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Abstract

:

The epidermal differentiation complex (EDC) encodes a group of unique proteins expressed in late epidermal differentiation. The EDC gave integuments new physicochemical properties and is critical in evolution. Recently, we showed β-keratins, members of the EDC, undergo gene cluster switching with overexpression of SATB2 (Special AT-rich binding protein-2), considered a chromatin regulator. We wondered whether this unique regulatory mechanism is specific to β-keratins or may be derived from and common to EDC members. Here we explore (1) the systematic expression patterns of non-β-keratin EDC genes and their preferential expression in different skin appendages during development, (2) whether the expression of non-β-keratin EDC sub-clusters are also regulated in clusters by SATB2. We analyzed bulk RNA-seq and ChIP-seq data and also evaluated the disrupted expression patterns caused by overexpressing SATB2. The results show that the expression of whole EDDA and EDQM sub-clusters are possibly mediated by enhancers in E14-feathers. Overexpressing SATB2 down-regulates the enriched EDCRP sub-cluster in feathers and the EDCH sub-cluster in beaks. These results reveal the potential of complex epigenetic regulation activities within the avian EDC, implying transcriptional regulation of EDC members acting at the gene and/or gene cluster level in a temporal and skin regional-specific fashion, which may contribute to the evolution of diverse avian integuments.






Keywords:


skin appendage; feather; scale; beak; evolution; Evo-Devo; EDC; β-keratins












1. Introduction


Skin, composed of several region-specific differentiated epidermis forms, acts as a barrier protecting the body from external environmental assaults including biological, physical, and chemical attacks. The cornified outer layer of the skin in the stratum corneum is composed of dead keratinocytes. This epithelial layer develops at the end of epidermal differentiation due to keratinocyte keratinization and cell death [1]. A gene cluster located within the gene locus known as the epidermal differentiation complex (EDC) encodes many proteins involved in late embryonic epidermal differentiation [2]. The human EDC contains three sub-clustered families: (1) precursor proteins of the cell envelope (CE), such as involucrin (IVL), loricrin (LOR), small proline-rich proteins (SPRRs), and the late cornified envelope proteins (LCEs); (2) calcium-binding proteins (S100); (3) S100 fused type proteins (SFTPs), such as filaggrin (FLG), trichohyalin (THH) and cornulin (CRNN) [3]. The importance of the EDC is reflected by the involvement of EDC members in many human skin diseases. For example, FLG mutations lead to ichthyosis vulgaris, in which the granular layer is reduced, and hyperkeratosis is prevalent. Both characteristics are strongly associated with atopic dermatitis (AD) and AD-associated asthma [4,5,6,7,8].



The EDC locus was first identified in mammals, but the EDC locus originated from a single or small number of ancestral genes and diversified during evolution in amniotes [9,10,11,12,13]. Adaptation of the novel and complex cornified skin appendages such as scales and feathers are impacted by molecular innovations of members within the EDC genes that allowed animals to inhabit the land using a variety of terrestrial lifestyles [14,15,16,17,18]. The nomenclature of EDC genes provides the clue of distinct amino acid content, such as cysteine (C), histidine (H), proline (P), glutamic acid (E) rich, glutamine (Q) repeats, or some motifs (M). Distinctive amino acid compositions of EDC genes confer distinct physical properties of the skin appendages that express them. Originally, EDC genes evolved to form skin barriers. Later, duplication and diversification of EDC members contributed to the evolutionary success of amniotic integuments [9,19]. The feathers of birds, composed by polymerized α- or β-keratin bundles, display a wide range of physical properties. [18,20,21]. Through phylogenetic and gene organization analyses, sauropsid-specific β-keratins, also named corneous β-proteins (CBPs) [16], were suggested to be derived from a subclass of EDC genes [18]. During β-keratin evolution, the lately derived feather β-keratins are major feather components and play a key role in the evolution of feathers for flight [17].



More detailed roles of β-keratin have been investigated using the chicken model. Five β-keratin sub-clusters (Claw, Feather, Feather-like, Scale, and Keratinocyte) within the EDC on Chromosome 25 (Chr25) define macro-integument differences, while the feather β-keratin cluster located on Chr27 determines intra-appendage differences [22]. Recently, it has been proposed that the epigenetic regulatory mechanisms controlling expression of the EDC clusters are under epigenetic regulatory control by spatial genome organization in keratinocytes and through chromatin folding mediated by the chromatin regulator SATB1 [23,24,25,26]. Detailed analyses of the expression and regulation of β-keratins during chicken skin development in different regions (feathers vs. scales) were demonstrated in our recent study [27]. Two modes of epigenetic regulation were proposed for β-keratins located on Chr25 or Chr27 in the avian model. We found that enhancer-driven coexpression regulates the whole β-keratin sub-cluster on Chr25. However, temporospatial chromatin looping of the feather keratin cluster occurs on Chr27. CTCF/KLF4, and SATB2, molecules considered with a role to organize chromatins, may work together with competent factors such as AP-1 to build chromatin loops and then set up the region-specific β-keratin expression from Chr27 [27].



Apart from β-keratins, only a few expression patterns of conserved EDC genes have been examined in birds. These include LOR, CRNN, and SCFN (scaffoldin) [11,28,29,30] and feather-enriched EDC members such as EDCRP (epidermal differentiation cysteine-rich protein), EDDM (epidermal differentiation protein-containing DPCC motifs), EDWM (epidermal differentiation protein-containing WYDP motif), and EDMTFH (epidermal differentiation protein with an MTF motif rich in histidine) [19,30,31,32,33].



Originally, our laboratory set out to study Feather keratins, both α- and β-keratin, from a cytoskeletal perspective. It turns out β-keratins on chromosome 25 are part of the EDC complex. With the release of new genome versions and the comparisons with EDC genes in other amniotes, such as snakes, turtles, lizards and crocodiles [9,10,12,13,32], we have come to appreciate more, the roles of EDC members in the evolution and diversification of integuments. This is the motivation for us to examine further the avian non-β-keratin EDC genes and gene sub-clusters to appreciate the duplication and divergence of EDC genes. For the avian EDC locus on Chr25, we hypothesize that the regulation of both non-β-keratin and β-keratin sub-clusters are mediated by similar mechanisms involving chromatin organizers such as SATB2, or by conserved regulatory mechanisms such as being enhancer-driven. Thus, in this study we examine the expression and epigenetic regulation of non-β-keratin EDC members during avian skin appendage development. We re-analyzed bulk RNA-seq and ChIP-seq data from different skin appendages from previous studies using the newly released chicken genome version (UCSC galGal6) [27,34]. We explored (1) the systematic expression of non-β-keratin EDCs during skin development and identified the preferential expression of several EDC members in different skin appendages, and (2) whether the expression of non-β-keratin EDC sub-clusters are regulated under enhancer control or by SATB2 or both.



Our results show that the expression of EDDA sub-cluster is possibly due to enhancer-driven regulation in E14-feathers. Also, excessive SATB2-mediated disruption on the expression of the EDCRP sub-cluster in feathers and EDCH sub-cluster in beaks suggest potential regulatory roles of SATB2 on these sub-clusters. These complex epigenetic regulatory possibilities may contribute to the diversification and adaption of avian integumentary organs, and should be explored further in the future.




2. Materials and Methods


2.1. Animals and Tissues under Misexpression of SATB2


Embryos were incubated at 38 °C (SPAFAS, Preston, CT) and staged as described in [35]. Dorsal and lower beaks, dorsal back feathers, and leg scutate scales were dissected and washed in 1× cold PBS from chick E14 (HH40) and E16 (HH42) embryos. Tissue samples were collected from wild-type and SATB2-misexpressed chicken embryos, which were sacrificed in previous studies [27,34]. SATB2-misexpressed tissues were mediated by RCAS retrovirus infections, in which constructs carried the full length of the SATB2 gene. Concentrated RCAS viruses were injected into the amniotic cavity and hind limb of E3 (HH stage 18) embryos. The phenotypes of embryos were collected at E14 and E16. Other details have been shown in [34].




2.2. RNA Extraction, cDNA Synthesis and Cloning of in Situ Hybridization Probes


ISH probes to selected chicken EDC genes were designed from regions with a divergent sequence in the 3′UTR region. PCR primers for EDMTF4 are 5′-CTGTGAGGATCAACCCCAGT-3′ and 5′-TGTGCCTGTACCATTCATTCA-3′(reverse); for EDCH4 are 5′-GTACACCGGCTGCCTACTGT-3′ and 5′-TGGCTCATCTACATGGTTGG- 3′(reverse); for EDPE are 5′-CAAAACCCACTGGGCTAGAG-3′ and 5′-AAAACAATTAGGGCGAAGCA-3′(reverse); for EDQREP are 5′-CACCCACTCTGTCCTGGATT-3′ and 5′-TTCAGGCTTTGTTTTCCACA- 3′(reverse); for EDDM are 5′-GGATCCCTCTGCTGTGTCTC-3′ and 5′-CTCCAACCACATCAGTGCAG-3′(reverse). cDNA from E14-feathers and E16-scales were used for the DNA template. PCR products were purified with a PCR Purification Kit and then inserted into a pDrive plasmid (Qiagen, Hilden, Germany). T7 polymerase was used to make the antisense mRNA probe (Roche, Basel, Switzerland).




2.3. Paraffin Sections and in Situ Hybridization (ISH)


After washing these tissues in 1× cold PBS, we fixed them in 4% paraformaldehyde in PBS at 4 °C overnight. For ISH on tissue sections, dissected skin appendages were dehydrated through an ethanol series, then transferred to xylene, embedded in paraffin wax, and sectioned to 5–7 µm. After ISH, faint eosin staining was used as a counterstain.




2.4. RNA-Seq Analysis


We collected and reanalyzed RNA-seq data from three different batches for dorsal back feathers, leg scales, and beaks on heads, from chicken embryonic day 7 (E7), E9, E10, E11, E12, E14, or E16 skin from previous studies, including wild-type and SATB2-overexpressing tissue [27,34,36]. RNA-Seq raw data were accessible at NCBI GEO database (accessions GSE178651, GSE136224 and GSE87250, accessed on 8 March 2021) and the corresponding sample names were collected in Supplementary Table S1. The chicken galGal6 assembly, including un-placed and unlocalized scaffolds, was downloaded from the UCSC Genome Browser [37]. The RefSeq Release 104 annotation was downloaded from the NCBI. EDC and keratin gene annotation was added into the RefSeq annotation manually [11,16,38]. Low quality of sequencing bases were trimmed, based on the Phred quality score (<20) from both of the 5′- and 3′-ends of reads. After trimming, reads were discarded if they are shorter than 30 bp for 50 bp single-end reads produced by the HiSeq 2000, or shorter than 50 bp for 75 bp single-end reads produced by the NextSeq 500. The alignment, quantification, normalization, and differential expression analysis was performed by STAR 2.7.3a [39], through Partek Flow 10.0.21.0304 (Partek Inc., St Louis, MO, USA), featureCounts in Rsubread 2.0.1 [40], trimmed mean of M values (TMM) [41], and edgeR 3.28.1 [42], respectively. In most cases, we used the default parameters. However, we only retained expressed genes if their count-per-million (CPM) values were above 1 in at least two samples. If not, they were considered no or low-expressed genes and were discarded. The exact test with a false discovery rate (FDR) < 0.05 in edgeR was set as a threshold to identify differentially expressed genes (DEG). Identified DEG belonging to EDC members in E14-feathers, E16-feathers, E16-scales, and E14-beaks are listed in Supplementary Tables S2–S5. Coverage tracks (i.e., bigWig format) were produced by deepTools 3.5.0 [43] for visualization in the Integrative Genomics Viewer (IGV) [44].




2.5. ChIP-Seq Analysis


The H3K27ac-, H3K4me1- and H3K4me3-ChIP-Seq data of chicken E14 dorsal feather and leg, scale, and skin tissues were downloaded from the NCBI GEO database (accession GSE136224, accessed on 8 March 2021) and the corresponding sample names were collected in Supplementary Table S6 [27]. The same method as the previous study (Table S7.4 in [27]) with the updated chicken genome (galGal6) was used to reanalyze the ChIP-Seq data. In brief, the analysis was conducted on a locally installed Galaxy platform. Raw read files (fastq.gz) were processed using tools in the following order: fastq_groomer, fastq_quality_filter, fastq_trimmer_by_quality (window size 3; min score ≥20), bowtie2 (very-sensitive), samtool_filter2 (-q 1), samtools_sort, samtools_rmdup, MACS2 callpeak (-nomodel -extsize “value obtained from the macs predictd tool”; qvalue 0.05; –bdg –broad –broad-cutoff 0.1; 1 duplicate tag is allowed), macs2_bdgcmp (-m FE), and Wig/BedGraph-to-bigWig. The tool parameters without notes were defaults. To properly generate signal tracks representing enrichment levels of histone modifications over the whole genome, we followed instructions from https://github.com/macs3-project/MACS/wiki/Build-Signal-Track, accessed on 8 March 2021 and the tool “macs2_bdgcmp” was used. Thus, the y axis of histone ChIP-seq tracks represents a linear scale fold enrichment (FE) of ChIP—enriched per input genomic DNA signal intensity.





3. Results


3.1. Divergent Transcriptional Profiles of non-β-Keratin EDC Genes in Different Regions of the Avian Integument


In the UCSC chicken galGal6 (GRC6a) chicken genome, the EDC gene organization on Chr25 is separated into two parts within 1300 kb (Figure 1a). The 3′ region of the non-β-keratin EDC genes is mainly composed of five sub-clusters, including EDDA, EDCH, EDCRP, EDQM, and S100 (Figure 1a). Genes defined in a sub-cluster are paralogs and emerged by duplication during evolution [10]. The calcium-binding protein, S100, is a large, conserved sub-cluster among amniotes, but has only been studied in humans and mice, not in other species [3,45]. In the chicken genome, nine S100 genes are identified and seven of them form a sub-cluster located at the 3′-end of the EDC (Figure 1a). Thus, we collected expression profiles of all non-β-keratin EDC genes including the S100 family in this study (Figure 1).



During chicken embryonic development, the dorsal tracts of feathers develop 2 days prior to leg scales. For instance, feather placodes emerge from E7 in the dorsal skin, but overlapping scale placodes emerge from E9. Therefore, the RNA-seq data for feathers we reanalyzed was from E7, E9, E12, E14, and E16 (Figure 1b–b’’), whereas, the RNA-seq data for scales was from E9 to E11, E14, and E16 (Figure 1c–c’’). From these transcriptomes, we found non-β-keratin EDC genes were enriched after E14 when both the dorsal back and leg skin undergo epidermal differentiation/keratinization for distinct types of skin appendage (Figure 1b–b’’,c–c’’). Different profiles of enriched non-β-keratin EDC in feathers versus scales were also observed (Figure 1b–b’’,c–c’’,d,e). Around half of the non-β-keratin EDC genes were highly expressed in feathers at E16 (Figure 1d), but only the EDDA sub-cluster and other conserved EDC genes such as CRNN, SCFN were enriched in scales at E16 (Figure 1e).



The transcriptome profile of the E14-beak was also analyzed (Figure 1f). The distinct composition of non-β-keratin EDC in beaks compared to feathers and scales may contribute to its specialized stratum corneum and morphology (Figure 1d–f). EDCH and EDMQ sub-clusters, EDQL, LOR1, and EDQREP were preferentially expressed in E14-beaks (Figure 1f). In all non-β-keratin EDCs, only the EDCRP sub-cluster was specifically enriched in feathers, others were expressed in both feathers and scales, such as EDMTFH or in both feathers and beaks, such as EDQREP, EDQL, and EDQM (Figure 1d–f). In the S100 sub-cluster, S100A6, S100A16, S100A14 were expressed in all of the skin appendages (Figure 1d–f), but S100A9 was preferentially expressed in feathers at E16 (Figure 1g).




3.2. Epigenetic Analysis in Non-β-Keratin EDC Genome Regions


3.2.1. Epigenetic Modification of Non-β-Keratin EDC in E14-Feathers vs. E14-Scales


Chromatin modifications are useful to identify activating regulatory elements such as promoters or enhancers. Enhancers work on amplifying transcription initiation and may function on individual genes or whole gene sub-clusters. Thus, we aligned the RNA-seq data with ChIP-seq data performed with antibodies against acetylated histone H3 lysine 27 (H3K27ac), mono-methylated H3 lysine 4 (H3K4me1), and tri-methylated H3 lysine 4 (H3K4me3) in the non-β-keratin EDC genome region of E14 feathers and scales (Figure 2). Overall, many putative enhancers were predicted in E14-feathers rather than E14-scales (Figure 2b,c). For example, several putative enhancers were predicted to be active, but one located near the 5′ end of SCFN contained an H3K4me1 signal, was predicted to be inactive/poised in E14-feathers (Figure 2b, black and blue arrows, respectively). However, only one predicted active enhancer detected near the 5′ end of CRNN was identified in E14-scales (Figure 2b,b’’, black arrows), which may enhance the expression of CRNN and even SCFN (Figure 1c,e).



In E14-feathers, three presumptive active enhancers were located in the 5′-region and with the potential to regulate EDQREP or EDPE, EDQCM, and CRNN (Figure 2b–b’’). Five other presumptive active enhancers were localized in the 3′ region and with the potential to regulate EDQL and two sub-clusters (EDDA and EDQM) (Figure 2c–c’’’’). Interestingly, a lncRNA spanning around 20 kb near the 5′-end of EDMTF4 overlapped with one presumptive active enhancer (Figure 2c’). In conclusion, several putative active enhancers were identified by H3K27ac-, H3K4me1- and H3K4me3-ChIP-seq in E14-feathers rather than E14-scales, which corresponded to their enriched transcripts. Some putative active enhancers may regulate the expression of single non-β-keratin EDCs, while others have the potential to control the expression of several genes at the same time, such as the EDDA sub-cluster.




3.2.2. SATB2 Is Involved in Switching the Expression of Some Sub-Clusters of the Non-β-Keratin EDC Members


Misexpression of SATB2 significantly altered α- and β-keratin expression within sub-clusters [34]. We suppose that SATB2 misexpression also works on the non-β-keratin EDC. Overexpression of SATB2 caused most non-β-keratin EDC genes to be down-regulated in E14- and E16-feathers (Figure 3a,b), while up-regulating most non-β-keratin EDC genes in E16-scales (Figure 3c). Non-β-keratin EDC sub-clustered genes were usually down/up-regulated as a unit in response to the overexpressed SATB2 proteins (Figure 3a–d, brackets). For example, the EDCRP was the most sensitive sub-cluster, which was down-regulated in feathers (Figure 3a’,b’) but up-regulated in scales when SATB2 was overexpressed (Figure 3c’). This opposite gene regulation effect was also seen in the EDCH sub-cluster in E16-feathers (up-regulation) and E14-beaks (down-regulation) (Figure 3b’’,d’’). Overall, the excess SATB2 induced down-regulation of enriched non-β-keratin EDC genes, such as the EDCRP sub-cluster in feathers and EDCH sub-cluster in beaks, in tissues with enriched endogenous SATB2. In contrast, excess SATB2 levels up-regulated most non-β-keratin EDC genes in scales, which express low levels of endogenous SATB2.





3.3. Expression Patterns of Several Non-β-Keratin EDC Genes and Their Disrupted Patterns When SATB2 Is Overexpressed during Epidermal Differentiation of Skin Appendages


According to RNA-seq results, only genes in the EDCRP sub-cluster were feather-specific (Figure 1d). In other words, there was no scale- nor beak-specific non-β-keratin EDCs. Thus, we selected a feather-and-scale enriched gene, EDMTF4, as a representative for the EDDA sub-cluster, a feather-and-beak enriched gene, EDCH4, as a representative for the EDCH sub-cluster, and an all-skin-appendage enriched gene, EDPE, to analyze their transcript patterns in beaks, scales, and feathers (Figure 4). In the beak region, transcripts of these three non-β-keratin EDCs were detected in both the periderm (PD) and stratum intermedium (SI) layers (Figure 4a,a’,d,d’,g,g’). Besides, transcripts of EDMTF4 and EDCH4 were more highly expressed in the outer layer of the stratum intermedium, which is also called the transition zone of the intermediate layer in the beak (Figure 4d,d’). In the scale region, transcripts of these three non-β-keratin EDCs were weakly expressed in the inner surface (stratum intermedium) (Figure 4b,b’,e’,h,h’), while EDMTF4 was also highly expressed in the outer surface (periderm) at E16 (Figure 4b’). Within the feather filaments, EDMTF4 was enriched in barbule cells at E14 and then restricted in the barb medulla (BM) at E16 (Figure 4c,c’). EDCH4 was weakly expressed in the feather sheath (FS) at E14 and then shifted to the barb medulla at E16 (Figure 4f,f’). However, EDPE mRNA was distributed in most of the cells of the feather filament at both E14 and E16 (Figure 4g,g’).



In addition to the above three non-β-keratin EDC genes, EDQREP and EDDM were also selected to examine the disrupted pattern resulting from SATB2 overexpression (Figure 5). In our previous functional study, some missing areas are visible in the stratum corneum of the upper beak when SATB2 is overexpressed [34]. Notably, the transition zone (outer part of the stratum intermedium) becomes thinner compared to the control group [34]. We further analyzed the expression pattern of the non-β-keratin EDC in these SATB2-misexpressed tissues (Figure 5). The transcripts enriched in the stratum intermedium, such as EDMTF4, EDCH4, and EDQREP, became more condensed in the thinner transition zones (Figure 5a,a’,d,d’,g,g’,i,i’), but EDPE and EDDM that were expressed in the periderm of the upper beak at E14 kept the same expression pattern when SATB2 was overexpressed (Figure 5j,j’,m,m’). In the scale region, the abnormal phenotype produced by SATB2 overexpression was less obvious than other skin appendages [34].



Similar to the non-β-keratin EDC expression pattern, no further disrupted pattern was detected (Figure 5b,b’,d,d’, h,h’,k,k’,n,n’). Within the feather filaments at E14, transcripts of ETMTF4 were distributed in all of the barbule cells (Figure 5c), but signals for EDQREP and EDDM were only detected in partial barbule cells (Figure 5i,l,o). Besides, EDCH4, EDQREP, EDPE and EDDM were also enriched in the feather sheath at E14 (Figure 5f,i,o). The transcripts of EDQREP, EDPE, and EDDM were enriched in the advanced differentiation of downy barbules rather than the feather sheath at E14 when SATB2 was overexpressed (Figure 5i’,l’,o’). The changes in the expression levels upon overexpression of SATB2 from RNAseq were labeled in the right bottom corner of each panel in Figure 5, although the signal of in situ hybridization is not a tool for quantification. Taken together, excess SATB2 levels disrupted non-β-keratin EDC expression in the stratum intermedium of the beak and shifted their expression patterns from the feather sheath to downy barbules in some cases.





4. Discussion


This study demonstrates that non-β-keratin EDC members also show gene and/or gene cluster-like regulation. The clustering of EDC gene members serves as a good candidate to study whether they are able to coordinate gene regulation in a gene cluster to provide complex gene regulation at different levels (gene and gene clusters), and allow diverse expression patterns of EDC members in a temporospatial specific manner. The implication may be in parallel with the globin or HOX gene clusters [8], but there are also EDC-specific rules which we are just beginning to untangle [27].



In this study, we determined all transcription and epigenetic modification profiles from different stages of embryonic avian integument development focusing on the non-β-keratin genes in the epidermal differentiation complex on Chr25 (Figure 1, Figure 2, Figure 3 and Figure 6). The conserved EDC genes among amniotes, including S100 and S100 fused-type proteins, were especially enriched in scales (Figure 1e). In contrast, other later derived EDCs for avian species were enriched in feathers (EDCRP sub-cluster) or beaks (EDCH sub-cluster), respectively (Figure 1; Figure 4). We tried to identify putative active enhancers that regulate the whole sub-cluster of non-β-keratin EDCs (Figure 2; Figure 6d). All the potential genes and gene sub-clusters mediated by putative enhancers in E14-feathers detected from Figure 2 were listed in Figure 6d. Only the EDDA and EDQM sub-clusters show the possibility that they are mediated under enhancer control (Figure 6d). Interestingly, a lncRNA around 4kb transcribed from upstream of EDMTF4 also has a potential role as an enhancer RNA (eRNA) for the EDDA sub-cluster (Figure 1c’) [46,47]. However, there are technical limitations for experimental validation of predicted enhancer regions using avian species and also feather-specific enhancers which could not be verified in the mouse model. The functional assay for lncRNA through knockdown with siRNA may be available and is worth using for verification in birds because EDMTF4 is conserved across 48 bird species [19].



An excessive amount of SATB2 disrupts the expression levels of EDC genes such as the EDCRP and EDCH sub-clusters (Figure 3; Figure 6c). Similar to our previous study which demonstrated that elevated SATB2 levels targeted the EDC locus on Chr25, regulating five specific β-keratin sub-clusters (Claw, Scale, Feather, Feather-like, and Keratinocyte) individually [34], the skin appendages in response to excess amounts of SATB2 show regional-specific effects. The opposite gene regulation effects of non-β-keratin sub-clusters including EDCRP and EDCH under the overexpression of SATB2, between feather and scale or feather and beak, are summarized in Figure 6. We further summarized potential enhancer-mediated genes in the EDC complex, and those altered by SATB2 (Figure 6d,e). Mechanistically, how SATB2 proteins interact with potential enhancers on sub-clusters, or how SATB2 proteins work together with other cofactors to form the molecular complex and promote the transcription of gene clusters is unknown. In the mouse, the chromatin architecture of the EDC region is altered in the SATB1-null mouse epidermis [24]. In the future, we hope SATB2-ChIP-analysis can reveal the binding sites of SATB2 in the chicken EDC locus, and shine new light on the mechanism of SATB2 based chromatin organization.



Overall, the activity of gene clusters affected by SATB2 were seen in partial α-keratin sub-clusters on Chr27 and Chr33, as well as for non-β-keratin/β-keratin sub-clusters on Chr25, and the entire β-keratin cluster on Chr27 [27,34]. Although we do not know how SATB2 proteins regulate the expression of genes in the whole sub-cluster, two regulatory mechanisms have been proposed [27]. Clustered EDC gene organization is common in vertebrates from reptiles and birds to mammals [10,11]. A gene cluster regulatory mechanism may have been derived from the α-keratin sub-cluster on Chr27, when it was replicated to form the α-keratin sub-cluster on Chr33, β-keratin sub-cluster on Chr27, and EDC on Chr25 including the non-β-keratin and β-keratin sub-clusters. This clustered organization may be obtained by gene duplication of a common ancestor in evolution, but some gene replicates may have been lost. The current study provides valuable information for future studies on the epigenetic regulatory mechanism and evolution of the avian EDC.



It should be noted that in the galGal6 chicken genome, the EDC region on Chr25 is spliced into two separated parts within 1300 kb (Figure 1a). Also, the orientations of non-β-keratin EDC genes in the 3′end part are inverted in galGal6 compared to the earlier galGal4 genome version. However, gene annotation for the EDC is more complete and gene organization within two separated regions is also revised in the newly released galGal6 version (Figure 1a) [10,11,27]. To avoid confusion of each EDC gene, all the gene names in this study follow the annotation of the galGal6 version of the genome. However, if genes are unlabeled in this version of the genome, we show names associated with their LOC number in previous studies [10,11]. The combination of RNA-seq and ChIP-seq databases plus the analysis of the disrupted expression patterns when SATB2 expression levels are up-regulated suggest that SATB2 can interact with non-β-keratin EDC regions affecting the transcription of EDC gene clusters.




5. Conclusions


This study reveals the potential of complex epigenetic regulation activities within the avian EDC, implying transcriptional regulation of EDC members acting at the gene and/or gene cluster level in a temporal and skin regional-specific fashion, which may contribute to the evolution of diverse avian integuments.
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Figure 1. Epidermal differentiation complex (EDC) on Chr25 with different transcriptional profiles of non-β-keratin EDC (NB-EDC) members during embryonic development in feathers, scales, and beaks. (a) Illustration of gene organization for the non-β-EDC on Chr25. Five sub-clustered genes are highlighted here and marked with different colors; the genomic regions for β-keratin and non-β-EDC are in a fixed ratio. (b–b’’) Transcriptional profiles of feathers from E7 to E16 viewed by IGV; (c–c’’) Transcriptional profiles of scales from E9 to E16 viewed by IGV; (d–f) Gene expression level (CPM, count-per-million) of non-β-EDC in E16-feathers, E16-scales, and E14-beaks, respectively. Five sub-clusters were underlined with black bars in each panel. The expression profiles across different skin appendages (f: feather, s: scale, b: beak) were marked; (g) Expression levels of selected S100 genes among all skin appendages viewed by IGV. The red color marks the high expression level of EDC peaks/genes over 2000 CPM, while the orange color marks the intermediate expression level of EDC peaks/genes ranging from 500 to 2000 CPM in feathers (panel b,b’,d). The indigo color marks the high expression level of EDC peaks/genes over 1000 CPM, while the orange color marks the intermediate expression level of EDC peaks/genes ranging from 100 to 500 CPM in scales (panel c,c’,e). This analysis is based on the galGal6 genome version, while related work in our previous study is based on galGal4 [27]. Please see discussion. 
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Figure 2. Epidermal differentiation complex on Chr25 with divergent epigenetic landscapes in E14 feathers and scales. (a) The locations of two parts of the non-β-EDC (NB-EDC) on Chr25 in the galGal6 genome version; (b–b’’) Profiles of RNA-seq and three chromatin marks in the N-terminal part of the non-β-EDC within 75 kb of the gene start sites. (b’,b’’) Enlargement of the two predicted enhancer regions (enhancers 1 and 3, e1 and e3, black arrowheads) from (b); blue arrowhead indicates the putative poised enhancer; (c–c’’’’) Profiles of RNA-seq and three chromatin marks in the C-terminal part of the non-β-EDC within 150 kb of the transcription start site. (c’–c’’’’) Enlargement of the five predicted enhancer regions (e4 to e8, black arrowheads) and the five predicted promotor regions (green arrowheads) from (c). The values on the y axis for ChIP-Seq data are input normalized intensities. The yellow color marks putative enhancer regions, while the green color marks the putative promoter regions. The gene name in bold may be under enhancer-mediated expression. 
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Figure 3. The related expression level of non-β-EDC on Chr25 when SATB2 proteins are overexpressed in different skin appendages. (a–a’’) Feathers at E14; (b–b’’) Feathers at E16; (c–c’’) Scales at E16; (d–d’’) Beaks at E14. The fold changes and statistical significance of DEG indicated in (a–d) are collected from Supplementary Tables S2–S5. DEG with an FDR < 0.05 are indicated by asterisks (*) and DEG with a Log2 fold change over 1.5 or less than −1.5, under the excess of SATB2, is marked by double asterisks (**). Five sub-clusters of EDC members (EDDA, EDCH, EDCRP, EDQM, and S100) are indicated by different colors, the same as those in Figure 1a. 
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Figure 4. Expression patterns of selected non-β-keratin EDCs in developing beaks, scales, and feathers were analyzed by section in situ hybridization. Beaks and scales, sagittal sections. Feathers, cross sections. (a–c, a’–c’) In situ hybridization of EDMTF4 probes at E14 and E16, respectively; (d–f, d’–f’) In situ hybridization of EDCH4 probes at E14 and E16, respectively; (g–i, g’–i’) In situ hybridization of EDPE probes at E14 and E16, respectively. Filled arrowheads indicate the location of in situ hybridization signals. The expression levels (CPM, counts per million mapped reads) of each gene from RNA-seq data are indicated in the bottom right. Abbreviations: BC, barb cortex; BM, barb medulla; DB, downy barbules; FS, feather sheath; PD, periderm; SB, stratum basal; SC, stratum corneum; SI, stratum intermedium; SP, subperiderm. 
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Figure 5. Altered expression patterns of selected non-β-keratin EDCs in beaks, scales, and feathers with SATB2-overexpression are studied by section in situ hybridization. Beaks and scales, sagittal sections. Feathers, cross sections. (a–c, a’–c’). In situ hybridization of EDMTF4; (d–f, d’–f’), EDCH4; (g–i, g’–i’), EDQREP; (j–l, j’–l’), EDPE; (m–o, m’–o’) and EDDM. Filled arrowheads indicate the location of in situ hybridization signals. The expression levels (CPM) of each gene from RNA-seq data, and disrupted trends when SATB2 is overexpressed, are indicated in the bottom right. Abbreviations: DB, downy barbules; FS, feather sheath; PD, periderm; SB, stratum basal; SC, stratum corneum; SI, stratum intermedium; SP, subperiderm. 
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Figure 6. SATB2-mediated or putative enhancer-mediated expression for non-β-keratin EDC genes in different developing integumentary organs. (a,b) Summary of non-β-keratin EDC genes or gene clusters in which expression was disrupted under RCAS -SATB2 infection at E14 of feathers and beaks (a) or at E16 of feathers and scales (b) from Figure 3. Red arrows indicate candidate genes were down- or up- regulated under the SATB2-RCAS infection. (c) Summary of SATB2-mediated sub-clusters in divergent regions from (a) and (b). The opposite regulation of EDC sub-clusters such as EDCRP and EDCH between feathers and scales or feathers and beaks, respectively. (d) Summary of non-β-keratin EDC genes with putative enhancers (e1 to e8) in feather or scale regions from Figure 2. Genes in bold indicate their expression level over 500 CPMs in Figure 1. (e) Potential genes mediated by both SATB2 and enhancers. 






Figure 6. SATB2-mediated or putative enhancer-mediated expression for non-β-keratin EDC genes in different developing integumentary organs. (a,b) Summary of non-β-keratin EDC genes or gene clusters in which expression was disrupted under RCAS -SATB2 infection at E14 of feathers and beaks (a) or at E16 of feathers and scales (b) from Figure 3. Red arrows indicate candidate genes were down- or up- regulated under the SATB2-RCAS infection. (c) Summary of SATB2-mediated sub-clusters in divergent regions from (a) and (b). The opposite regulation of EDC sub-clusters such as EDCRP and EDCH between feathers and scales or feathers and beaks, respectively. (d) Summary of non-β-keratin EDC genes with putative enhancers (e1 to e8) in feather or scale regions from Figure 2. Genes in bold indicate their expression level over 500 CPMs in Figure 1. (e) Potential genes mediated by both SATB2 and enhancers.



[image: Genes 12 01291 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 Epifdermal diffretiation complex: GRC6a_NC_06112_Chr25: 2,000,000-3,300,000 (1300 kb)

b "::::. I...lll.‘lll...lll...lll IDIICIBIP IEI?IQIMI IIIIIIIIIIIIIIIIIIIIIE
T3 denmTra i n EDBET LOR1 QL EDCH3 E:DMEPNZ E?WMQED?? o s1oo 9 S100A4 S100A14 5100
EDYM2 EDPE EDQCM  EDNC EDMTF3 EDMTF R EDQL EDCH3 EDCRPEDMPN1: EDQMB EDKM Al A4 S100A14 S100A
. RS o Y O R R TR
EDQREP EDP3  EDDM CRNN S100A11 EDMTFl EDMSC ) B EDYM1 LOR3 EDGH EDCH4EDCH2 EDCHS EDQM1 EDCH1 S100A6 S100A16 S100A13
019 of o5 B H3K27ac_ChIP19
| |
_dc', H3K4me1_ChiP238 _dc', H3K4me1ChIP238
whud whud
(3] (3]
..".’ Mm— Q2
‘ﬂ'_ 0_20 H3K4me3 ChIP 3 ‘ﬂ'_ H3K4me3 (;\IP73
L L v 4
HAM-MMMM“AMMLA_ = s o o e . . o o i —
0-780K l RNAseq_Chuong387 0°15554K j RNAseq_Chuong387
IncRN,
i al b oo kdd | | "
() = =— () = =
E 0-14 e3 H3K27ac_ChiP22 E 019 H3K27ac_ChiP22
»n MMMMMAMAMM“.&.L. »n i A e ke S e ad meaa e ek i A Rl ..
‘v_ 0-780K RNAseq_Chuong188 ‘v_ 0219554K , s ’rs RNAse CI;u,J;)Pg188
)
W (b) L W (c)) (c”) (c’”) c”’”)
Chr25: 2,315,000-2,390,000 (75 kb) Chr25: 3,180,000-3,330,000 (150 kb) 10 kb
1 1 "
b EDQREP EDPE EDP3 C EDMTF4 LOR3 C EDGH E%QL EDCH4
p— ! enhancer! R 1 ﬁ- ﬁ —él-l enhancer 4 enhancer 5 ‘Z_ enhancer 6 ﬁ

0210 Y H3K27ac_ChIP19 0-9 v H3K27ac_ChIP19 0-7 I H3K27ac_ChIP19
ad b b AMM&‘ B T —

| |
9 ——oonnrn = -
g 0 H3K4me1_ChiP238 £l o7 H3K4me1_ChiP238 .d:, 0-5 H3K4me1_ChiP238
o o ki -M;A
8| uha A sl 8 _odl 3 ki
‘ﬂ‘_ 04 H3K4me3_ChIP73 E 0-6 H3Kd4me3_ChIP73  «| -7 M H3K4me3_ChIP73
u L “A“M__M
M‘m“m MMA m“.‘.ld L .
0-787K RNAseq_Chuong387 0-1924 RNAseq_Chuong387 0-518K RNAseq_Chuong387
A IncRNA
PR, N - TDRREIIR o e G e Y [ | -
[} —— - i [}
<l 6210 H3K27ac_ChiP22 E 0-8 H3K27ac_ChiP22 % 0-7 H3K27ac_ChiP22
Q
| 0787 RNAseq_Chuong188 | 0-1924 RNAseq_Chuong188 | 0-578K RNAseq_Chuong188
L w -
- w

b" EDNC CRNN ' EDKM EDCHL  S100A9 C'""'s1086 $100A16 S10QA13

enhancer 3

0-12 vl H3K27ac_ChiP19 '0-14 v| eV8 H3K27ac_ChIP19 '0-23 H3K27ac_ChiP19

| | -
—] Q
2l os H3K4me1_ChIP238 <| 07 3Kdme1 ChiP23s & 0-7 H3K4me1, ChIP238
5 aaeandbaddobe, .. (| VIO TNV
QL R — a— [+t D— Qo —— -
I o5 H3K4me3_ChIP73 ) H3K4me3 ChIP73 | 0-33 v H3Kdme3_ChiP73
02162K RNAseq_Chuong387 RNAseq_Chuong387 0-206K A RNAseq_Chuong387
-_‘ enhancel’3 el ° L A- .h | | ‘
% 0-12 Y  V H3K27ac_ChIP22 = H3K27ac_ChIP22 % 0-23 H3K27ac_ChIP22
o (%] (8
] | —— sl .M__..._.. O s citatitaliotsd . ookt St . ) M‘“‘LM
<| 0-162K RNAseq_Chiiong188 <| 0-587K RNAseq Chuong188  <t| 0-206K RNAseq_Chuong188
- ~ -
(1 x L — wi| ke . A .





nav.xhtml


  genes-12-01291


  
    		
      genes-12-01291
    


  




  





media/file2.png
b

feathers

C

scales

gene expression level

gene expression level

EDQREP EDP3 EDDM CRNN S100A11 EDMTF1EDMTF2 EDMTF4

EDYM2 EDPEEDQCM EDNC SCFN EDMTF3 EDMTF5 EDMSC

EDMTF | EDYM1

10 kb

EDDA cluster

Chr25:2,315,000-2,390,000 (75kb) b'

EDMPN2 EDMQ3 EDCH1
EDC

YR A

100A6

= {

S100A16

| S100A13

)

LOR3 EDGH EDCH4|EDCRP EDWM | EDKM S100A4 |s100A1
EDCH2 EDMPN1 EDMQ2 S100A9 S100A14
EDCH EDCRP EDQM $100 cluster

Chr25: 3,180,000-3,330,000 (150kb)

bll

EDYM?2 EDPE EDQCM  EDNC SCFN 'EDMT3 EDMTS EDMSC ~ EDMTF4 LOR3 EDGH EDCH4 EDCH2 EDMPN2EDWM EDKM S100A09 S100A04 S100A14S100A1 CRNN
el ol ik H R Hin B E S -l W 4 A4 @A A 4 =M W = e ) [y
~ EDQREP EDP3  EDDM CRNN  S100A11 EDMT1 EDMT2 EDMTFH  EDYM1 LOR1 EDQL EDCH3 EDCRP EDMPN1 EDQM1-3 EDCH1 S100A06 S100A16 S100A13| |
£7 1 0-2001K 0:13243K 0-40K
- 0. 20y = [0 13243400)
- o2y [0+ 13243400]
- 0 2017 & 0+ 13243400)
E12 1 0-20my (b") 0~ 12243200] o CRNN
— EDPE EDMTF4 S100A06
[0 20fmy [0 - 13243400)
i EDQCM g EDMTF pa
E14_1 covm2 EDP3 . EDDM SCFN j EDQL EDMPN2/1
[0 20fmy = T i [0 13243400) oo o ]
E14.2 N R L 1 A
0207 0+ 13243400] [
E16_1 EDQREP ] l B ' | EDCRP 4 4 — A
0. 20y [0+ 13243400] 7]
E16_2 ‘N B i & § R A

] I "
Chr25:2,315,000—2,390,000 (75kb) C Chr25: 3,180,000-3,330,000 (150kb) (o
EDYMZ EE_P-E HED&CM._'EDNC SCFN 5100A&"1 EBML?» EEMIFS EE'MSC EDMTF4 LS“R3 EDE.H 5DCH‘4 E‘DEHZGEDI\SIPN*Z E'DV;/M_I . E?fﬂM SFlO(‘)HAO9 51'?o‘t\o4£1:)jm1451o%'1 EDCH4
[ ] Hl- | H M
EDQREP 'EDP3  EDDM CRNN || _EDMTL EDMT2 EDMTFH _ EDYML LOR1 EDQL EDCH3 EDCRP EDMPNL EDQM1-3  EDCHL S100A06 S100A16 S100A13
0-1820K 0°1274K S100A16 '0-23K
E9 1 S100A04  S100A14
012 [0 1274247) i
EQ 2
012 10~ 1274247) i
E10_1
025 10 1274247) i
E10_2
0 ) {0~ 1274287 " i
E11_1 (c")
012 [0- 1274247) i
E11_2
0 1068 0 1274287) ]
E14 1 EDPE CRNN SCEN S100A06
0- e 1 A (0~ 1274247) =N i
E14 2 - EDVITF4 |
0. 10062 0 - 1274287) E D MTFH M E DC H4
E16.1| L e, || il o
E16.2 . i, 1 "y N
E16-feather f 0,500 fsb E16-scale
TJ ’
9,000 i
> )
29,000 f bfs A )
24,000 S c 2100
’ fb o 2,600 b
19,000 ‘% 2100 S
14,000 ¥ 1600 fsbf
= @ 1, sbfs fsb
9,000 fsb|] 1 fsb £ 11004 =2
N o < 250
2,000 ey O 200
1,500 O 150 fsb
1,000 c
; ) 100
500 (@) 50
0 0
CNAMWSSOZZEOrONYTTILCC NI AYTONANCDSONCSTROTOTOT CeAPUSZOZZo O ONST T IO T IIRANAL NS IONS-202IO0FT0
e AR I R R A R L R E R gE&%%88%é55&&&&&&mE%%88£665§E6§ééggagéégggé
S gan SSSSsSSs fa) AgeCnQscaossoo OcWm We8==222=2sS0n2Jdqm0oN0NnAa==0 )
SpguU WO Nc R AAa280ul AR RaZZau g RuRrsnSeS s Sog guUte®ennnnnaonT M ooo AU R EEYES55nS2Ss
(‘/_) Lu Lu UJUJLUIULUUJLIJUJ UJUJLU LULULU mwm(‘l_)aam w Lu (DEJ.LI.J.LL.I:IJ.L.LI.LELU IIIII-III-IJIHJI EEEENI IIIIII(I,)I(/:IUzI
EDDA EDCHEDCRP EDQM $100 9 EDDA EDCHEDCRP EDQM S100
- E14-beak S100A9 | S100A10 | S100A11
5,000 — - - -
4,400 _qc, E16 1 0-39K 0-39K 0-95K
3800 b 1 11 = A I N SRy
’ [}]
2’600\\ Sb I i ! = E16_2 ‘l A — -_ A
fb - - — "
Q|E16_1 ‘ ‘
8 O O] o] m————"‘"‘
n|E16_2 ‘ ‘
— e el |
SShEaBAocr FEFEIERSREPaRTIa22FS255272235°2% 3§ —— | | 00 .
gacmu_,DmmomogggggzgB—l—lmmaaaoﬁﬁamoooma?—’eggggg 0 E14 2
5Ug O >03828580 e R _ a - A
EDDA HEDCRP EDQM S10





media/file5.jpg
SATB2.0E vs. Gt in Efé-feather a a
oo s 200000 s 3 00003 100 cnce

AR

@

®)

© ‘SATB2.0E vs. Cir in E6-scale ° CH






media/file3.jpg
@ [ Epitdermal difreiation complex: GRCsa_NC_06112_ Chr25: 2.000,000-3.300,000 (1300 kb) —
t - T

b s soon s

© @ ©
vz 23758002290 000 15 ¥0) Givas 3780003350000 150 b1

S AT i L N ]

(TR s N A P S [ o Py

A i Ve i o e






media/file1.jpg
@ [ Epiidormal ifroion complex: GRCSa NCO5112_Ch2s: 2000,000-3,390.000 (1300 ) q






media/file7.jpg
EDCH4 EDMTF4

El4-beak _E16-beak Eld-scale E16-scale Etd-feather E16-feather

a e Cl

=

| =
CPM of RNA-seq: [l >10000 li>1000 [ >100  >10

EDPE






media/file10.png
E14-beak E14-scale E14-feather
RCAS-SATB2 Control RCAS-SATB2 Control RCAS-SATB2
a’ ~Ib~ b* Ci

PD_ 7 - D=
3 -
i A SB

v

LA

EDPE EDQREP EDCH4 EDMTF4

¥ \?P o ,/"

FS

EDDM

\_ > m?"u./ 4

>10; ¥ down-regulated, — no change

CPM of RNA-seq: [Jll>10000, [l >1000, [1>100,





media/file12.png
E14 [ SATB2-RCAS +4 |

EDDM ¢ EDQCM
CRNN I* EDMTF4
LOR3 EDYM1 v
EDCH4 ¥ LOR3
EDCRP cluster EDGH
bWM EDCH cluster
S100 culster S100A94
b EDYM2 [ SATB2-RCAS +1 |

EoPs |y E16
EDQCM
EDDM EDP3 ]
EDNC epacm |t
EDDA cluster 4 ¥ LOR3

YM1 EDGH
LOR* EDQL
EDGH ¥ EDCRP cluster 4
EDCH cluster 4 EDCH5
EDCRP cluster ¥ EDQM cluster

EDCH1

S100 culster ¥ S100A9

Cc SATB2-mediated sub-clusters in
divergent regions

...El4-beak
/ EDCH
~E ¥6-feather ... E16-scale
¥
EDCH EDCRP, EDCRP
S100 EDQM

Potential enhancer-mediated genes

el: EDQREP or EDPE
e2: EDQCM

e4: EDMTF4 (EDDA cluster)
-LOR

e6: EDQL 2%
e7: EDKA or EDQM culster \\\ =

€ Potential enhancer-mediated genes
disrupted with SATB2 in feathers

e4. EDMTF4 (EDDA cluster)
e5: LOR3 4






media/file9.jpg
EDPE_ EDQREP EDCH4 EDMTF4

EDDM

Et4-beak

El4-scale Et4-feather

Conircl_RCASSATBZ _Gonirol RCASSATEZ Conrol RCASSATE2
i z

@ g ©
=%
5 0 3
L +
e N
i = -
T X
|
- = .
T e
|
o 5
| p o

>10;¥down-regulated, — no change





media/file0.png





media/file8.png
E14-beak E16-beak E14-scale E16-scale E14-feather E16-feather
PD ’ ‘ c, B?‘A’ FS

< > )
@ sc_~ g s - p > ¥
= N 2 ] 2 A
=| 7 4 S|
a s W s
<|d e
3 >
uQJ A

h
w
o ,,.vT_,ﬁ
a S| e

CPM of RNA-seq: il >10000 | >1000 | >100 >10





media/file11.jpg
a E14 [SATB2.RCAS++

Eoom ¢ epocm
GO 4 EOMTFS
LoRs EDYMI L
EDCHA ¥ iy
EDCAP clust oo
om " | Eoct st
S100 cuister ity

b eonez SATB2.RCAS 44
s |y Et6
€pacm
EDDM )
NG epacm |+
EDDAGuster 4 LoRs
e | EDGH
Lo* £paL
EDGH ¢ EDCRP cuser
EDCH custer encHs
EDCRP cluster ¢ EDQM cluster
EDwn ¢ EDCH1
S100 custer ¥ S10009

€ SATB2-mediated sub-clusters in

divergent regions Eta-boak
Y
mn>
.~ E16-feather ... E16-scale.
P n
EDCH EDCRP/ EDCRP

Wil 8w

d Potential enhancer-mediated genes

@ Potential enhancer-mediated genes.
disrupted with SATE2 in feathers

e2: EDQCM
‘o4: EDMTF4 (EDDA cluster)
5. LOA3 4

s b






media/file6.png
SATB2-OE vs. Ctrl in E14-feather

)

Chr25: 3,180,000-3,330,000 (GRCg6a

Chr25: 464,000-2,390,000

$100 sub-cluster

s
7]
El
Q
a
>
o
o
o
5}
a
w

SIOATS  S100ATE

L L

i
A4
A

EDMPNZ  EDMPN1

EDCRP

.

i L
Al ll
i

19F
o1

2sse

EteF
1

ElF
SaTB2 1
SATEZ 2

@)

b'

SATB2-OE vs. Ctrl in E16-feather

EDCH3

EDCH sub-cluster

EDCH4

EDNPN2 EDMPN1

EDCRP

EDCRP sub-cluster

EDCH?

g

A a

SaTE2 2

580 (1 1
w8

3

9y

.mm. { { A {
>

nM“mK

S

g8 {1
w ,

S5 (=
g

El

Qg

28 4
S8

H

o g |
gl ,
[=} -

2 3

SATB2-OE vs. Ctrl in E16-scale

%) sBueyoplo7Bo|

SATB2-OE vs. Ctrl in E14-beak

IR
3o

23 49 (¢
0

S
mmzli {19
YT e ey 5y
mm. { (= <«
CIF]

8 < 1<«
WE

Qg

%8l |
[ E— - ~
YOE5 25 o2 of

(d”)





