional activity and chromatin accessibility. (A) Volume (blue bars) and mapping ratios (green lines) of high-quality RNA-seq data. Downloaded data of newborn tissue samples are labeled with ‘*’. (B) Spearman’s correlation heatmap of transcriptional profiles (TPM) among the 16 samples, showing a tissue-dominant pattern. (C) Normalized ATAC-seq signals of the PCGs, lncRNAs, and TUCPs increased with the expression level. Genes were classified into five groups, with expression increasing from groups 1 to 5. Gene numbers are indicated above the plots. The data of the newborn skeletal muscle samples are shown here. (D) The correlation between chromatin accessibility (measured via normalized ATAC-seq signal) and gene expression (measured via TPM using RNA-seq data) in the skeletal muscle tissue in the newborn stage. The gray dashed lines represent the fitting lines. 
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Figure 3. Basic characteristics of differential ACRs between tissues. (A) Comparison of expression level for genes whose promoter regions are located in differential ACRs between tissues. Gene numbers and median values are shown above the plots. (B) Normalized ATAC-seq signals of tissue-specific ACRs in 4 kb windows centered on the peak. The lines represent the average values for different tissues. (C) Genomic distribution of tissue-specific ATAC-seq peaks relative to the genic features of PCGs (left), lncRNAs (middle) and TUCPs (right). 
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Figure 5. Basic characteristics of dynamic ACRs during postanal liver development. (A) Comparison of the expression levels for genes whose promoter regions overlap differential ACRs between neighboring stages. Gene numbers and median values are shown above the plots. (B) Normalized ATAC-seq signals of stage-specific ACRs in 4 kb windows centered on the peak. The lines represent average values in different developmental stages. (C) Genomic distribution of stage-specific ATAC-seq peaks relative to the genic features of the PCGs (upper left), lncRNAs (upper right), and TUCPs (lower). 
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Figure 6. Functional enrichment analyses of stage-specific ACRs during postnatal liver development. (A) The top 20 significantly enriched GO-BP terms and KEGG pathways for PCGs with promoter regions located in stage-specific ACRs. The colorful shades of the terms highlight the term categories, including general biological processes (yellow), developmental processes (pink), immune processes (blue), and metabolic processes (green). (B–D) Bubble plots showing the enrichment of GO-BP terms in the newborn (B), suckling (C), and adult (D) stage-specific ACRs in intronic and intergenic regions. The enrichment analyses were performed using the GREAT software (v 4.0.4). 
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[image: Ijms 24 11076 g006a][image: Ijms 24 11076 g006b]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
A

*

Heart-specific peaks to PCGs (n = 165)

Cardiac cell development (10/66)
Dilated cardiomyopathy (10/91)
Regulation of heart contraction (11/189)
Blood circulation (15/377)

Transmembrane receptor protei
tyrosine kinase signaling pethwey {13/401)

Cellular component morphogenesis (15/565)

Receptor catabolic process (3/16)

Hematopoietic progenitor cell differentiation (5/95)
Regulation of cilium movement involved in cell motility (3/27)
Positive regulation of T cell mediated cytotoxicity (3/27)

246 810

—logse(p-value)

Liv

¢-

2

B

02

er-specific ACRs to PCGs (n = 669)

Carboxylic acid transport (28/224)

Triglyceride metabolic process (12/61)

Lipid hydroxylation (4/5)

Complement and coagulation cascades (12/71)

4 681012

—loge(p-value)

Sk

eletal muscle-specific ACRs to PCGs (n = 224)

[Muscle structure development (29/468)

Muscle system process (21/265)

Cardiac muscle contraction (10/81)
Actin-myosin filament sliding (4/9)
Carbohydrate digestion and absorption (6/46)
Regulation of ion transport (22/654)

Skeletal muscle organ development (9/135)
Collagen biosynthetic process (3/10

Striated muscle adaptation (4/26)

Regulation of skeletal muscle contraction (3/13)

&S

Metabolism of xenobiotics by cytochrome P450 (16/43)

Steroid metabolic process (29/216)

Lipid localization (37/331)

Xenobiotic metabolic process (18/91) 5
Cholesterol efflux (10/25)

Monocarboxylic acid metabolic process (42/435)

| 4

Kidney-specific ACRs to PCGs (n = 827)

I

Neuroactive ligand-receptor interaction (41/327)
Pattern specification process (46/427)

Anion transport (44/411

Behavior (53/562)

Sensory or?en development (49!528)

Positive regulation of smel mo
metabolic process &2 /140)

Regulation of potassium ion transport (17/109)
Synaptic signaling (40/417)
Aden¥lete cyclase-modulating

G protein-coupled receptor signali

ng pathway (25/213)
Negative regulation of cell

fate specification (4/5)

0246 8
—logse(p-value)

Lung-specific ACRs to PCGs (n = 334)

Regionalization (21/323)
Forebrain neuron fate commitment (4/6)
Epithelial cell dlfferentlatlon (26/528)
Regulation of pathway-re
MAD protein hosphon_.rlatlon (8/61)
Epithelial cell maturation (5/22)
Lymph vessel development (5/27)
Post-embryonic camera-type eye development (3/7)
Hematopoietic stem cell migration (3/7
Placenta development (10/141)

Regulation of DNA biosynthetic process (9/117)

0 246
—logio(p-value)

Spleen-specific ACRs to PCGs (n = 475)

Regulation of cell activation (58/633)

Positive regulation of immune response (44/455)
Hematopoietic cell lineage (19/81)

Cell activation (52/647)

Positive regulation of cytokine production (39/431)
Inflammatory response (39/468)

Positive regulation of response to external stimulus(39/417)
Cytokine-mediated signaling pathway (14/99)

Negative regulation of immune system process (33/420)

Regulation of antigen receptor-mediated
signaling pathway (12/60)

0 4 8 12 16

024 681012 | |
—logo(p-value) —logse(p-value)
Chr.3: 18.544.000—18,569,000 C Chro: 45,612,000-45,637,000 Chr.4: 89,225,000-89,250,000
200 301 200 Heart
ol B Heart (J— - . Heart ool -
200 Kidney ol oL . W 4 Kidney . A Kidney
@1 200 Liver 7] . Liver (@) ols Ak - lLiver
O 208, B Qb - | 200,
=z 203 Lung E ol M ~_ Lung <| ° ) Lung
< ] 30 0
mg“_________. Skeletal muscle ol | ___ Skeletal muscle 202 4 Skeletal muscle
200 | 30 200
i _ Spleen R ___._L Spleen . i . Spleen
: . 90 ] 20000
5008_' TPM:0.024 Heart gg_ TPM:0.306 Heart 0! TPM:0.452 _Heart
ol o TPMOAM  Kidney ol TPM0.102 Kidney of 70 TPM0344 Kidney
5000 : o : .
2 o TPM0.043 Liver @ % TPM:1.422 Liver 212090 1py1977.4 || Liver
= |50 TPM:0 & TPM:2.844 =1 2000
E 0 Z| o T Lung o . TPM:0.140 Lung
eI (IR V A e ﬁl @ | o0 TPM:0.221 20000
0 I | I Skeletal muscle ol e Skeletal muscle TPM:0.495 Skeletal muscle
5000 TPM:0 90. TPM:26.311 Ik
0- Spleen 0 .LJ | “i Spleen 0 TPM:2.186 Sp'een
i i H ]
ATP2A1 CD3E APOA2
E , Heart F Skeletal muscle G Spleen
w 2
£ STA AAAIA 2 AA o
o ......-..Q(—r = Q AA Q _ 0- = E .. - =
12345 ? s 910 111213 14 15 T ? 8 9 611 12 13 74 18 123456 7 aeé?f111213141516171a19m
F2A -a
p-value 3 sBx10-1 p-valug: 3, 70%10-%" p-value: 3.04x10-4%
21 24
) £ 2
= o 1 o
[40]
EAAAAA <A AA MTAe..  # aanchG
""";’f“ 7 3510111213141 o 7591011 121314 15 07 2345673?)11011121314151517
MEFEC %0152 value: 4.48x10-4¢0
, p-value: 1.08x10-1% , p”a'“E 110 P
F oA YO 3
ARAALRG CAWL | Ut
% e W T A == = q: r
0 (R(P é 8 %10% ] 0 12345678 91011121314151617 181920 0 1 2 4 & T B 9 10 11 12 13 14 15
Atoh?
p-value: 5 ‘13!10"‘”’ p-value: 4.27=1071% pvalue 394,‘10-479
2
* 1 AAACAGAAA g CA TG - Acr..
D,EA é ) -ﬁ- o =\INGC | U= , A
10 1112 1 T2 3 4 5 6 7 8 9 10 6 7 a 9 1u 11 12 13 14
ASCLA1
p—value 4 28x1071® p-value: 1.47=10-2* p-value: 2 23x 107421
2 2
= ABAF Jez o\ Q C? -
O 23 456 78 8 101112 o 759'10‘?1213 ég T

MEF2B
p-value: 9.15=10-"%7

p—value 4 59!10 68

p- value 1 43*10 s





nav.xhtml


  ijms-24-11076


  
    		
      ijms-24-11076
    


  




  





media/file2.png
A B ATAC-seq
Heart Skeletal 2200 ——Mapping ratio 1100
Muscl =
(n=2) n=%5 5 < 150 75
_z' o 100 50
@
Developmental stages :'f':” = 53 25
Kidney p Liver Liver Liver __ 160
(n=2) (n=2) (n=2) n=2)| B®= 120
Newborn stage 2 2 80
Suckling stage  Adult stage = S 40
0
Lung Spleen 2 < 120
(n=2) (n=2) E;; 80
=
m
l n=16 ge 40
0
R NG NG NG NG NG NG NN
ST I I I I I I I I I I I I I R
/)] A A R R R R R
o Heart KidneyLung Skeletal Spleen Liver Liver Liver
ATAC-seq RNA-seq muscle
Newborn Suckling Adult
C Spearman’s r of ATAC-seq signal < E Feature distribution
Mean = 0.719 0.802 0.906 T Heart " Promoter
S — " z Kidne M 1st Exon
0.8+ L. g y [ Other Exon
. . _g Liver B 1st Intron
0.6- E Lung [ Other Intron
0.4- = Skeletal Il Downstream (<300bp)
0.2 P X %) o 2 muscle | Distal Intergenic
‘ we? .\ﬁoﬁwﬁe}%\%@\aﬁ et (et | e Spleen
st ' ' W 0 25 50 75 100
Tissues Stages i —
ges Replicates Newborn Suckling Adult Percentage(%)
p=0.0348
— < 2.2x10-"®
F Feature distribution G = o 8 p<22x10
" Promoter g‘ 2 504 88 1
W Other Exon X & 407 £ 2 0.8+
@ o ©
Liver | Suckling- _ M 1st Intron .Lw_".g 30 o jg 0.6
" Other Intron 52 20- 2 9 0.4
T T T J J [ Distal Intergenic 8 € 10- § & 02-
0 25 50 75 100 &8 B o
Percentage(%) - 0- - T o % 01— T .
s Peaks Non-peaks = ?g? PEs REs SEs
@ 14
= @©





media/file13.png
Regulation of synapse assembly . 20
Regulation of blood circulation 8

Regulation of ion transport . 35
Trans—synaptic signaling 4 . 50
Secretion

Behavior

Positive regulation of protein phosphorylation

CAMP signaling pathway Basic biological processes
Neuroactive ligand-receptor interaction

Positive regulation of calcium-mediated signaling
Adult behavior

Hippo signaling pathway

Response to hormone

Extracellular matrix organization
Calcineurin—mediated signaling

[

o

& Regulation of hormone levels
_

Inorganic ion transmembrane transport —logio(p-value) Number of genes
Regulation of membrane potential 16 ® 1
Regulation of body fluid levels ® 5

® 12

Regulation of vesicle-mediated transport

. - Skeletal system development
Cell fate commitment
Negative regulation of cell differentiation
Cellular component morphogenesis
o

|
|
| Embryo development ending in birth or egg hatching
I Regulation of cell development
Positive regulation of MAPK cascade
| Response to growth factor
| Outflow tract morphogenesis
Tissue morphogenesis
| Pattern specification process
| Cell population proliferation Developmental processes
l Cell morphogenesis involved in neuron differentiation
Cardiocyte differentiation
| Sensory organ development
I Tissue regeneration
Negative regulation of growth
| Sensory organ morphogenesis

»_ ______ | _’ Organ growth
|
|
|
|

Cellular response to cytokine stimulus
T cell receptor signaling pathway
Immune system development
Positive regulation of immune response
Regulation of leukocyte activation Immune processes
Regulation of leukocyte migration

______ L _ | Immune effector process
[~ ® Bile acid and bile salt transport

. Cellular response to lipid
| z I Steroid metabolic process
Glutathione catabolic process Metabolic processes

| | Xenobiotic metabolic process
Monocarboxylic acid metabolic process

Newborn Suckling Adult





media/file5.jpg





media/file12.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
-0.110 0.284
634 806

Median =
n=
4_

\eies

Newlborn SLln::inng

Median = —0.163 0.065
n= 1005 &80
4-

2_

==

Suckling Adult

fold change)
(=]

I
™

logz(expression
1
(N}

logz(expression
fold change)
i

|
pe

|
'S

C

Feature distribution of stage-specific Feature distribution of stage-specific
peaks overlapping PCGs peaks overlapping IncRNAs

Newborn -

0 25 50 75 100 0 25 50 75 100

Percentage (%) Percentage (%)
Feature distribution of stage-specific
peaks overlapping TUCPs ' Promoter
_ Other Exon
Suckling - B st Intron

' Other Intron
B Downstream (=300bp)

Distal Intergenic

0 25 50 75 100

Percentage (%)

Normalized ATAC-seq signal Normalized ATAC-seq signal

Normalized ATAC-seq signal

— Newborn — Suckling — Adult

Newborn stage-specific ACRs overlapping

PCGs IncRNAs TUCPs
16 64
12 12 12
81 N 81 I'II Illl. 8 f\
/ '|II TR\ .." \
4_§_:—.__:/'\:__.=-:.._—____= 41— — 4-‘—‘__ —
0 - ' 04 . 0+ .
—2kb Peak summit 2kb —-2kb Peak summit 2kb —2kb Peak summit 2kb

Suckling stage-specific ACRs overlapping

164 PCGs IncRNAs TUCPs
124 124 12"
8- 8- 8-
4'?A-q 4 ?.A= 41— —
04 . 0+ r 0 . i
—2kb Peak summit 2kb —2kb Peak summit 2kb —2kb Peak summit 2kb

Adult stage-specific ACRs overlapping

PCGs IncRNAs
. o In 16- TUCPs
12- 127 7
a-/L B—J’\ 8-
4->=='"_"W"=-H- 4—__ —— 4-%
—2kb Peak summit 2kb —2kb Peak summit 2kb —2kb Peak summit 2kb





media/file9.jpg
A






media/file0.png





media/file14.png
B Newborn stage-specific ACRs
in intronic and intergenic regions

® Skeletal muscle tissue development Observed region hits
° Response to ischemia
Negative regulation of transmembrane receptor e 20
® protein ser?l?e glreanlne?(lnase signaling pa?hway e 40
* | Positive regulation of glycolytic process
* | Positive regulation of coenzyme metabolic process @ 60
® Actomyosin structure organization
o Cell-matrix adhesion —log. (p-value)
L Integrin-mediated signaling pathway 18
® Cell-substrate adhesion 16
o Skeletal muscle org_an development 14
] Myeloid leukocyte differentiation 12
. Muscle fiber development _ —
. Positive regulation of ATP metabolic process
o Striated muscle cell development
° Response to estrogen

Endothelial cell development
pre—-miRNA processing

. Positive regulation of actin filament bundle assembly
. Transforming growth factor beta receptor signaling pathway
° Regulation of stress fiber assembly

0 1 2 3 4 5 6
Enrichment score

C Suckling stage-specific ACRs
in intronic and intergenic regions

° Dendritic spine maintenance Observed region hits
] Regulation of ARF protein signal transduction e 10
® Positive T cell selection ® 20
o T cell selection ®30
° Negative regulation of actin filament depolymerization
® Vesicle docking
° Negative regulation of actin filament polymerization _joq (p-value)
o Regulation of glycoprotein biosynthetic process 10
-| Glycolipid transport 18
® Regulation of epithelial to mesenchymal transition 15
involved in endocardial cushion formation L 12
® Negative regulation of protein polymerization E
Drug transport
¢ Drug transmembrane transport
e Lipid translocation
® Embryonic placenta morphogenesis
N Regulation of fibroblast growth factor production
* Labyrinthine layer morphogenesis
N Actin filament network formation
N Regulation of peptidyl-tyrosine autophosphorylation
¢ Regulation of homotypic cell-cell adhesion
0 2 4 6 8 10
Enrichment score
D Adult stage-specific ACRs
in intronic and intergenic regions
o Regulation of defense response Observed region hits
. Sterol metabolic process * 50
. Steroid metabolic process 150
. Regulation of cytokine secretion .
. Regulation of inflammatory response @250
. Secondary alcohol metabolic process _lo _value
® Alcohol metabolic process 94o(P )
. Actin filament organization 50
. Cholesterol metabolic process 140
. Organic hydroxy compound transport 30
. Positive regulation of innate inmune response =20
. Protein—lipid complex subunit organization
- | Cellular response to thyroid hormone stimulus
. Response to insulin
. Peptidyl—-serine phosphorylation
. Bile acid and bile salt transport
. Integrin—-mediated signaling pathway
. Cell-substrate adhesion
. Negative regulation of response to cytokine stimulus
Negative regulation of actin filament depolymerization

0 1 2 3 4 5
Enrichment score





media/file8.png
Spleen-

Median = -1.241 1.160 -1.646 1.653 =-1.054 1.409
n= 767 2740 919 2640 906 1697
c 1ﬂ- 7 N
U‘ ——
% qé-_):. 5_. i i
wm | |
55 % %
53 75 ‘ '
2 -10- T T B T T a T T
Heart  Kidney Heart Liver Heart Lung
Median = -0.792 1.440 -1.445  1.347 -0.824 1.379
n= 2120 667 1257 1683 1815 1577
EEH1D* E 4
2
- -1 D- L] L] h T T h T T
Heart Skele‘al Heart Spleen Kidney Liver
muscle
= 2247 1030 3834 656 2687 1225
55 ] ' '
25 57 1 1
c
E_E 0 - -
% ]
33 | ’
o -104 . i - . . - . i
Kidney  Lung Kidney %(Sé%‘gl Kidney  Spleen
Median= -1.139 1.304 -1.671 2.717 -1.602 1.022
= 2148 1178 3717 722 2340 1113
10 i i
S~ ] .
0 - 4 J
Qa 7
5575 _
2 10 i ' Liver  Skeletal Liver  Spleen
1 Liver Lung oKeela p
Median =  -1.601 2.476 -1.601 0.680 =-2.577 1.713
n= 2768 693 1674 1392 892 2632
E,%1U‘ i
BB 5 ] .
=
U x 0- i i
{jifd =
O -5 . d
58
= ol ' ! ' " Skeletal .
Lung Skelefal ung  Spleen Skeleal  Spleen
~ Promoter [l OtherExon | Other Intron Distal Intergenic
B istExon B istIntron B Downstream (=300bp)
Feature distribution of tissue-specific ACRs overlapping
PCGs IncRNAs TUCPs
cver | [ | (|
muscle

(=]

=~
w

25 50
Percentage(%)

100

B —

25

50 75

Percentage(%)

100 0

25 50 75
Percentage(%)

100

B

Heart — Liver — Srﬁﬁgéﬂ_! —

Kidney —  Lung —  Spleen —

r Heart tissue-specific ACRs overlapping

5 PCGs IncRNAs TUCPs

010 H 10

E%- B i n 8 ) r 8 l f I'|I
6 7 |"" Il' 6 -1 IIIII I'I‘I E T 'Il'l |
a1 41 a4/ \
2 2= 2= =
0 0 0

Normalized ATAC-seq signal Normalized ATAC-seq signal Normalized ATAC

Normalized ATAC-seq signal Normalized ATAC-seq signal Normalized ATAC-seq signal

_2kb Peak summit 2kb —2kb Peak summit 2kb

—2kb Peak summit 2kb

Kidney tissue-specific ACRs overlapping

PCGs IncRNAs
101 104
8 8
6 i‘: 6 -
4 - 4 - i '\‘
2= 2 -
04 0 -

—2kb Peak summit 2kb

TUCPs

107
8-
6 -
4 -
2 -
0

-

—2kb Peak summit 2kb —2kb Peak summit 2kb

Liver tissue-specific ACRs overlapping

IncRNAs

10 1
B-
6
4
2
0-

8..
6
4 -
2-

%

0 -

Y
)}

—2kb Peak s'.ummit 2I|<b -2kb Peak éummit 2kb

TUCPs
8-
6_
4-
) S aN——
U-

—2kb Peak summit 2kb

Lung tissue-specific ACRs overlapping

PCGs

IncRNAs
8_
6-
4 -
2

' 0 -1 T T
kb Peak summit 2kb —-2kb Peak summit 2kb —2kb Peak summit 2kb

TUCPs

:

24
0

Skeletal muscle tissue-specific ACRs overlapping

PCGs

;
:

kb Peak summit 2kb

IncRNAs

104
8
6 -
4-
2.

i

04

—2kb Peak summit 2kb

TUCPs

104
8-
6 -
4

24 .
0 T |
—2kb Peak summit 2kb

Spleen tissue-specific ACRs overlapping

PCGs

g
g

_2kb Peak summit 2kb

8_
B -
4_
2_

IncRNAs

0 -

—2kb Peak summit 2kb

TUCPs

8_
6_
4 -
2 e —c—
0+ .
—2kb Peak summit 2kb






media/file11.jpg





media/file6.png
>

High-quality data (Gb)

RNA-seq

Spearman’s r of

- —+100 expression
—— Mapping ratio B .
08 1

A

li—.

(%) ones Buiddey

Q'Q’

Q’Q’@Q'

REE

Heart Kldney Lung Skeletal Spleen leer L|ver Liver
muscle

O

log, (Expression level of
PCGs with accessible promoter)

Newborn®

n= 2357 3052 2751 2510 2201

g

(oo‘?

= [\ w $a
o o o o
T 2 2 9

Normalized ATAC-seq signal

O 6‘0\)? (ooQb' 0\)?

TPM level of PCG

Spearman’sr = 0.474
20

-
(&)}
1
.
.

-
o
1

(8]
]

o
1

0 100 200 300 400 500
Normalized ATAC-seq signal in PCGs

Density

600
400
200

Suckling Adult

2848 14711413 1417 1285
400

300

200

" el

G(OOQG(O\)Q (OOQ (OOQD‘ OOQ

Normalized ATAC-seq signal

TPM level of IncRNAs

log, (Expression level of
g
w

IncRNAs with accessible promoter)
[8)]

o

0 100 200 300 400 500

. Density
Spearman’sr = 0.320 800
107 600
. v 400
751 , 200

Normalized ATAC-seq signal in IncRNAs

39": Liver
Rep1| Liver
Rep]| | iver
R Skeletal
Rep2 | muscle
’ Heart
5| Kidney
5| Spleen
! Lung

Suckling
Adult

Newbomn

327 195 204 185 134

400+
300
200+

jreey

G‘oo‘?b'@o?

Normalized ATAC-seq signal

G‘°°Q (ooQ
TPM level of TUCPs

Spearman’s r = 0.420

s
o
L

™
o
L

log, (Expression level of
TUCPs with accessible promoter)
8]

(%]

o w

4

[A A
1 Pes
.

0 100 200 300 400 500

Density

100
50

Normalized ATAC-seq signal in TUCPs





