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Summary 
 

How overall principles of gene regulation (the "logic") may change during ontogeny is 

largely unexplored. We compared transcriptomic, epigenomic and topological profiles in 

embryonic (EryP) and adult (EryD) erythroblasts. Despite reduced chromatin accessibility 

compared to EryP, distal chromatin of EryD is enriched in H3K27ac, Gata1 and Myb occupancy. 

In contrast to EryP-specific genes, which exhibit promoter-centric regulation through Gata1, 

EryD-specific genes employ distal enhancers for long-range regulation through enhancer-

promoter looping, confirmed by Gata1 HiChIP. Genome editing demonstrated distal enhancers 

are required for gene expression in EryD but not in EryP. Applying a metric for enhancer-

dependence of transcription, we observed a progressive reliance on enhancer control with 

increasing age of ontogeny among diverse primary cells and tissues of mouse and human 

origin. Our findings highlight fundamental and conserved differences in regulatory logic at 

distinct developmental stages, characterized by simpler promoter-centric regulation in 

embryonic cells and combinatorial enhancer-driven control in adult cells. 
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Highlights 
 

• Regulation of embryonic-specific erythroid genes is promoter-centric through Gata1 

• Adult-specific control is combinatorial enhancer-driven and requires Myb 

• Adult specific genes have increased enhancer-promoter chromatin interactions 

• Enhancer-dependence increases progressively with increasing developmental age 
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Introduction 
 

Interactions between chromatin and nuclear regulatory factors establish gene expression 

programs during development (Long et al., 2016; Smale and Kadonaga, 2003). Whereas 

chromatin landscapes have been elucidated by genome-wide chromatin profiling methods in 

numerous adult cell types (Consortium, 2012; Kim et al., 2005), scant attention has been paid to 

embryonic cell types, other than embryonic stem (ES) cells. Whether the organization, or “logic”, 

of gene regulation differs between embryonic and adult type cells remains to be explored. We 

began by examining these issues in the context of functionally analogous blood cells of two 

different stages of ontogeny, and then extended our findings more broadly to other cell types. 

Primitive (EryP; also referred to as "embryonic") and definitive (EryD; also referred to as 

"adult") erythroid cells constitute distinct, temporally overlapping lineages with similar in vivo 

function (i.e. oxygen transport and delivery in the circulation), and provide a unique opportunity 

to explore chromatin state at two different stages of ontogeny. Prior molecular studies have 

identified master erythroid-lineage transcription factors (TFs)-- Gata1, Tal1 and Klf1-- and 

several adult-specific factors, namely Bcl11a, Sox6 and Myb (Cantor and Orkin, 2002; Mucenski 

et al., 1991; Palis, 2014; Sankaran et al., 2009; Xu et al., 2010). Whereas transcriptional 

mechanisms have been studied extensively in EryD cells, we are unaware of similar analyses in 

EryP cells, which arise in the yolk sac as a distinct lineage.  

EryP cells emerge in blood islands, and mature as a semi-synchronous cohort in the 

circulation. EryD cells, which are adult-type, are generated first within the fetal liver and later in 

the postnatal bone marrow (Orkin and Zon, 2008). Gata1 plays a central role in the regulation of 

erythroid-specific genes in both EryP and EryD lineages and is required for their differentiation 

(Fujiwara et al., 1996; Pevny et al., 1995). Gata1 collaborates with other critical TFs, including 
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Scl/Tal1, Ldb1, Fog1 and Lmo2 (Palis, 2014). Knockout of each of these genes leads to defects 

in EryP and EryD cells (Cantor et al., 2002; Cantor and Orkin, 2002; Mead et al., 2001; Palis, 

2014). In contrast, the loss of Myb, which is expressed selectively in definitive type cells, impairs 

proliferation and differentiation of EryD, sparing EryP cells (Mucenski et al., 1991). Given the 

different reliance of EyP and EryD cells on TFs for their development, we have asked whether 

these related, but distinct cell lineages in ontogeny differ in their fundamental regulatory 

organization and logic.   

To address this question, we isolated mouse EryP and EryD erythroblasts and 

characterized transcriptomes, chromatin accessibility, histone modifications, transcription factor 

(TF) occupancies, and 3D chromatin interactions. We observed that gene regulation in EryP is 

largely promoter-centric, whereas that in EryD was distal enhancer driven for activation. We 

hypothesized that these features reflect inherent differences between embryonic cells and more 

diverse, long-lived adult cell types. Analyses of available datasets of diverse mouse and human 

cells and tissues provided further support for the unexpected finding that regulatory logic 

changes with ontogeny. 
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Results 
 

EryP and EryD transcription correlates differently with distal chromatin 

accessibility 

CD71+/Ter119+ EryP and EryD cells were isolated by FACS from E10.5 embryonic 

peripheral blood and E13.5 fetal liver, respectively (Koulnis et al., 2011). We profiled 

transcriptomes, chromatin accessibility, histone modifications, TF occupancies and chromatin 

interactions (Fig. 1A). Identity of the respective cell populations was assessed by the 

expression of globin and TF genes characteristic of each lineage. RNA-seq and qRT-PCR 

confirmed expression of Hbb-y and Hbb-bh2 in E10.5 CD71+/Ter119+ EryP cells (Fig. S1A, 

S1B), and Hbb-b1 and Hbb-b2 in E13.5 CD71+/Ter119+ EryD cells (Fig. S1A, S1B). Gata1 and 

Tal1 were highly expressed in EryP and EryD cells, whereas Bcl11a was expressed only in 

EryD cells (Fig. S1A, S1C). Comparative analysis of transcriptomes revealed 943 EryP-specific 

and 1,689 EryD-specific genes using DESeq2 (Love et al., 2014) (log2(fold-change)>1, P-

value<0.01) (Fig. 1B). EryP-specific genes were modestly enriched with Gene Ontology (GO) 

terms associated with “metabolic process” (P=3.2E-5) and “pseudouridine synthesis” (P=4.0E-5), 

whereas EryD-specific expressed genes were significantly enriched in “cell cycle genes” 

(P=2.5E-12) and “erythrocyte development” (P=3.2E-8) (Fig. 1C). Consistent with the GO term 

“cell cycle genes” in EryD, human erythroid progenitors are produced at  2 million erythrocytes 

every second. 

Nucleosome eviction due to regulatory factor binding is regarded as a primary step in 

transcriptional activation (Boyle et al., 2008; Neph et al., 2012b; Shlyueva et al., 2014; Thurman 

et al., 2012). To explore chromatin structure at the genome-wide level, we examined chromatin 

accessibility in EryP and EryD by Assay for Transposase-Accessible Chromatin using 

sequencing (ATAC-seq) (Fig. 1D, 1F, Fig. S1E). ATAC-seq retained high reproducibility in 
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replicates (Fig. S1D, S1G). We assessed genome-wide differential accessibility between EryP 

and EryD using MAnorm (Huang et al., 2016; Shao et al., 2012; Xu et al., 2012) and observed 

13,838 EryP-specific (4,506 at proximal and 9,332 at distal regions) and 7,315 EryD-specific 

(1,726 at proximal and 5,589 at distal regions) accessible regions (Fig. 1D, Fig. S1F), indicative 

of greater overall accessibility of EryP chromatin at both proximal and distal regions. A number 

of regions, such as the β-globin locus, displayed a consistent trend in terms of chromatin 

accessibility and gene expression in EryP and EryD (Fig. S1G).  

To systematically assess the association between EryP- and EryD-specific accessible 

regions and differential gene expression, we introduced a computational metric, designated C-

score (Fig. S2A), which we adopted from the Genomic Regions Enrichment of Annotations Tool 

(GREAT) analysis (McLean et al., 2010). GREAT predicts functions of cis-regulatory regions by 

analyzing the annotations of the nearby genes. To calculate a C-score, we thereby assigned 

EryP-/EryD-specific accessible regions (ATAC-seq peaks) to candidate genes using the 

‘nearest neighbor gene’ approach (Huang et al., 2016; Xu et al., 2012). Then, the enrichment 

significance of a set of peak assigned EryP-/EryD-specific genes was assessed by using 

Fisher’s exact test, where -log10(P-value) was defined as the C-score (Fig. S2A left). Of note, 

C-scores increased as the association of accessible regions to specific expressed genes 

becomes greater. Within C-score analysis, EryP-/EryD-specific accessible regions, especially 

open proximal regions, were strongly correlated with EryP- and EryD-specific expressed genes 

(Fig. 1E), an observation consistent with the established association between chromatin 

accessibility and gene activation (Boyle et al., 2008; Neph et al., 2012b; Thurman et al., 2012). 

However, the C-score of distal accessible regions in EryD was greater than that in EryP (200 vs. 

88) (Fig. 1E right), although we observed similar or even fewer distal differentially accessible 

regions in EryD as compared to EryP (5,589 vs. 9,332) (Fig. 1D). The divergence in the 

observed association likely reflects intrinsic differences in chromatin states within EryP- and 
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EryD-specific distal accessible regions. Collectively, these data suggest that EryP- and EryD-

specific distal accessible regions contribute differently to stage-specific gene expression.  

EryD-specific transcription is distal enhancer-driven  

To evaluate whether the different association at distal regions in EryP and EryD relates 

to putative enhancer activity, we performed chromatin immunoprecipitation sequencing (ChIP-

seq) for H3K27ac and H3K4me1. ChIP-seq of histone marks retained high reproducibility (Fig. 

S1D, S1G). As expected, the genome-wide distributions of the histone marks were consistent 

with published results (Wang et al., 2008). H3K4me1 was dominant at distal regions (Fig. 1F, 

Fig.S1E). H3K27ac, representing active chromatin, distributed across both proximal and distal 

regions (Fig. 1F, Fig. S1E). Next, we identified 5,137 EryP-specific H3K27ac peaks, 7,164 

EryD-specific peaks and 11,234 shared peaks (Fig. 2A, Fig. S1E, Fig. S3A), and observed that 

the majority of cell-type-specific H3K27ac peaks was located at distal regions (Fig. 2A), which is 

consistent with the prevailing view that enhancers are more cell-type specific than promoters 

(Bulger and Groudine, 2010). Of note, while the numbers of cell-type specific H3K27ac peaks at 

proximal regions were comparable between EryD and EryP (1,652 vs. 1,841), we observed 

more cell-type specific distal H3K27ac peaks in EryD than in EryP (5,512 vs. 3,296) (Fig. 2A), 

suggesting that distal H3K27ac may be more correlated with expression in EryD. We further 

categorized the distal accessible regions based on H3K27ac peaks into two subgroups, active 

(with H3K27ac) or open only (without H3K27ac). Only a small fraction (22%) of EryP-specific 

distal accessible regions were active, which was similar to that in shared distal accessible 

regions (25%) (Fig. 2B, Fig. S3B). In contrast, the percentage was much greater (69%) in 

EryD-specific distal accessible regions (Fig. 2B). Besides, 81% of EryD-specific accessible 

regions in EryP were marked with H3K4me1 lacking H3K27ac (Fig. S3C). These findings 

suggest that EryD distal accessible regions are relatively enriched for more active chromatin, 

presumably reflecting distal active enhancers.   
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Distal enhancers are critical for tissue-specific gene expression patterns during lineage 

commitment. In total, we identified 2,087 EryP-specific, 4,986 EryD-specific and 3,258 shared 

active enhancers (Fig. 2C), which confirmed the greater overall number of H3K27ac peaks in 

EryD-specific distal regions. This relative difference became more extreme upon enumeration of 

"super-enhancers" (SEs), which were identified with the ROSE (Rank Ordering of Super-

Enhancers) algorithm (Loven et al., 2013; Whyte et al., 2013). As shown in Fig. 2D, the number 

of EryD-specific SEs greatly exceeded that in EryP. GREAT analysis of EryP- and EryD- shared 

enhancers indeed revealed that most GO terms were associated with red blood cell functions, 

such as “porphyrin-containing compound metabolic process” (P=1.3E-14) and “erythrocyte 

homeostasis” (P=2.0E-13) (Fig. S3D), suggesting shared enhancers reflect red blood cell 

identity (Chung et al., 2012; Palis, 2014). Next, we performed motif analysis in three active 

enhancer categories (EryP-specific, EryD-specific and shared), and identified 17 significantly 

enriched motifs (Fig. S3E). The most enriched motifs corresponded to master TFs (TAL1, 

GATA1 and NFE2) in both EryP and EryD (Fig. S3E), a finding consistent with established roles 

of Tal1 and Gata1 at both stages of ontogeny (Fujiwara et al., 1996; Pevny et al., 1995; Porcher 

et al., 1996; Shivdasani et al., 1995) and the function of NFE2 in regulation of globin gene 

transcription (Shivdasani and Orkin, 1995). 

We focused on EryP-/EryD-specific enhancers and performed the C-score analysis. We 

observed strong association between EryD-specific active enhancers and EryD-specific 

expressed genes, but weak association in EryP cells (Fig. 2E). To exclude false positives, we 

validated C-score analysis using different mapping approaches and alternative scoring metric 

(Fig. S2A, Methods). As shown in Fig. S2A-S2D, approaches of “multiple genes mapping” and 

“various mapping distance” achieved consistent C-score patterns as compared with the initial C-

score analysis (Fig. S2B-S2D, Fig. 2E, Methods). Binomial test, which was used in GREAT 

analysis to assess functional significance of cis-regulatory elements across the entire genome 
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(McLean et al., 2010), was adopted as an alternative scoring metric and -log10(Binomial P-

value) was termed as GREAT score (G-score) (Fig. S2A right). In agreement with C-score 

analysis with EryP-/EryD-specific enhancers (Fig. 2E), we observed higher G-score in EryD-

specific active enhancers and EryD-specific expressed genes than in EryP-specific enhancers 

and EryP-specific genes (Fig. S2E). These results indicate that conclusions derived from C-

score analysis are reliable, and relatively insensitive to varying the above parameters. Taken 

together, these data suggest that transcription of EryD-specific genes is largely under the 

control of putative distal enhancers, whereas EryP-specific genes are more reliant on proximal 

elements. 

Gata1 controls EryP-specific gene transcription through proximal elements 

To explore how master TFs and distinctive chromatin structures coordinately regulate 

transcription, we performed ChIP-seq analyses of Gata1 and Tal1 in both EryP and EryD (Fig. 

1F). The total number of Tal1 lineage-specific peaks and their genomic distribution patterns 

were similar in EryP and EryD (Fig. 3A, Fig. S3A), and the majority of Tal1 peaks (>90%) 

resided at distal regions (Fig. 3A). EryD-specific Tal1 peaks were highly associated with EryD-

specific expressed genes, whereas EryP-specific Tal1 peaks were weakly associated with EryP-

specific expressed genes (Fig. 3B, Fig. S4B). This observation is consistent with higher 

enhancer-dependence of transcription in EryD than that in EryP (Fig. 2E). In contrast to Tal1, 

Gata1 occupancy at distal regions was significantly greater in EryD than EryP (89% versus 

57%), despite a comparable overall number of Gata1 peaks (Fig. 3C, Fig. S3C). In marked 

contrast, 43% Gata1 peaks in EryP were located in proximal regions (Fig. 3C), indicative of 

greater proximal Gata1 binding. We also observed strong association between EryP-specific 

Gata1 peaks and EryP-specific expressed genes (Fig. 3D), as contrasted with the pattern for 

Tal1 (Fig. 3B). In particular, we observed that EryP-specific expressed genes were more 

enriched in EryP-specific Gata1 proximal peaks, whereas EryD-specific expressed genes were 
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more enriched in EryD-specific Gata1 distal peaks (Fig. 3E). Consistent C-score patterns were 

also observed using different mapping approaches and alternative scoring metric in the C-score 

validation with Gata1 distal and proximal peaks (Fig. S2F-S2I). These data suggest that Gata1 

regulates transcription in EryP predominantly through proximal regions. Upon comparison of 

Gata1 with H3K27ac profiles, we observed that Gata1 occupancy indeed co-localized with 

H3K27ac in both EryP and EryD (Fig. 3G). Taken together, we speculate that EryP-specific 

genes are regulated principally through Gata1 occupancy at proximal regions, whereas 

activation of EryD-specific genes is controlled largely by distal enhancers.  

Myb mediates enhancer activation and Gata1 distal occupancy in EryD  

We next sought to identify TFs that mediate EryD-specific enhancer activity and the 

distal distribution of Gata1 occupancy. Motif enrichment analysis in EryP-specific and EryD-

specific enhancers suggested putative EryD-specific factors (Fig. S3E). We ranked TF motifs 

according to their relative enrichment in EryP-/EryD-specific enhancers, as well as expression of 

the cognate TFs in EryP and EryD (Fig. 3F). We found that Myb motif is more enriched in EryD-

specific enhancers (Fig. 3F) and Myb is also specifically expressed in EryD (Fig. 3F). Previous 

work demonstrated that the loss of Myb impairs proliferation and differentiation of EryD 

(Mucenski et al., 1991), and the transcriptional coactivator CBP/p300, acetylating H3K27 (Tie et 

al., 2009), interacts with Myb through its KIX domain (Dai et al., 1996). In EryD cells, point 

mutation of the KIX domain phenocopies Myb loss (Kasper et al., 2002; Parker et al., 1999). Co-

occupancy of Myb and CBP/p300 was also observed at super enhancers in T-cell acute 

lymphoblastic leukemia cells (Mansour et al., 2014). Moreover, expression of p300 is higher in 

EryD than EryP (Fig. S4D). Therefore, we hypothesized that interaction of Myb and p300 may 

mediate activation of EryD-specific enhancers and promote Gata1 distal occupancy. To this 

end, we performed ChIP-seq of Myb and p300 in E13.5 fetal liver cells (Fig. S4E). Due to poor 

reproducibility with available p300 antibodies, we performed ChIP-seq with cells harvested from 
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birA-expressing mice in which FLAG and bio epitopes were knocked into the C-terminus of the 

endogenous p300 allele (Zhou et al., 2017). Consistent with this hypothesis, Myb bound 

exclusively to distal regions and co-occupied with Gata1 in EryD, and the occupancy of p300 

and Myb was highly co-localized with EryD-specific Gata1-bound enhancers (Fig. 3G, 3H) (P-

value<2.2E-16). In addition, we examined effects of Myb loss of function. Since fetal 

erythropoiesis fails to occur in Myb null mice (Mucenski et al., 1991), we attenuated Myb 

expression in mouse erythroleukemia (MEL) cells with Doxycycline (Dox)-inducible shRNA 

directed to Myb or a control shRNA. Of note, MEL cells showed comparable chromatin 

landscape profiles as EryD (Fig. 3G, S4F). As shown in Fig. 3I. 3J, shRNA targeting of Myb 

decreased overall Gata1 binding and H3K27ac at EryD-specific Gata1 occupied distal regions 

(Fig. 3I, 3J, Fig. S4G). Taken together, these findings provide evidence that Myb is essential for 

EryD-specific enhancer activation and Gata1 occupancy at accessible distal regions. 

Gata1 HiChIP reveals increased enhancer-promoter interactions in EryD  

ChIPseq analysis suggested striking differences in the chromatin landscapes of EryP 

and EryD, highlighted by elevated active enhancers at the EryD stage. We hypothesized that 

these findings reflect fundamental changes in the 3D chromatin organization. Thus, we 

examined enhancer-promoter (E-P) interactions as a functional readout of the distal enhancers 

and their association with gene expression in EryP and EryD cells by use of HiChIP (Mumbach 

et al., 2016; Mumbach et al., 2017). We performed Gata1 HiChIP to in EryP and EryD cells (Fig. 

S5A). Interaction matrices of EryP and EryD at progressively higher resolution revealed 

chromatin domains (Fig. 4A), as previously reported in high-resolution HiChIP analyses of other 

cell lines (Mumbach et al., 2017). Notably, Gata1 HiChIP in EryD exhibited more evident 

chromatin interactions than in EryP at 5-kb resolution (Fig. 4A), as well as a larger number of 

loops when zoomed in on a 400-kb loci (Fig. 4B). Overall, Gata1 HiChIP revealed 39,200 loops 

in EryP and 71,918 loops in EryD (Fig. 4C). We next characterized enhancer-promoter 
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interactions of EryP-/EryD-specific genes in EryP and EryD cells by examining reads distribution 

within ±100 kb window from promoters. In contrast to sporadic enhancer-promoter interactions 

of EryP-specific genes in both EryP and EryD cells (Fig. 4D left), promoters of EryD-specific 

genes exhibited frequent interactions with surrounding enhancers in EryD cells, as compared 

with EryP cells (Fig. 4D right). In addition, we counted enhancer-promoter loops of EryP-/EryD- 

specific genes in EryP and EryD cells. Enhancer-promoter loops of EryP-specific genes did not 

reveal obvious differences between EryP and EryD (P=0.47), whereas enhancer-promoter loops 

of EryD-specific genes were significantly greater in number in EryD cells (P<0.01) (Fig. 4E, Fig. 

S5C, S5D). For example, in EryD-specific expressed loci (Mgll and Abtb1) (Fig. S5B), more 

enhancer-promoter loops were observed in EryD than in EryP (Fig. 4B). These observations 

provide additional evidence that EryP-specific gene activation employs promoter-centric 

regulatory logic, in which long-range enhance-promoter looping is not a prominent feature, 

whereas EryD-specific gene expression depends more heavily on enhancer-driven logic, in 

which frequent enhancer-promoter looping is observed. To test if enhancer contribution is 

greater overall in EryD cells, we counted enhancer-promoter loops in EryP- and EryD- common 

expressed genes (Methods), and observed that enhancer-promoter loops of common 

expressed genes in EryD cells were significantly greater in number in EryD cells than in EryP 

cells (P<0.01) (Fig. 4E, Fig. S5C, S5D). Taken together, these observations indicate that 

increased long-range interactions are associated with EryD-specific active enhancers  

CRISPR/Cas9 genomic editing confirms putative enhancer-driven logic in EryD 

We next disrupted specific enhancers to interrogate their requirement for gene 

expression in EryP and EryD cells. We focused on two EryD specific distal enhancers occupied 

by Gata1 (Fig. 4F, 4I): enhancer 1, or E1 (chr12: 111517811-111518523) in Trmo, Hemgn, 

Anp32b and Nans locus, and enhancer 2, or E2 (chr4: 46410632-46411247) in Tnfaip2 and Eif5 

locus. Trmo, Nans and Tnfaip2 are EryD-specific genes, whereas Hemgn, Anp32b and Eif5 are 
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EryP-/EryD common expressed genes (Fig. S5E, S5F). We then applied Gata1 HiChIP to 

examine the 3D enhancer landscapes of the loci using virtual 4C (v4C) analysis (Mumbach et 

al., 2017). Here, we set the genomic position of a given enhancer as an anchor point 

(highlighted in yellow in Fig. 4F and 4I) and visualized all interaction reads occurring with that 

anchor.  As shown in the top two tracks (Fig. 4F), interaction reads between E1 and the Hemgn 

promoter (highlighted in grey) were greater in EryD cells than in EryP cells (27.2 in EryD vs. 

19.7 in EryP at Hemgn promoter, and 22.2 in EryD vs. 8.7 in EryP at E1). Consistently, 

interaction reads between E2 and Tnfaip2 promoter were greater in EryD than in EryP (15.5 in 

EryD vs. 1.8 in EryP at Tnfaip2 promoter, and 25.6 in EryD vs. 5.6 in EryP at E2) (Fig. 4I).  

To evaluate enhancer contribution in EryD cells, we performed CRISPR/Cas9 in 

definitive stage (EryD) MEL cells (Ganguly and Skoultchi, 1985; Sheffery et al., 1984) using 

paired guide RNAs (sgRNAs) targeting 5’ and 3’ flanking regions of E1. The deletion size of the 

enhancer was refined by Gata1 ChIP-seq peaks (Fig. 4F, 4I, Fig. S5J). Transcripts of 4 genes 

in the E1 locus were examined in day 5 differentiated WT and ΔE1 MEL cells. Hemgn 

expression was profoundly reduced in the absence of the E1 enhancer (Fig. 4G). Additionally, 

Trmo transcripts were also significantly reduced in ΔE1 MEL cells (Fig. 4G). To evaluate 

enhancer contribution in EryP cells, we utilized mouse embryonic stem cells (mESCs) (Choi et 

al., 1998; Fraser et al., 2007; Zhang et al., 2003), as no primitive-stage erythroid cell lines are 

available. mESCs were differentiated into erythroblasts in vitro (Fig. S5G, Methods), and 

CD71+/Ter119+ cells were isolated by FACS for qRT-PCR analysis (Fraser et al., 2007)(Fig. 

S5G, S5H). Gene expression of Hbb-b1, Hbb-bh1, and Hbb-by in mESC-derived 

CD71+/Ter119+ cells indicated their primitive-stage origin (Fig. S5I) (Choi et al., 1998; Ganguly 

et al., 1985; Kingsley et al., 2013). In contrast to MEL cells, Hemgn and Trmo expression was 

maintained in enhancer deleted mESC-derived CD71+/Ter119+ cells (Fig. 4H). Of note, Hemgn 

is a EryP-/EryD-common expressed gene (Fig. 4F, Fig. S5E).  Next, we used a similar strategy 
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to validate E2 in MEL cells and mESC-derived CD71+/Ter119+ cells. Expression of Tnfaip2 was 

markedly down-regulated in E2 deleted MEL cells (Fig. 4J), whereas Tnfaip2 expression was 

unaffected in E2 deleted mESC-derived CD71+/Ter119+ cells (Fig. 4K). These findings provide 

clear evidence that distal enhancers are required for target gene expression at these loci in 

EryD, but not in EryP cells.   

Gene regulatory logic differ in EryP and EryD erythroblasts 

The above analyses identified several features that distinguish EryP and EryD gene 

activation. We integrated data from ATAC-seq, ChIP-seq and RNA-seq and constructed gene 

regulatory association networks to present a coherent view of the differences between primitive 

and definitive red cell lineages (Fig. 5A). As depicted in Fig. 5A, the relative contribution of 

each feature (chromatin accessibility, TFs occupancy, and histone marks) to gene activation 

was assessed, and two gene activation modules (proximal and distal) have been identified for 

EryP and EryD, respectively. Proximal Gata1 peaks, co-localizing with ATAC-seq peaks, 

characterize EryP-specific gene expression (Fig. 5A). In contrast, a distal core-regulatory 

module in EryD, comprising multiple interactions of Gata1, H3K27ac and Myb, contributes to 

EryD-specific gene expression (Fig. 5A). Thus, EryP-specific gene expression is largely 

promoter-centric, whereas that in EryD cells reflects greater contribution of distal enhancers for 

gene activation (Fig. 5A). 

Taken together, genomic enhancer-promoter interaction studies and loss-of-function 

studies of selected enhancers further revealed a predominantly distal enhancer-driven 

regulatory logic in EryD, in contrast to promoter-centric regulatory logic in EryP (Fig. 5B). 

Promoter-centric regulatory logic in EryP is controlled principally through proximal Gata1, 

whereas distal enhancer-driven activation in EryD involves Myb and extensive enhancer-

promoter interactions (Fig. 5B).  
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Enhancer-driven regulatory logic correlates with development in mouse tissues  

To explore whether our findings in primitive and definitive erythroid lineages are broadly 

relevant, we systematically evaluated the relative contribution of enhancer activities to gene 

regulation at different developmental stages by analyzing large-scale datasets generated by the 

mouse ENCODE consortium (Consortium, 2012) (Fig. 6A, 6B, Methods), using the C-score 

analysis described above. For these datasets, multiple embryonic tissues, including heart, limb, 

liver and neural systems, were collected anatomically, and the age was annotated as the 

number of days post coitum from E10.5 to E16.5 (Fig. 6B). In 42 qualified samples, we defined 

cell-type-specific genes (500 per cell type), in which the cell-type-specificity was calculated as 

the fold-enrichment of gene expression compared with the average of gene expression across 

all samples. The same strategy had been applied to define cell-type-specific enhancers (5000 

per cell type), based on H3K27ac ChIP-seq signal. For each sample, the C-score was 

calculated by comparing the association between the sample-specific genes and sample-

specific enhancers, as described above (Fig. 6A, 6C). As an additional control, we also applied 

the same method to evaluate the contribution of the enhancers specific to one sample to the 

expression pattern of a different sample. As expected, such cross-sample C-scores tend to 

have much lower values, especially if the samples are of different origins  (Fig. 6C, Fig. S6A). 

The samples from same tissues or related tissues shown obvious modules in C-score matrix 

(Fig. 6C, Fig. S6A), indicating that C-scores reflect organ/tissue identity. Within each tissue, we 

observed a trend of increasing C-score within a given sample (diagonal values), correlating with 

progressively increased developmental age (Fig. 6C). To provide a statistical analysis of C-

scores across developmental ages, we assigned samples of each tissue into three stages, 

“Early”, “Middle” and “Late”, based on their annotated information and dataset availability (Fig. 

6B, Methods). In general, C-scores progressively increased with developmental age (Fig. 6D), 

and C-scores in the “Late” group were significantly higher than those in the “Early” group (Fig. 

6D). Thus, progressive reliance of cell-specific gene expression on distal enhancers with 
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developmental age apapears to be conserved during mouse development, in agreement with 

our findings in the erythroid lineages. 

Enhancer-driven regulatory logic correlates with ontogeny in human cells  

In order to provide an independent test of our hypothesis, we interrogated datasets of 48 

diverse human cell types for which H3K27ac ChIP-seq and RNA-seq data are available from the 

NIH Roadmap project (Bernstein et al., 2010). The same analytical methods used to evaluate 

ENCODE datasets were applied to Roadmap datasets to define cell-type-specific genes and 

cell-type enhancers. Then, we performed C-score analysis and observed that the C-scores 

calculated within one cell type (diagonal values) were much higher than those across cell types 

(non-diagonal values) (Fig. 6E, Fig. S6B), consistent with the concept of tissue-specific 

enhancers (Andersson et al., 2014). Cell types were classified into three groups according to 

their developmental stage. An “Embryonic” group includes 9 ES cell lines (ESCs) or ES-derived 

cells. A “Fetal” group contains 8 primary cell types with annotation of fetal stage and up to 1 

year old. An “Adult” group is comprised of 31 adult cell types isolated or derived from adult 

tissues (Fig. S6B). We observed that C-scores in the “Embryonic” group closely approximated 

that in EryP cells (Fig. 6F), whereas the overall correlation scores for the “Fetal” and “Adult” 

groups were significantly higher than those in the “Embryonic” group (Fig. 6F). Moreover, 

correlation scores increased progressively with developmental age (Fig. 6F). In addition, we 

performed the validation C-scores analysis for 48 human cell types (Fig. S2A), and observed 

that the pattern of C-score values among “Embryonic”, “Fetal” and “Adult” were consistent in all 

analyses (Fig. S2K, S2L, S2M, S2N, Fig. 6F). Recent studies suggest that disease-associated 

DNA sequence variation occurs largely in enhancers (Consortium, 2012; Hnisz et al., 2013). We 

next investigated the extent to which disease-associated SNPs occur in cell-type-specific 

enhancers in the three groups, and observed that “Adult” enhancers are highly enriched in 

GWAS SNPs (Fig. 6G). In addition, we focused on a subset of cell-type-specific enhancers, of 
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which nearby associated genes were also cell-type-specific expressed in C-score analyses (Fig. 

S2A), termed as “C-score-related enhancers”. “C-score-related enhancers” were more strongly 

enriched with SNPs than cell-type-specific enhancers in the adult group (Fig. 6G), implying that 

variants might be associated with gene regulation and diseases. Among SNPs lying within C-

score-related enhancers, rs755109 (chr9:100,696,202) (Lowe et al., 2009) is annotated to a 

cell-type-specific enhancer (chr9:100,695,253-100,696,742) and its nearby cell-type-specific 

expressed HEMGN in K562 cells and mobilized adult CD34+ primary cells. Using the lift-over 

tool of UCSC Genome Browser, we identified its conserved sequences, which coincidently 

overlapped the E1 enhancer (Fig. 4F).  CRISPR/Cas9-mediated deletion of E1 led to decreased 

expression of Hemgn in mouse MEL cells but not in mESCs (Fig. 4F, 4G and 4I). Taken 

together, these observations provide persuasive evidence that distinct contributions of 

promoter-centric and more combinatorial enhancer-driven regulation at embryonic and adult 

stages, respectively, represent a conserved theme through ontogeny.  
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Discussion 
 

Through comparative genome-wide analyses of embryonic and adult red cell lineages, 

we made the unanticipated observation that the dependence of cell-specific gene expression on 

distal enhancers increases with developmental stage. Embryonic erythroid gene expression is 

largely promoter-centric, whereas distal enhancers dominate regulatory control in adult-type 

cells. As these conclusions were largely inferred from the integration of cell-specific gene 

expression, chromatin accessibility, transcription factor binding, and active histone marks (e.g. 

H3K27ac), we employed HiChIP of the master erythroid transcription factor GATA1 and 

CRISPR/Cas9-mediated deletion of selected enhancers to test predictions from our initial 

conclusions. Indeed, we observed increased enhancer-promoter interactions in adult erythroid 

cells as compared with embryonic erythroid cells, and demonstrated a requirement for distal 

enhancers in adult, but not embryonic, cells. Taken together, our findings reveal that the extent 

to which gene expression relies on distal enhancers is not constant in development. As the vast 

majority of genome-wide analyses have focused on adult type cells, in which distal enhancers 

dominate transcriptional programs, our observations were unexpected. 

Gene regulatory logic reflects the occupancy of cis-elements by transcription factors and 

the configuration of promoters and enhancers. Promoters, immediately upstream of 

transcriptional start sites, initiate transcription, whereas enhancers, located farther from genes, 

activate transcription through long-range looping, which has been revealed by ChIA-PET, HI-C 

and super-resolution microscopy (Krijger et al., 2016; Li et al., 2012; Schoenfelder and Fraser, 

2019; Stadhouders et al., 2019). Tissue-specific enhancers, which ultimately determine tissue 

identity (Andersson et al., 2014), may reside at great distances (>1MB) from the gene body, and 

be brought in close proximity to promoters by looping (Schoenfelder and Fraser, 2019; 

Stadhouders et al., 2019). A distinguishing feature of our proposed regulatory networks of EryP 

and EryD is the relative contribution of proximal promoter-centric versus combinatorial enhancer 
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control (Fig. 5). To ask whether our findings are relevant beyond the blood lineages we have 

studied, we performed computational analyses of available datasets of mouse and human origin 

encompassing tissues and cells of defined developmental age. In both species we observed 

progressive dependence of cell-specific gene expression on distal enhancers with 

developmental age (Fig. 6D, 6F). Thus, we have uncovered a conserved theme in 

development: regulatory logic is not invariant but instead changes in a progressive fashion to 

depend increasingly on distal enhancers.   

Long-range communication between enhancers and promoters underlies complex gene 

regulatory networks (Bompadre and Andrey, 2019; Schoenfelder and Fraser, 2019; 

Stadhouders et al., 2019). Recent studies have shown that chromatin organization is 

reconfigured during stem cell differentiation and somatic cell reprogramming (de Laat and 

Duboule, 2013; Dixon et al., 2015; Krijger et al., 2016; Rao et al., 2014), suggesting stage 

specific chromating configuration instructs regulatory logic. Embryonic red cells represent a 

transient lineage, which is replaced by definitive red cells (adult lineage) that sustain the 

individual throughout life (Palis, 2014). Consistent with these notions, Gata1 HiChIP revealed a 

far greater number of enhancer-promoter loops of in EryD, as compared to embryonic EryP 

cells. Disruption, inversion or insertion of enhancers can perturb tissue-specific chromatin 

architecture and lead to inappropriate expression of target gene (Kragesteen et al., 2019; 

Kragesteen et al., 2018; Loven et al., 2013; Schuijers et al., 2018; Tickle and Towers, 2017; 

Williamson et al., 2016). Here, CRISPR/Cas9 mediated deletion of selected enhancers resulted 

in a striking decrease in target gene expression in adult stage MEL cells, but not in mESC-

derived erythroblasts (Fig. 4G, 4H, 4J, 4K), suggesting the dependence of enhancers in 

mediating enhancer-promoter configuration is developmental age specific. The greater 

involvement of enhancers in long-range regulation in EryD requires activation of distal 

enhancers. We identified Myb as an EryD-specific regulator which exclusively bound to EryD-
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specific distal enhancers (Fig. 3G-H). Loss of Myb decreased overall H3K27ac deposition and 

Gata1 occupancy within these distal enhancer regions (Fig. 3I-J), suggesting that Myb is 

essential for EryD-specific distal enhancer activation. These observations imply that enhancer-

promoter configuration is developmental age specific, involving specific transcription factors and 

enhancer activation. 

The more dominant role of distal enhancers in adult differentiated cells may reflect their 

greater need to respond to complex and changing environmental cues, including cell-cell 

interactions, cytokines, soluble factors, and mechanic forces that trigger signal transduction to 

the nucleus (Schoenfelder and Fraser, 2019; Stadhouders et al., 2019). The shift of regulatory 

logic from promoter-centric in embryonic cells to enhancer-dependent in adult cells mirrors 

increased complexity of pathways and extracellular niches in the adult stage (Heinz et al., 

2015). In contrast, the embryonic extracellular environment changes dynamically, for example at 

the onset of cardiac contractility at E9.0-E9.5 in the mouse embryo (Chen et al., 2014; Ji et al., 

2003). Whatever the teleologic basis, promoter-centric regulation in embryonic cells and greater 

enhancer-dependent control in adult cells, respectively, constitute a previously unrecognized 

theme in network organization. The greater involvement of distal enhancers in adult lineages is 

relevant to human diseases, as the vast majority of disease-associated variations occur within 

non-coding genomic sequences (Consortium, 2012; Hnisz et al., 2013). Further in-depth 

genome-wide studies, including programmable 3D genome rewiring, may provide additional 

insights into the regulatory logic employed at different stages of ontogeny. 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


22 
 

Acknowledgments 
 

We thank Dr. Jennifer Trowbridge at The Jackson Laboratory for assistance with ATAC-

seq. We are grateful to Nicole Flanagan from the Center for Cancer Computational Biology 

sequencing facility, John Daley from the Flow Cytometry facility at DFCI, and Xiaoji Wu from 

HHMI sequencing facility, for technical help. We thank Drs. Partha Pratim Das, Sidinh Luc, Hye 

Ji Cha and Yan Kai for helpful discussions. Research was supported by funding from a NIH 

Cooperative Centers of Excellence in Hematology award (5U54DK11805) to S.H.O., NIH grants 

R01HL119099 and R01HG009663 to G.C.Y. and S.H.O., and the National Natural Science 

Foundation of China 31871317 to J.H.  S.H.O. is an Investigator of the Howard Hughes Medical 

Institute.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


23 
 

Author contributions 
 

S.H.O. and G.C.Y. supervised this study. S.H.O., G.C.Y., W.C., and J.H. designed this 

study. W.C. and J.H. performed cell sorting, RNA-seq, ChIP-seq, and ATAC-seq. J.H., W.C., 

Z.Y., D.H. and P.R. performed computational analysis. W.C. and B.E.L. designed and 

performed Gata1 HiChIP. Q.Z. conducted HiChIP computational analysis. P.Z. designed and 

performed p300fb bioChIP. W.C., M.N., and Y.F. performed experiments with embryos related 

work. W.C. and D.S. designed and conducted CRISPR/Cas9 genome editing in MEL cells and 

mESCs. J.X., H.X., and W.T.P. conceptually and technically provided feedbacks and helps. 

W.C., J.H., S.H.O. and G.C.Y. interpreted the results, and prepared manuscript with input from 

all authors.  

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


24 
 

Declaration of Interests 
 

The authors declare no competing interests. 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


25 
 

References 
 
Andersson, R., Gebhard, C., Miguel-Escalada, I., Hoof, I., Bornholdt, J., Boyd, M., Chen, Y., 
Zhao, X., Schmidl, C., Suzuki, T., et al. (2014). An atlas of active enhancers across human cell 
types and tissues. Nature 507, 455-461. 
Bauer, D.E., Canver, M.C., and Orkin, S.H. (2015). Generation of genomic deletions in 
mammalian cell lines via CRISPR/Cas9. Journal of visualized experiments : JoVE, e52118. 
Bernstein, B.E., Stamatoyannopoulos, J.A., Costello, J.F., Ren, B., Milosavljevic, A., Meissner, 
A., Kellis, M., Marra, M.A., Beaudet, A.L., Ecker, J.R., et al. (2010). The NIH Roadmap 
Epigenomics Mapping Consortium. Nature biotechnology 28, 1045-1048. 
Bompadre, O., and Andrey, G. (2019). Chromatin topology in development and disease. Curr 
Opin Genet Dev 55, 32-38. 
Boyle, A.P., Davis, S., Shulha, H.P., Meltzer, P., Margulies, E.H., Weng, Z., Furey, T.S., and 
Crawford, G.E. (2008). High-resolution mapping and characterization of open chromatin across 
the genome. Cell 132, 311-322. 
Buenrostro, J.D., Giresi, P.G., Zaba, L.C., Chang, H.Y., and Greenleaf, W.J. (2013). 
Transposition of native chromatin for fast and sensitive epigenomic profiling of open chromatin, 
DNA-binding proteins and nucleosome position. Nature methods 10, 1213-1218. 
Buenrostro, J.D., Wu, B., Litzenburger, U.M., Ruff, D., Gonzales, M.L., Snyder, M.P., Chang, 
H.Y., and Greenleaf, W.J. (2015). Single-cell chromatin accessibility reveals principles of 
regulatory variation. Nature 523, 486-490. 
Bulger, M., and Groudine, M. (2010). Enhancers: the abundance and function of regulatory 
sequences beyond promoters. Developmental biology 339, 250-257. 
Cai, W., Albini, S., Wei, K., Willems, E., Guzzo, R.M., Tsuda, M., Giordani, L., Spiering, S., 
Kurian, L., Yeo, G.W., et al. (2013). Coordinate Nodal and BMP inhibition directs Baf60c-
dependent cardiomyocyte commitment. Genes & development 27, 2332-2344. 
Cai, W., Guzzo, R.M., Wei, K., Willems, E., Davidovics, H., and Mercola, M. (2012). A Nodal-
to-TGFbeta cascade exerts biphasic control over cardiopoiesis. Circ Res 111, 876-881. 
Cantor, A.B., Katz, S.G., and Orkin, S.H. (2002). Distinct domains of the GATA-1 cofactor 
FOG-1 differentially influence erythroid versus megakaryocytic maturation. Molecular and 
cellular biology 22, 4268-4279. 
Cantor, A.B., and Orkin, S.H. (2002). Transcriptional regulation of erythropoiesis: an affair 
involving multiple partners. Oncogene 21, 3368-3376. 
Carotta, S., Pilat, S., Mairhofer, A., Schmidt, U., Dolznig, H., Steinlein, P., and Beug, H. (2004). 
Directed differentiation and mass cultivation of pure erythroid progenitors from mouse 
embryonic stem cells. Blood 104, 1873-1880. 
Chen, C.M., Miranda, A.M., Bub, G., and Srinivas, S. (2014). Detecting cardiac contractile 
activity in the early mouse embryo using multiple modalities. Front Physiol 5, 508. 
Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J.C., and Keller, G. (1998). A common 
precursor for hematopoietic and endothelial cells. Development 125, 725-732. 
Chung, J., Chen, C., and Paw, B.H. (2012). Heme metabolism and erythropoiesis. Curr Opin 
Hematol 19, 156-162. 
Consortium, T.E.P. (2012). An integrated encyclopedia of DNA elements in the human genome. 
Nature 489, 57-74. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


26 
 

Dai, P., Akimaru, H., Tanaka, Y., Hou, D.X., Yasukawa, T., Kanei-Ishii, C., Takahashi, T., and 
Ishii, S. (1996). CBP as a transcriptional coactivator of c-Myb. Genes & development 10, 528-
540. 
de Laat, W., and Duboule, D. (2013). Topology of mammalian developmental enhancers and 
their regulatory landscapes. Nature 502, 499-506. 
Dixon, J.R., Jung, I., Selvaraj, S., Shen, Y., Antosiewicz-Bourget, J.E., Lee, A.Y., Ye, Z., Kim, 
A., Rajagopal, N., Xie, W., et al. (2015). Chromatin architecture reorganization during stem cell 
differentiation. Nature 518, 331-336. 
Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, 
M., and Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 
15-21. 
Durand, N.C., Robinson, J.T., Shamim, M.S., Machol, I., Mesirov, J.P., Lander, E.S., and Aiden, 
E.L. (2016a). Juicebox Provides a Visualization System for Hi-C Contact Maps with Unlimited 
Zoom. Cell Syst 3, 99-101. 
Durand, N.C., Shamim, M.S., Machol, I., Rao, S.S., Huntley, M.H., Lander, E.S., and Aiden, 
E.L. (2016b). Juicer Provides a One-Click System for Analyzing Loop-Resolution Hi-C 
Experiments. Cell Syst 3, 95-98. 
Ema, M., Takahashi, S., and Rossant, J. (2006). Deletion of the selection cassette, but not cis-
acting elements, in targeted Flk1-lacZ allele reveals Flk1 expression in multipotent mesodermal 
progenitors. Blood 107, 111-117. 
Fraser, S.T., Isern, J., and Baron, M.H. (2007). Maturation and enucleation of primitive 
erythroblasts during mouse embryogenesis is accompanied by changes in cell-surface antigen 
expression. Blood 109, 343-352. 
Fujiwara, Y., Browne, C.P., Cunniff, K., Goff, S.C., and Orkin, S.H. (1996). Arrested 
development of embryonic red cell precursors in mouse embryos lacking transcription factor 
GATA-1. Proceedings of the National Academy of Sciences of the United States of America 93, 
12355-12358. 
Ganguly, N.K., Kumar, B., Kaur, S., Vaishnavi, C., and Chakravarti, R.N. (1985). Influence of 
levamisole on lymphocytes and M. leprae in mice. Indian J Lepr 57, 27-36. 
Ganguly, S., and Skoultchi, A.I. (1985). Absolute rates of globin gene transcription and mRNA 
formation during differentiation of cultured mouse erythroleukemia cells. J Biol Chem 260, 
12167-12173. 
Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y.C., Laslo, P., Cheng, J.X., Murre, C., 
Singh, H., and Glass, C.K. (2010). Simple combinations of lineage-determining transcription 
factors prime cis-regulatory elements required for macrophage and B cell identities. Molecular 
cell 38, 576-589. 
Heinz, S., Romanoski, C.E., Benner, C., and Glass, C.K. (2015). The selection and function of 
cell type-specific enhancers. Nature reviews Molecular cell biology 16, 144-154. 
Hnisz, D., Abraham, B.J., Lee, T.I., Lau, A., Saint-Andre, V., Sigova, A.A., Hoke, H.A., and 
Young, R.A. (2013). Super-enhancers in the control of cell identity and disease. Cell 155, 934-
947. 
Huang, J., Liu, X., Li, D., Shao, Z., Cao, H., Zhang, Y., Trompouki, E., Bowman, T.V., Zon, 
L.I., Yuan, G.C., et al. (2016). Dynamic Control of Enhancer Repertoires Drives Lineage and 
Stage-Specific Transcription during Hematopoiesis. Developmental Cell 36, 9-23. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


27 
 

Ji, R.P., Phoon, C.K., Aristizabal, O., McGrath, K.E., Palis, J., and Turnbull, D.H. (2003). Onset 
of cardiac function during early mouse embryogenesis coincides with entry of primitive 
erythroblasts into the embryo proper. Circ Res 92, 133-135. 
Karolchik, D., Hinrichs, A.S., Furey, T.S., Roskin, K.M., Sugnet, C.W., Haussler, D., and Kent, 
W.J. (2004). The UCSC Table Browser data retrieval tool. Nucleic acids research 32, D493-496. 
Kasper, L.H., Boussouar, F., Ney, P.A., Jackson, C.W., Rehg, J., van Deursen, J.M., and Brindle, 
P.K. (2002). A transcription-factor-binding surface of coactivator p300 is required for 
haematopoiesis. Nature 419, 738-743. 
Kim, T.H., Barrera, L.O., Zheng, M., Qu, C., Singer, M.A., Richmond, T.A., Wu, Y., Green, 
R.D., and Ren, B. (2005). A high-resolution map of active promoters in the human genome. 
Nature 436, 876-880. 
Kingsley, P.D., Greenfest-Allen, E., Frame, J.M., Bushnell, T.P., Malik, J., McGrath, K.E., 
Stoeckert, C.J., and Palis, J. (2013). Ontogeny of erythroid gene expression. Blood 121, e5-e13. 
Koulnis, M., Pop, R., Porpiglia, E., Shearstone, J.R., Hidalgo, D., and Socolovsky, M. (2011). 
Identification and analysis of mouse erythroid progenitors using the CD71/TER119 flow-
cytometric assay. Journal of visualized experiments : JoVE. 
Kragesteen, B.K., Brancati, F., Digilio, M.C., Mundlos, S., and Spielmann, M. (2019). H2AFY 
promoter deletion causes PITX1 endoactivation and Liebenberg syndrome. J Med Genet 56, 246-
251. 
Kragesteen, B.K., Spielmann, M., Paliou, C., Heinrich, V., Schopflin, R., Esposito, A., 
Annunziatella, C., Bianco, S., Chiariello, A.M., Jerkovic, I., et al. (2018). Dynamic 3D 
chromatin architecture contributes to enhancer specificity and limb morphogenesis. Nature 
genetics 50, 1463-1473. 
Krijger, P.H., Di Stefano, B., de Wit, E., Limone, F., van Oevelen, C., de Laat, W., and Graf, T. 
(2016). Cell-of-Origin-Specific 3D Genome Structure Acquired during Somatic Cell 
Reprogramming. Cell Stem Cell 18, 597-610. 
Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome biology 10, R25. 
Lawrence, M., Huber, W., Pages, H., Aboyoun, P., Carlson, M., Gentleman, R., Morgan, M.T., 
and Carey, V.J. (2013). Software for computing and annotating genomic ranges. PLoS 
computational biology 9, e1003118. 
Li, G., Ruan, X., Auerbach, R.K., Sandhu, K.S., Zheng, M., Wang, P., Poh, H.M., Goh, Y., Lim, 
J., Zhang, J., et al. (2012). Extensive promoter-centered chromatin interactions provide a 
topological basis for transcription regulation. Cell 148, 84-98. 
Long, H.K., Prescott, S.L., and Wysocka, J. (2016). Ever-Changing Landscapes: Transcriptional 
Enhancers in Development and Evolution. Cell 167, 1170-1187. 
Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome biology 15, 550. 
Loven, J., Hoke, H.A., Lin, C.Y., Lau, A., Orlando, D.A., Vakoc, C.R., Bradner, J.E., Lee, T.I., 
and Young, R.A. (2013). Selective inhibition of tumor oncogenes by disruption of super-
enhancers. Cell 153, 320-334. 
Lowe, J.K., Maller, J.B., Pe'er, I., Neale, B.M., Salit, J., Kenny, E.E., Shea, J.L., Burkhardt, R., 
Smith, J.G., Ji, W., et al. (2009). Genome-wide association studies in an isolated founder 
population from the Pacific Island of Kosrae. PLoS Genet 5, e1000365. 
Mansour, M.R., Abraham, B.J., Anders, L., Berezovskaya, A., Gutierrez, A., Durbin, A.D., 
Etchin, J., Lawton, L., Sallan, S.E., Silverman, L.B., et al. (2014). Oncogene regulation. An 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


28 
 

oncogenic super-enhancer formed through somatic mutation of a noncoding intergenic element. 
Science 346, 1373-1377. 
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. 
EMBnetjournal 17, 10-12. 
Mathelier, A., Zhao, X., Zhang, A.W., Parcy, F., Worsley-Hunt, R., Arenillas, D.J., Buchman, S., 
Chen, C.Y., Chou, A., Ienasescu, H., et al. (2014). JASPAR 2014: an extensively expanded and 
updated open-access database of transcription factor binding profiles. Nucleic acids research 42, 
D142-147. 
McLean, C.Y., Bristor, D., Hiller, M., Clarke, S.L., Schaar, B.T., Lowe, C.B., Wenger, A.M., 
and Bejerano, G. (2010). GREAT improves functional interpretation of cis-regulatory regions. 
Nature biotechnology 28, 495-501. 
Mead, P.E., Deconinck, A.E., Huber, T.L., Orkin, S.H., and Zon, L.I. (2001). Primitive 
erythropoiesis in the Xenopus embryo: the synergistic role of LMO-2, SCL and GATA-binding 
proteins. Development 128, 2301-2308. 
Morgan M, P.H., Obenchain V and Hayden N (2016). Rsamtools: Binary alignment (BAM), 
FASTA, variant call (BCF), and tabix file import. R package version 1.24.0. 
Mucenski, M.L., McLain, K., Kier, A.B., Swerdlow, S.H., Schreiner, C.M., Miller, T.A., 
Pietryga, D.W., Scott, W.J., Jr., and Potter, S.S. (1991). A functional c-myb gene is required for 
normal murine fetal hepatic hematopoiesis. Cell 65, 677-689. 
Mumbach, M.R., Rubin, A.J., Flynn, R.A., Dai, C., Khavari, P.A., Greenleaf, W.J., and Chang, 
H.Y. (2016). HiChIP: efficient and sensitive analysis of protein-directed genome architecture. 
Nature methods 13, 919-922. 
Mumbach, M.R., Satpathy, A.T., Boyle, E.A., Dai, C., Gowen, B.G., Cho, S.W., Nguyen, M.L., 
Rubin, A.J., Granja, J.M., Kazane, K.R., et al. (2017). Enhancer connectome in primary human 
cells identifies target genes of disease-associated DNA elements. Nature genetics 49, 1602-1612. 
Neph, S., Kuehn, M.S., Reynolds, A.P., Haugen, E., Thurman, R.E., Johnson, A.K., Rynes, E., 
Maurano, M.T., Vierstra, J., Thomas, S., et al. (2012a). BEDOPS: high-performance genomic 
feature operations. Bioinformatics 28, 1919-1920. 
Neph, S., Stergachis, A.B., Reynolds, A., Sandstrom, R., Borenstein, E., and 
Stamatoyannopoulos, J.A. (2012b). Circuitry and dynamics of human transcription factor 
regulatory networks. Cell 150, 1274-1286. 
O'Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D., McVeigh, R., Rajput, B., 
Robbertse, B., Smith-White, B., Ako-Adjei, D., et al. (2016). Reference sequence (RefSeq) 
database at NCBI: current status, taxonomic expansion, and functional annotation. Nucleic acids 
research 44, D733-745. 
Orkin, S.H., and Zon, L.I. (2008). Hematopoiesis: an evolving paradigm for stem cell biology. 
Cell 132, 631-644. 
Palis, J. (2014). Primitive and definitive erythropoiesis in mammals. Front Physiol 5, 3. 
Parker, D., Rivera, M., Zor, T., Henrion-Caude, A., Radhakrishnan, I., Kumar, A., Shapiro, L.H., 
Wright, P.E., Montminy, M., and Brindle, P.K. (1999). Role of secondary structure in 
discrimination between constitutive and inducible activators. Molecular and cellular biology 19, 
5601-5607. 
Pevny, L., Lin, C.S., D'Agati, V., Simon, M.C., Orkin, S.H., and Costantini, F. (1995). 
Development of hematopoietic cells lacking transcription factor GATA-1. Development 121, 
163-172. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


29 
 

Porcher, C., Swat, W., Rockwell, K., Fujiwara, Y., Alt, F.W., and Orkin, S.H. (1996). The T cell 
leukemia oncoprotein SCL/tal-1 is essential for development of all hematopoietic lineages. Cell 
86, 47-57. 
Rao, S.S., Huntley, M.H., Durand, N.C., Stamenova, E.K., Bochkov, I.D., Robinson, J.T., 
Sanborn, A.L., Machol, I., Omer, A.D., Lander, E.S., et al. (2014). A 3D map of the human 
genome at kilobase resolution reveals principles of chromatin looping. Cell 159, 1665-1680. 
Robinson, J.T., Thorvaldsdottir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, G., and 
Mesirov, J.P. (2011). Integrative genomics viewer. Nature biotechnology 29, 24-26. 
Sankaran, V.G., Xu, J., Ragoczy, T., Ippolito, G.C., Walkley, C.R., Maika, S.D., Fujiwara, Y., 
Ito, M., Groudine, M., Bender, M.A., et al. (2009). Developmental and species-divergent globin 
switching are driven by BCL11A. Nature 460, 1093-1097. 
Schoenfelder, S., and Fraser, P. (2019). Long-range enhancer-promoter contacts in gene 
expression control. Nature reviews Genetics. 
Schuijers, J., Manteiga, J.C., Weintraub, A.S., Day, D.S., Zamudio, A.V., Hnisz, D., Lee, T.I., 
and Young, R.A. (2018). Transcriptional Dysregulation of MYC Reveals Common Enhancer-
Docking Mechanism. Cell Rep 23, 349-360. 
Servant, N., Varoquaux, N., Lajoie, B.R., Viara, E., Chen, C.J., Vert, J.P., Heard, E., Dekker, J., 
and Barillot, E. (2015). HiC-Pro: an optimized and flexible pipeline for Hi-C data processing. 
Genome biology 16, 259. 
Shao, Z., Zhang, Y., Yuan, G.C., Orkin, S.H., and Waxman, D.J. (2012). MAnorm: a robust 
model for quantitative comparison of ChIP-Seq data sets. Genome biology 13, R16. 
Sheffery, M., Marks, P.A., and Rifkind, R.A. (1984). Gene expression in murine 
erythroleukemia cells. Transcriptional control and chromatin structure of the alpha 1-globin 
gene. J Mol Biol 172, 417-436. 
Shin, H., Liu, T., Manrai, A.K., and Liu, X.S. (2009). CEAS: cis-regulatory element annotation 
system. Bioinformatics 25, 2605-2606. 
Shivdasani, R.A., Mayer, E.L., and Orkin, S.H. (1995). Absence of blood formation in mice 
lacking the T-cell leukaemia oncoprotein tal-1/SCL. Nature 373, 432-434. 
Shivdasani, R.A., and Orkin, S.H. (1995). Erythropoiesis and globin gene expression in mice 
lacking the transcription factor NF-E2. Proceedings of the National Academy of Sciences of the 
United States of America 92, 8690-8694. 
Shlyueva, D., Stampfel, G., and Stark, A. (2014). Transcriptional enhancers: from properties to 
genome-wide predictions. Nature reviews Genetics 15, 272-286. 
Smale, S.T., and Kadonaga, J.T. (2003). The RNA polymerase II core promoter. Annual review 
of biochemistry 72, 449-479. 
Stadhouders, R., Filion, G.J., and Graf, T. (2019). Transcription factors and 3D genome 
conformation in cell-fate decisions. Nature 569, 345-354. 
Thurman, R.E., Rynes, E., Humbert, R., Vierstra, J., Maurano, M.T., Haugen, E., Sheffield, 
N.C., Stergachis, A.B., Wang, H., Vernot, B., et al. (2012). The accessible chromatin landscape 
of the human genome. Nature 489, 75-82. 
Tickle, C., and Towers, M. (2017). Sonic Hedgehog Signaling in Limb Development. Front Cell 
Dev Biol 5, 14. 
Tie, F., Banerjee, R., Stratton, C.A., Prasad-Sinha, J., Stepanik, V., Zlobin, A., Diaz, M.O., 
Scacheri, P.C., and Harte, P.J. (2009). CBP-mediated acetylation of histone H3 lysine 27 
antagonizes Drosophila Polycomb silencing. Development 136, 3131-3141. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


30 
 

Wang, Z., Zang, C., Rosenfeld, J.A., Schones, D.E., Barski, A., Cuddapah, S., Cui, K., Roh, 
T.Y., Peng, W., Zhang, M.Q., et al. (2008). Combinatorial patterns of histone acetylations and 
methylations in the human genome. Nature genetics 40, 897-903. 
Welter, D., MacArthur, J., Morales, J., Burdett, T., Hall, P., Junkins, H., Klemm, A., Flicek, P., 
Manolio, T., Hindorff, L., et al. (2014). The NHGRI GWAS Catalog, a curated resource of SNP-
trait associations. Nucleic acids research 42, D1001-1006. 
Whyte, W.A., Orlando, D.A., Hnisz, D., Abraham, B.J., Lin, C.Y., Kagey, M.H., Rahl, P.B., Lee, 
T.I., and Young, R.A. (2013). Master transcription factors and mediator establish super-
enhancers at key cell identity genes. Cell 153, 307-319. 
Williamson, I., Lettice, L.A., Hill, R.E., and Bickmore, W.A. (2016). Shh and ZRS enhancer 
colocalisation is specific to the zone of polarising activity. Development 143, 2994-3001. 
Xu, J., Sankaran, V.G., Ni, M., Menne, T.F., Puram, R.V., Kim, W., and Orkin, S.H. (2010). 
Transcriptional silencing of {gamma}-globin by BCL11A involves long-range interactions and 
cooperation with SOX6. Genes & development 24, 783-798. 
Xu, J., Shao, Z., Glass, K., Bauer, D.E., Pinello, L., Van Handel, B., Hou, S., 
Stamatoyannopoulos, J.A., Mikkola, H.K., Yuan, G.C., et al. (2012). Combinatorial assembly of 
developmental stage-specific enhancers controls gene expression programs during human 
erythropoiesis. Developmental Cell 23, 796-811. 
Zhang, J., Socolovsky, M., Gross, A.W., and Lodish, H.F. (2003). Role of Ras signaling in 
erythroid differentiation of mouse fetal liver cells: functional analysis by a flow cytometry-based 
novel culture system. Blood 102, 3938-3946. 
Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C., 
Myers, R.M., Brown, M., Li, W., et al. (2008). Model-based analysis of ChIP-Seq (MACS). 
Genome biology 9, R137. 
Zhou, P., Gu, F., Zhang, L., Akerberg, B.N., Ma, Q., Li, K., He, A., Lin, Z., Stevens, S.M., Zhou, 
B., et al. (2017). Mapping cell type-specific transcriptional enhancers using high affinity, 
lineage-specific Ep300 bioChIP-seq. eLife 6. 
Zhou, X., Maricque, B., Xie, M., Li, D., Sundaram, V., Martin, E.A., Koebbe, B.C., Nielsen, C., 
Hirst, M., Farnham, P., et al. (2011). The Human Epigenome Browser at Washington University. 
Nature methods 8, 989-990. 
 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 21, 2019. ; https://doi.org/10.1101/678334doi: bioRxiv preprint 

https://doi.org/10.1101/678334


31 
 

Figure Legends 
 

Figure 1. Chromatin accessibility differs in primitive and definitive erythroblasts 

(A)  Isolation of EryP and EryD and experiment outline. 

(B)  Transcriptomic analysis of EryP and EryD. EryP-/EryD-specific expressed genes are 

highlighted in the volcano plot.   

(C)  Gene Ontology (GO) terms enrichment in EryP-/EryD-specific expressed genes. 

(D)  Comparisons of EryP-/EryD-specific ATAC peak numbers and their genomic distribution.   

(E)  Association studies of EryP-/EryD-specific ATAC peaks and gene expression at 

genome-wide (left), proximal (middle) and distal (right) regions using C-score analysis. 

Rows are EryP-/EryD-specific genes. Columns are EryP-/EryD-specific ATAC peaks. C-

score was defined as -log10 (P-value) using Fisher’s exact test (also see Fig. S2A and 

Methods), and C-scores ≥ 200 were presented as 200 to create appropriate color scale 

in heatmaps.  

(F)  Genomic distribution of peaks of ATAC, histone marks and TFs. The graph shows the 

fraction of peaks at proximal and distal regions in EryP and EryD, respectively. 

See also Figure S1, S2 and Table S1, S2 and S6. 

 

Figure 2. Chromatin state of distal accessible regions differs in primitive and 

definitive erythroblasts 

(A)  Comparisons of EryP-/EryD-specific H3K27ac ChIP-seq peak numbers and their 

genomic distribution.   
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(B)  Categorization of distal accessible regions with H3K27ac. Heatmaps of ATAC-seq and 

H3K27ac ChIP-seq signal, centered at the ATAC-seq peak summits. Chromatin distal 

accessible regions were grouped into three: EryP-/EryD-specific and shared peaks. Pie 

charts show the percentage of “active” (ATAC+H3K27ac) and “open” (ATAC-only) of 

each group, based on the presence of H3K27ac peaks. 

(C-D)  Venn diagrams of EryP-/EryD-specific active enhancers (C) and super-enhancers (D).  

(E)  Association study of EryP-/EryD-specific active enhancers and gene expression using C-

score analysis. Rows are EryP-/EryD-specific genes. Columns are EryP-/EryD-specific 

enhancers. Also see Fig. S2A and Methods.  

See also Figure S1, S2, S3 and Table S1 and S2. 

 

Figure 3. Myb is required for distal enhancer activation and Gata1 binding in 

definitive erythroblasts 

(A-B)  Comparison of EryP-/EryD-specific Tal1 peak numbers and their genomic distribution 

(A). Corresponding association study of EryP-/EryD-specific Tal1 peaks and gene 

expression is shown in (B). 

(C-E)  Comparison of EryP-/EryD-specific Gata1 peaks and their genomic distribution (C). 

Corresponding association studies of EryP-/EryD-specific Gata1 peaks and gene 

expression are shown at genome-wide (D), proximal (E, top) and distal (E, bottom) 

regions. Also see Fig. S2A and Fig.S2F-2I for the validation of C-score analysis with 

Gata1 peaks.  

(F)    Scatter plot of the difference of motif enrichment scores (y-axis) and gene expression (x-

axis) reveals Myb (red spot) as an EryD-specific transcription factor. y-axis represents 

the log2 fold-change of the percentage of EryP-/EryD-specific enhancers with motifs, 
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while x-axis represents the log2 fold-change of gene expression of the cognate TFs.  17 

TF motifs were identified as significantly enriched in EryP- or EryD-specific active 

enhancers with P-value<1.0E-5 (Fig. S3E).  

(G)  Heatmaps of the normalized reads of Gata1 ChIP-seq and H3K27ac ChIP-seq centered 

around the Gata1 peak summits in EryP and EryD. EryP-/EryD-specific Gata1 peaks 

were separated into proximal (purple) and distal (green) regions.  

(H)  Heatmaps of the normalized reads of p300 and Myb ChIP-seq in E13.5 fetal liver, 

centered around Gata1 peak summits in EryP and EryD shown in Fig. 2G.  

(I-J)  ChIP-seq signal density plots of Gata1 (I) and H3K27ac (J) in MEL cells treated with 

control shRNA (Ctrl shRNA) or Myb shRNA. Signals included in plots were restricted to 

EryD-specific distal regions as shown in Fig. 2G. y-axis is normalized ChIP-seq reads, 

log2(RPKM+1). MEL cells transduced with lentivirus carrying Dox-inducible shRNA 

directed to Myb or a control shRNA. Transduced cells were treated with 2 �g/ml Dox for 

7 days, and harvested for H3K27ac and Gata1 ChIP-seq.   

See also Figure S2, S4 and Table S3. 

 

Figure 4. Distal regulatory elements play differential roles in primitive and 

definitive erythroblasts 

(A)  Interaction maps of Gata1 HiChIP in EryP and EryD at 500-kb and 5-kb resolution. 

Interaction maps were normalized by square root of vanilla coverage (VC SQRT). Zoom-

in views of highlighted regions are in (B). 

(B)  Gata1 HiChIP 3D signal enrichment at the Mgll and Abtb1 loci in EryP and EryD cells. 

Representative plots of RNA-seq and ChIP-seq of H3K27ac and Gata1 from EryP and 

EryD cells were aligned to the genomic region.  
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(C)    Comparison of total loops in EryP and EryD.  

(D)  Average profiles of enhancer-promoter (E-P) interactions of EryP-/EryD-specific genes. 

Promoters of EryP- or EryD-specific expressed genes were set as anchor points, and 

enhancers were defined by Gata1 peaks ±100 kb away from TSS. The average of reads 

within enhancer-promoter interactions of EryP- or EryD-specific expressed genes was 

plotted (see also Methods). y-axis is the average of normalized reads for E-P 

interactions per gene. Each enhancer bin in the x-axis indicates the rank position of the 

enhancer based on its distance to promoter. E-P interactions of EryP-/EryD-specific 

genes were comparaed with genomic baseline (grey bars), which are E-P interactions of 

a set of randomly selected genes of matched size in both EryP and EryD cells.  

(E)  Quantification of enhancer-promoter (E-P) loops in EryP and EryD cells. Comparisons 

were at 25-kb resolution in three groups, EryP-specific genes, EryD-specific genes, and 

common expressed genes. P-value represents permutation test in 1,000 random genes 

selection of matched size. See also Fig. S5C and S5D.  

(F)  Virtual 4C interaction profiles at the Enhancer 1 (E1) in the locus of Trom, Hemgn, 

Anp32b and Nans in EryP and EryD cells. Virtual 4C interaction profiles were generated 

at 1-kb resolution, and y-axis is normalized HiChIP reads. E1 is highlighted in yellow, 

and promoters of Trom, Hemgn, Anp32b and Nans are highlighted in grey. RNA-seq and 

ChIP-seq of H3K27ac and Gata1 from EryP and EryD cells were aligned to the genomic 

region.  

(G-H)  Validation of E1 deletion in MEL cells (G) and mESCs-derived CD71+/Ter119+ cells (H). 

Quantitative transcript analysis of Trom, Hemgn, Anp32b and Nans upon E1 deletion in 

MEL cells (G) and mESCs-derived CD71+/Ter119+ cells (H). Single cell derived clones 

that had undergone biallelic excision of E1 were used in analyses (see also Fig. S5J). 
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(I)  Virtual 4C interaction profiles at the Enhancer 2 (E2) in the Tnfaip2 and Eif5 locus in 

EryP and EryD cells. E2 is highlighted in yellow, and promoters of Tnfaip2 and Eif5 are 

highlighted in grey. RNA-seq and ChIP-seq of H3K27ac and Gata1 from EryP and EryD 

cells were aligned to the genomic region. 

(J-K)  Validation of E2 deletion in MEL cells (J) and mESCs-derived CD71+/Ter119+ cells (K). 

Quantitative transcript analysis of Tnfaip2 and Eif5 upon E2 deletion in MEL cells (J) and 

mESCs-derived CD71+/Ter119+ cells (K). Single cell derived clones that had undergone 

biallelic excision of E2 were used in analyses (see also Fig. S5J). 

ChIP-seq and RNA-seq track of EryP cells are labeled in blue and those of EryD cells are in red 

(B, F and I). Experiments were replicated at least twice in G, H, J and K. Error bars indicate the 

S.E.M.; n=3 (G, H, J and K). *P<0.05, **P<0.01, ***P<0.001, unpaired one-tailed Student’s t-test 

(G, H, J and K) and permutation test (E). See also Figure S5 and Table S2, S4, S5 and S6. 

 

Figure 5. Distinct gene regulatory logic during the ontogeny of primitive and 

definitive erythroblasts 

(A) The gene regulatory association networks in EryP and EryD cells. The association 

networks between cell-type-specific peaks and cell-type-specific expressed genes were 

constructed by integrating the information of ATAC-seq, ChIP-seq and RNA-seq data. 

Cell-type-specific peaks of ATAC-seq or ChIP-seq were divided into proximal and distal 

peaks based on their genomic distribution. The size of each node reflects the number of 

cell-type-specific peaks, while the node colors correspond to the C-score between cell-

type-specific peaks and genes. Edges depict the -log10(P-value), where P-value 

represents the significance of peak co-localization, calculated using Fisher’s exact test. 

The threshold of 30 is used to determine whether an edge would be presented.  
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 (B)  Summary of chromatin configuration during the ontogeny of erythropoiesis. 

 

Figure 6. Enhancers contribute to cell-type-specific gene expression 

progressively with increasing age of ontogeny 

(A)  Schematic of unbiased evaluation of contribution of cell-type-specific enhancer to gene 

expression in ENCODE and Roadmap datasets.  

(B)  The schematic diagram tissues and developmental ages in mouse ENCODE datasets. 

Samples from each tissue were classified into three stages as highlighted with different 

colors. 

(C)  The C-score matrix from association studies of cell-type-specific enhancers and gene 

expression in mouse ENCODE datasets. Samples from the same tissue were aligned in 

a square box. Color bar next to x-axis indicates developmental stages in (B). Also see 

Fig. S6A for the C-score matrix with detailed annotation of tissues and developmental 

age. 

(D)  Contribution of cell-type-specific enhancer to gene expression of ENCODE datasets, 

represented by the diagonal values in Fig. 6C, are summarized within different stages. 

(E)  The C-score matrix from association studies of cell-type-specific enhancers and gene 

expression in Roadmap 48 human cell types, which were classified into three 

developmental stages, “Embryonic”, “Fetal” and “Adult”. See Fig. S6B for the C-score 

matrix with detailed annotation of cell types and C-scores. 

(F)  Contribution of cell-type-specific enhancer to gene expression of Roadmap datasets, 

represented by the diagonal values in Fig. 6E, are summarized within different classes 

and compared with EryP and EryD. 
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(G)  Enrichment analysis of GWAS SNPs in cell-type-specific enhancers and C-score-related 

enhancers in Roadmap datasets. C-score-related enhancers are subset of cell-type-

specific enhancers, in which nearby associated genes were also cell-type-specific 

expressed genes in C-score analyses. 

In box plot , the box represents the 25th and 75th percentiles, while the whiskers represent the 

5th and 95th percentiles. *P<0.05, **P<0.01, ***P<0.001, unpaired one-tailed Student’s t-test (F, 

G, and H). See also Figure S2 and S6. 
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STAR Methods 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rat monoclonal PE anti-CD71 BD Pharmingen Cat#553267, RRID: AB_394744 

Rat monoclonal APC anti-
Ter119 BioLegend Cat#116212, RRID: AB_313713 

Rabbit polyclonal anti-H3K27ac Active Motif Cat#39133, RRID: AB_2561016 

Rabbit polyclonal anti-H3K4me1 Millipore Cat#07-436, RRID: AB_10068114 

Rabbit polyclonal anti-Gata1 Abcam Cat#ab11852, RRID: AB_298635 

Goat polyclonal anti-Tal1 Santa Cruz 
Biotechnology 

Cat#sc-12984X, RRID: AB_2199699 

Rabbit monoclonal anti-Myb Abcam Cat#ab45150, RRID: AB_778878 

Chemicals, Peptides, and Recombinant Proteins 

Recombinant mouse LIF Millipore ESG1107 

Transferrin Roche 10652202001 

Recombinant mouse VEGF R&D 493-MV 

Holo-transferrin Sigma T0665 

Recombinant human insulin Sigma I9278 

Heparin Sigma H3149 

Erythropoietin (EPO) Amgen 55513-144-10 

Dexamethasone Sigma D4902 

Recombinant mouse SCF R&D 455-MC 

Recombinant mouse IL-3 R&D 403-ML 

Inactivated human plasma  

(Octaplas AB plasma) 
Rhode Island 
Blood Center 

X0004 
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DAPI Roche D9564 

Critical Commercial Assays 

Next Ultra II DNA Library Prep 
Kit 

NEB Cat#E7645S 

Next Ultra II Directional RNA 
Library Prep Kit NEB Cat#E7760S 

Nextera DNA Sample 
Preparation Kit Illumina Cat#FC-121-1030 

KAPA Hyper Prep Kit KAPA 
Biosystems Cat#KK8500 

Deposited Data 

Raw and analyzed data This paper GEO: GSE112717 

Experimental Models: Cell Lines 

Mouse: MEL This lab N/A 

Mouse: Flk1-eGFP mESCs Ema et al., 2006 N/A 

Experimental Models: Organisms/Strains 

C57BL/6 wild type mice  Charles River 

p300fb/fb;Rosa26BirA/BriA transgenic 
mice Zhou et al., 2017 Jax 025980 

Oligonucleotides 

See Table S3 for shRNAs 
sequences This paper N/A 

See Table S4 for guide RNAs 
sequences This paper N/A 

See Table S5 for sequences of 
genotyping PCR primers This paper N/A 

See Table S6 for sequences of 
qRT-PCR primers This paper N/A 

Software and Algorithms 

FlowJo Treestar Inc Version 9 
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STAR Dobin et al., 
2013 https://github.com/alexdobin/STAR 

GenomicFeatures Lawrence et al., 
2013 

https://bioconductor.org/packages/relea
se/bioc/html/GenomicFeatures.html 

Rsamtools Morgan M, 2016 http://bioconductor.org/packages/releas
e/bioc/html/Rsamtools.html 

DESeq2 Love et al., 2014 https://bioconductor.org/packages/relea
se/bioc/html/DESeq2.html 

Bowtie2 Langmead et al., 
2009 

https://bowtie-
bio.sourceforge.net/bowtie2/indes.shtml 

MACS2 Zhang et al., 
2008 

https://github.com/taoliu/MACS 

Cutadapt Martin, 2011 http://cutadapt.readthedocs.io/en/stable/
index.html 

MAnorm Shao et al., 2012  http://bcb.dfci.harvard.edu/~gcyuan/MA
norm/MAnorm.htm 

HOMER Heinz et al., 
2010 http://homer.ucsd.edu/homer/ 

ROSE 
Loven et al., 
2013 

http://younglab.wi.mit.edu/super_enhan
cer_code.html 

Integrative Genomics Viewer 
(IGV) 

Robinson et al., 
2011 

http://software.broadinstitute.org/softwar
e/igv/ 

JASPAR Mathelier et al., 
2014 http://jaspar.genereg.net/ 

Picard Toolkit N/A http://broadinstitute.github.io/picard/ 

HiC-Pro Servant et al., 
2015 

http://nservant.github.io/HiC-Pro/ 

Juicer Durand et al., 
2016b 

https://github.com/aidenlab/juicer 

BEDOPS Neph et al., 
2012a https://bedops.readthedocs.io/en/latest/ 

WashU Epigenome Browser Zhou et al., 2011 https://epigenomegateway.wustl.edu/ 

Juicerbox Durand et al., 
2016a 

http://github.com/aidenlab/Juicebox/wiki
/Download 
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Contact for Reagent and Resource Sharing 

 
Further information and requests for reagents should be directed to, and will be fulfilled 

by the Lead Contact, Stuart H. Orkin (stuart_orkin@dfci.harvard.edu). 

Experimental Model and Subject Details 

Mice 

E10.5 and E13.5 wild type mouse embryos were obtained from C57BL/6 females 

crossed to male mice. To perform p300fb biochip,  E13.5 fetal liver were obtained from Swiss 

Webster wild type females crossed to p300fb/fb;Rosa26BirA/BriA males (Jax 025980). 

Isolation of EryP and EryD erythroblasts by FACS 

EryP were collected from peripheral blood of E10.5 mouse embryos in HBSS 

supplemented with 10% FBS and 0.25% EDTA. EryD were collected by mechanically 

dissociation of E13.5 whole fetal liver. Single cells were stained for CD71 (553267, BD 

Biosciences) and Ter119 (116212, BioLegend), and subsets were gated by the expression of 

CD71 and Ter119 as described (Koulnis et al., 2011). Live cells were sorted into CD71+/Ter119+ 

population by FACS. Dead cells were excluded using DAPI (Roche). Cell sorting was performed 

with J Ariall SORP UV (BD Biosciences) and analysis was performed on LSR II (BD 

Biosciences). FACS data were analyzed with FlowJo (Treestar Inc.). 

MEL cell culture 

MEL cells were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM L-

glutamine and Penicillin and Streptomycin. 2% DMSO in culture medium was used to induce 

MEL cells differentiation. Medium was changed on differentiation day 3.  
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Mouse ESCs culture and differentiation 

mESCs carrying Flk1-eGFP reporter (Ema et al., 2006) were cultured and differentiated 

as previously described (Cai et al., 2012). Briefly, mESCs were maintained with 1,000 unit/ml 

LIF (Millipore). In serum-induced differentiation, undifferentiated ESCs were dissociated into 

single cells by TrypLE (Thermo Fisher) and then differentiated as embryoid bodies (EBs) in 

Iscove’s Modified Dulbecco Media (IMDM) supplemented with 10% FBS, 2 mM L-Glutamine, 

4.5x10-4 M monothioglycerol, 0.5 mM ascorbic acid, 200 μg/ml transferrin (Roche), 5% protein-

free hybridoma media (PFHM-II; Life Technologies) and Penicillin and Streptomycin. Day 4 EBs 

were treated with 25 ng/ml recombinant VEGE (R&D Systems) for 3 days. 

Primitive erythroid differentiation in vitro 

To induce erythroid differentiation, day 7 EBs were dissociated into single cells by 

TrypLE (Thermo Fisher) and then cultured for 4 days in IMDM supplemented with 1% BSA, 200 

μg/ml holo-transferrin (Sigma), 10 μg/ml recombinant human insulin (Sigma), 2 IU/ml Heparin 

(Sigma), 5% inactivated plasma (Rhode Island Blood Center), 2 mM L-Glutamine, 4.5x10-4 M β-

mercaptoethanol, 3 U/ml Erythropoietin (EPO) (Amgen), 1 μM Dexamethasone (Sigma), 50 

ng/ml recombinant mouse SCF (R&D), 10 ng/ml recombinant mouse IL-3 (R&D), and Penicillin 

and Streptomycin (Carotta et al., 2004; Zhang et al., 2003).  Day 11 cultures were filter through 

70 μM cell strainer to remove clumps, and then were cultured for another 4 days in above 

medium supplemented with 6 U/ml EPO (Amgen), 10 μM Dexamethasone (Sigma). Day 15 

cultures were sorted into CD71+/Ter119+ population by FACS and followed by RNA extraction 

and qRT-PCR analysis. Dead cells were excluded using DAPI (Roche). Cell sorting was 

performed with J Ariall SORP UV (BD Biosciences). 
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Method Detail 

RNA-seq library preparation 

Total RNA was extracted with TRIzol (Thermo Fisher) and cleaned with RNeasy Plus 

Mini Kit (QIAGEN) following manufacturer’s instructions. RNA-seq libraries were prepared using 

Next Ultra Directional RNA Library Prep Kit Illumina (New England Biolabs) according to the 

manufacturer’s instructions. Ilumina HiSeq 2500 was used for sequencing.  

ATAC-seq library preparation  

ATAC-seq was performed as described (Buenrostro et al., 2013) on FACS isolated EryP 

and EryD cells. 2.5 x 104 cells were used per sample. 2.5 μl Tn5 Transposases (Illuminar) was 

used to make the transposition reaction. Libraries were generated using Ad1_noMX and Ad2.1-

2.4 barcoded primers (Buenrostro et al., 2013) and were amplified for 6-9 total cycles. All 

libraries were sequenced on Illumina HiSeq2000 with 100bp paired-end reads.  

Chromatin immunoprecipitation and ChIP-seq library preparation 

ChIP was performed as previously described (Cai et al., 2013). FACS isolated cells, 

MEL cells or dissociated fetal liver cells were cross-linked with 1% v/v formaldehyde at room 

temperature for 10 minutes, and were quenched with 0.125 M Glycine for 5 minutes. Cells were 

washed twice in cold PBS, and cell pellets were stored at -80oC. Cell pellets were lysed in 

Nuclear Lysis Buffer (50 mM Tris-HCL pH 7.5, 5 mM EDTA, 0.1% SDS, 0.5% NP40, 150 mM 

NaCl, 0.25% Sarkosyl and 1 mM DTT) and followed by sonication to generate 150-300bp 

fragments using a Covaris E220 with following parameters: Duty Factor=5.0, Peak Power=140, 

Cycle/Burst=200, Time=900 seconds. Chromatin extracts were immunoprecipitated with 

antibodies overnight at 4oC, and then incubated with protein A Dynabeads (Invitrogen) for 

another 4 hours. 1.5 million cells were used for each Histone antibody, and 3-6 million cells 

were used for Tal1 and Gata1 antibody. 30 million unsorted fetal liver cells were used for Myb 
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antibody. ChIP complexes were eluted and cross-linking reversed by heating at 65oC overnight. 

DNA was extracted with UltraPure Phenol:Chloroform:Isoamyl Alcohol (Thermo Fisher). The 

following antibodies were used: H3K27ac (39133, Active Motif), H3K4me1 (07-436, Millipore), 

Gata1 (ab11852, Abcam), Tal1 (sc-12984X, Santa Cruz), and Myb (ab45150, Abcam). 

1 ng of ChIP DNA was used to prepare multiplexed sequencing libraries with Next Ultra 

II DNA Library Prep Kit for Illumina (New England BioLabs) according to the manufacturer’s 

instructions. Illumina HiSeq2500 or NextSeq 500 was used for sequencing.  

p300fb bioChip 

E13.5 fetal livers were isolated from pregnant Swiss Webster wild type females crossed 

to p300fb/fb;Rosa26BirA/BriA males (Jax 025980). Fetal liver cells were dissociated and then cross-

linked in 1% v/v formaldehyde-containing at room temperature for 15 min. Glycine was added to 

final concentration of 0.125 M to quench formaldehyde. Cell pellets were lysed and followed by 

sonication to generate about 500bp fragments. For p300 bioChIP, the chromatin from 50 million 

cells was incubated with 100 µl Dynabeads M-280 Streptavidin (Life Technologies, 11206D) for 

1 hour at 4oC. The streptavidin beads were washed and bound DNA eluted as previously 

described (Zhou et al., 2017). BioChIP DNA was purified with MinElute PCR Purification kit 

(Qiagen, 28006). ChIP-seq libraries were constructed using a ChIP-seq library preparation kit 

(KAPA Biosystems KK8500). 50 ng of sonicated chromatin without pull-down was used as input.  

Gata1 HiChIP 

HiChIP was performed as previously described (Mumbach et al., 2016) using the Gata1 

antibody (ab11852, Abcam). In brief, 15 million of either peripheral blood cells of E10.5 mouse 

embryos or single cells of E14.5 fetal liver were cross-linked with 1% v/v formaldehyde at room 

temperature for 10 minutes, and were quenched with 0.125 M Glycine for 5 minutes. 
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Crosslinked cells were lysed in cold Hi-C lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 

0.2% NP40, 1x Roche protease inhibitors) and followed by 1 U/μl MboI (NEB) digestion at 37oC 

for 6 hours, fill-in of overhangs with biotin-dATP (Thermo Fisher) at 37oC for 1.5 hours, and 

ligation with 4 U/μl T4 DNA Ligase (NEB) at room temperature for 6 hours. The nuclear pellet 

was sheared using a Covaris E220 with following parameters: Duty Factor=5.0, Peak 

Power=140, Cycle/Burst=200, Time=240 seconds. Chromatin extracts were immunoprecipitated 

with Gata1 antibodies overnight at 4oC, and then incubated with protein A Dynabeads 

(Invitrogen) for another 4 hours. ChIP complexes were eluted and cross-linking reversed by 

heating at 65oC overnight. DNA was extracted with DNA Clean and Concentrator columns 

(Zymo Research).  

For library preparation, Biotin labeled post-ChIP DNA was captured by 5 μl Streptavidin 

C-1 beads (Thermo Fisher), and followed by Tn5 treatment. The amount of Tn5 used and the 

number of PCR cycles performed was based on the post-ChIP Qubit amounts, as previously 

described (Mumbach et al., 2016). HiChIP libraries were size-selected for 300-800bp fragments. 

All libraries were sequenced on the Illumina Nextseq 500 to an average depth of 200 million 

total reads.  

RNA-seq data analysis 

RNA-seq reads were aligned to the reference mouse genome mm10 using STAR (Dobin 

et al., 2013) with default parameters. Aligned reads were counted in the genomic transcripts 

annotations from GenomicFeatures (Lawrence et al., 2013) using Rsamtools (Morgan M, 2016). 

The differentially expressed gene analysis was performed by using DESeq2 (Love et al., 2014), 

with the threshold at adjusted P-value 0.01 and fold-change 2. Benjamini-Hochberg multiple 

hypothesis testing correction was performed. 
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ATAC-seq data analysis  

ATAC-seq reads were trimmed for adapter sequences and low alignment quality using 

Cutadapt (Martin, 2011), with the parameters -q 30 --minimum-length 36. Paired-end reads 

were aligned to the mm10 reference genome by using Bowtie2 (Langmead et al., 2009), with 

the parameter -X 2000 allowing fragments of up to 2kb to be aligned (Buenrostro et al., 2015). 

ATAC-seq peaks were called using MACS2 (Zhang et al., 2008) with following parameters (--

nomodel --nolambda --keep-dup all --call-summits) (Buenrostro et al., 2015). Peak calling was 

done in two biological replicates respectively with the same parameter setting. One replicate of 

each cell type was used for subsequent analysis. We then extended the summits to 500bp 

window (±250 bp) as peaks and filtered using the consensus excludable ENCODE blacklist 

(Consortium, 2012).  

ChIP-seq data analysis 

ChIP-seq reads were aligned to the mm10 reference genome by using Bowtie2 

(Langmead et al., 2009) with default parameters. Duplicate reads were removed using PICARD 

tools (http://picard.sourceforge.net). ChIP-seq peaks were called by using MACS2 (Zhang et al., 

2008) with following parameters (--nomodel --keep-dup 1 --extsize=146 -q 0.01). Peaks were 

filtered using the consensus excludable ENCODE blacklist (Consortium, 2012). The heatmap or 

density plot for ChIP-seq signal were plotted based on the binned density matrix range from 

±2.5kb centered by the summit generated by using the CEAS software (Shin et al., 2009). Peak 

calling was done in two biological replicates with the same parameter setting. The replicates 

were merged if they are available and shown with high correlation. The datasets of Gata1, 

H3K27ac, p300 and Myb ChIP-seq in MEL cells were downloaded from ENCODE (Consortium, 

2012).  
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HiChIP data analysis 

HiChIP datasets were processed using HiC-Pro (Mumbach et al., 2016; Mumbach et al., 

2017; Servant et al., 2015) with default settings. Specifically, HiChIP paired-end reads were 

aligned using Bowtie2 with --very-sensitive -L 30 --score-min L, -0.6, -0.2 --end-to-end --reorder. 

The restriction sites were obtained by scanning MboI restriction fragments across mouse 

genome (mm10). Specific configuration file (config-hicpro.txt) can be found at 

https://bitbucket.org/qzhu/wenqing-hichip/src/default/hicpro/config-hicpro.txt. Valid interactions 

pairs (named valid Pairs) were converted to a .hic file using hicpro2juicebox.sh script (utility tool 

of HiC-Pro). The generated .hic file contains interaction matrices at fragment and base pair 

resolutions. Interaction maps were visualized with Juicebox (Durand et al., 2016a).  

HiCHIP loop calling 

The HiCCUPS function of Juicer-tools 1.7.6 was used to call high-confidence loops 

based on a .hic file (Rao et al., 2014). We set -m 512 -r 5000,10000,25000 -f 0.2,0.2,0.2 -p 4,2,1 

-k VC_SQRT -i 7,5,3 -d 20000,20000,50000 --ignore_sparsity -c 

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,X,Y -t 0.02,1.5,1.75,2. This combination of 

settings finds total loops at the 5-kb, 10-kb, and 25-kb resolutions using the interaction matrices 

at matched resolutions, and also applied the appropriate normalization step for interaction 

matrix (vanilla coverage square-root, VC SQRT). Loops at these resolutions were subsequently 

merged.  

Definition of proximal and distal regions 

Proximal regions or promoters are ±2kb windows centered by RefSeq transcription start 

sites (TSS) locations (O'Leary et al., 2016), whereas the remaining regions of the genome were 

considered as distal regions.  
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Identification of differential peaks 

The differential peaks (from ChIP-seq or ATAC-seq) between EryP and EryD were 

determined as previously described (Huang et al., 2016; Xu et al., 2012), using MAnorm (Shao 

et al., 2012), with the threshold of M-value 1 and FDR 0.01. We termed differential peaks as 

EryP-/EryD-specific peaks, whereas the remainders were considered as shared peaks. 

Motif enrichment analysis 

To identify enriched motifs within a set of enhancers, we performed motif enrichment 

analysis using HOMER (Heinz et al., 2010), as previously described (Huang et al., 2016). The 

position weight matrixes (PWM) of core vertebrate motifs were downloaded from the JASPAR 

database (Mathelier et al., 2014). The enrichment score of each motif in a set of enhancer 

regions was defined as -log10(P-value), where P-value corresponds to the significance of 

observed over-representation of each motif site in enhancer regions compared to control 

regions randomly selected from the genome, which is calculated based on hypergeometric 

distribution.  

Enhancer-promoter loops comparison 

The total number of enhancer-promoter loops (E-P loops) between EryP and EryD 

conditions were comapred at each 10-kb, and 25-kb resolution, respectively. The enhancers 

were defined from GATA1 ChIP-seq peaks, while the promoter was defined as TSS±2kb region. 

Before comparison, neighboring GATA1 ChIP-seq peaks were merged, using BEDOPS (Neph 

et al., 2012a), to keep the resolution of ChIP-seq data consistent with the resolution of HiChIP 

data. For example, for 10-kb loop comparison, we merged ChIP-seq peaks at a threshold of 10-

kb. The number of enhancer-promoter loops was then tallied in each EryP and EryD cells, for 

EryP-specific genes, EryD-specific genes, and common genes. Common genes were defined 

as non EryP-/EryD-specific genes and with relatively expression in both EryP and EryD cells 
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based on RNA-seq distribution. The difference in the total number of enhancer-promoter loops 

across conditions was computed. To test its significance, we picked 1,000 genes randomly in 

the genome to compute the difference in the number of enhancer-promoter loops across EryP 

and EryD conditions. 1,000 permutations of random genes were analyzed to derive an empirical 

P-value for the difference (EryP-EryD). 

Virtual 4C visualization 

Virtual 4C analysis is used to examine the number of interactions formed with an anchor 

region of interest (Mumbach et al., 2017). Based on the defined anchor in our case (the E1 

enhancer in Hemgn locus and E2 enhancer in Tnfaip2 locus), we computed the number of 

interactions formed with the anchor site using the Juicer-tools dump function (Durand et al., 

2016b). The specific settings were “observed <hicfile> <range1> <range2> FRAG 1” which 

means observed number of reads at 1-fragment resolution, range1 specifies the anchor site, 

range2 specifies ±400 frag from the anchor site. Afterward, reads at fragment resolution were 

converted to basepair resolution by checking back the restriction-site file. Reads were 

redistributed across 200 basepair bins at a bin size of 750bp to give the final virtual 4C plot. 

Note that fragment resolution dump was required as the minimal resolution of basepair 

interaction matrix in a hic file was 5-kb, while at fragment resolution 1 fragment is equivalent to 

about 400bp. 

Average profiles of enhancer-promoter interactions 

A summary virtual 4C plot was generated to summarize the enhancer-promoter 

interactions for over EryP- and EryD- specific genes in EryP and EryD cells, respectively. We 

treated each promoter as anchor site in each case, where a promoter is defined as a H3K4me3 

peak at TSS±2kb. For enhancer definition, we used GATA1 ChIP-seq peaks. Next, for each 

enhancer neighboring the promoter at a distance of ±100kb, we tabulated the number of 
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interaction of reads that each enhancer forms with the promoter in the HiChIP dataset. Juicer-

tools dump function (Durand et al., 2016b) was used to provide the number of reads at fragment 

resolution, and then were converted to base pair resolution. Reads were summarized to the 

corresponding enhancer bin based on the ordinal position of enhancer relative to promoter (1st 

bin if reads are for first enhancer from promoter, 2nd bin if reads are for 2nd enhancer from 

promoter, and so on). Average reads per enhancer bin were computed, giving Fig. 4D. 

Data visualization 

The ChIP-seq and ATAC-seq signal tracks were visualized using Integrative Genomics 

Viewer (IGV) (Robinson et al., 2011). HiChIP interaction maps were visualized with Juicebox 

(Durand et al., 2016a), and HiChIP loops were visualized with WashU genome browser (Zhou et 

al., 2011). 

Processing of ENCODE mouse datasets 

H3K27ac ChIP-seq and RNA-seq datasets of mouse tissues during development were 

downloaded from ENCODE (Consortium, 2012). To balance the various sequencing depth 

among samples, H3K27ac and RNA-seq raw data were sampled to 10 and 30 million reads, 

respectively. All tissue samples, in which the H3K27ac ChIP-seq and RNA-seq data were both 

available in each instance, were processed in an unbiased way, and were further filtered 

through the following criteria: 1) the sequencing depth at least more than 10 million per sample; 

2) at least 3 developmental time points per tissue; 3) with at least 2 biological replicates 

available. 42 embryonic samples, including heart, liver, forebrain, midbrain, hind brain, limb, and 

embryonic facial prominence, and covering different developmental stages from E10.5 to E16.5, 

successfully went through all filtrations. For each tissue, we grouped the available samples into 

three categories labeled as “Early”, “Middle”, and “Late” based on their annotated 

developmental ages (Fig. 6B). In brief, the beginning 1-2 developmental ages and the last 1-2 
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developmental ages were grouped into “Early” and “Late” respectively, and remaining were 

considered as “Middle” (Fig. 6B).  

We construct the gene expression matrix in ENCODE 42 samples, using log2(RPKM+1) 

from RNA-seq data. For each cell type, cell-type-specific expressed genes were defined as the 

top 500 genes, ranked based on the cell-type-specificity of gene expression. We constructed 

the enhancer profiles matrix in three steps. 1) We defined distal H3K27ac peaks as enhancers 

for each sample. 2) An enhancer catalog across all cell types was curated based on the union of 

the enhancers in each cell type, followed by a merge of overlapping enhancers to remove 

redundant ones. 3) H3K27ac density (log2(RPKM+1)) of enhancer catalog in each cell type was 

used to represent the enhancer profiles matrix. For each cell type, cell-type-specific enhancers 

were defined as the top 5,000 enhancers ranked by their cell-type-specificity, which was 

calculated as the fold-enrichment of H3K27ac density compared with the average H3K27ac 

density across all cell types. The gene expression matrix and enhancer profile matrix of 

ENCODE 42 samples were used for C-score analysis described below.  

Processing of Roadmap human datasets  

The H3K27ac ChIP-seq and RNA-seq data in 48 human cell types were downloaded 

from Roadmap (Bernstein et al., 2010). We manually classified 48 cell types into three groups 

“Embryonic”, “Fetal”, and “Adult” based on their annotation information. As with the processing 

of ENCODE datasets (Consortium, 2012), we constructed gene expression matrix and 

enhancer profile matrix, and then defined cell-type-specific enhancers and genes in Roadmap 

48 cell types for C-score analysis described below (Fig. 6A). 
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C-score analysis  

We introduced a computational metric, C-score, to systematically assess the association 

between a set of genomic regions and a set of cell-type-specific expressed genes. This stratey 

was adopted from GREAT analysis, which predicts functions of cis-regulatory regions by 

analyzing the annotations of the nearby genes (McLean et al., 2010). As illustrated in Fig. S2A, 

two steps, “assignment” and “assessment”, were involved in C-score calculation. In “assignment” 

step, a set of genomic regions, e.g. ATAC-seq or ChIP-seq peaks, were mapped to candidate 

genes within ±50kb using the ‘nearest neighbor gene’ approach (Huang et al., 2016; Xu et al., 

2012) using HOMER (Heinz et al., 2010) (Fig. S2A). In “assessment” step, we performed 

Fisher’s exact test to assess the enrichment significance of a set of genomic region assigned 

cell-type-specific genes, where -log10(P-value) was termed as the C-score. C-scores ≥ 200 were 

presented as 200 to create appropriate color range in a heatmap. In EryP/EryD dataset, we 

used the same number of cell-type-specific genes (943 genes) in C-score analysis to exclude 

potential biases on P-value due to the size of the gene set. In ENCODE and Roadmap datasets, 

top 5,000 cell-type-specific enhancers and top 500 cell-type-specific genes were used in C-

score analysis. C-score analyses were performed in replicates independently and the results 

were highly consistent.   

Validation of C-score analysis 

Parameters in “assignment” and “assessment” steps (Fig. S2A) may bia C-score 

analysis and these parameters are 1) various mapping distance (±25kb or ±100kb), 2) multiple 

genes mapping and 3) scoring metric (Fig. S2A, middle). To exclude false positives, we 

validate C-score analysis by repeating the analysis with one parameter changed at a time (Fig. 

S2A, right). Within “different mapping distances”, the nearest genes within ±25kb or ±100kb of 

enhancer center were designated as the enhancer target genes; In “multiple-genes mapping” 

approach, all genes within ±50kb of enhancer center were designated as the enhancer target 
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genes. To validate the association results scored by Fisher’s exact test, we applied the Binomial 

test, which was used in GREAT analysis (McLean et al., 2010), as an alternative scoring metric, 

and termed this score as GREAT score (G-score) (Fig. S2A). To calculate a G-score, we 

annotated an genomic region (±50kb from TSS)  to a EryP- or EryD- specific gene (McLean et 

al., 2010). Then, the enrichment significance of a set of EryP-/EryD-specific peaks (ATAC-seq 

or ChIP-seq peaks) across annotated genomic regions was assessed by using Binomial test, 

where -log10(P-value) was defined as the G-score (Fig. S2A right). As with C-score, G-scores 

increased as the association of genomic regions to specific expressed genes becomes greater. 

We performed the validation of C-score analysis on all datasets, and achieved consistent C-

score patterns as compared with the initial C-score analysis. Representative analyses with 

EryP-/EryD-specific active enhancers, EryP-/EryD-specific Gata1 peaks and with Roadmap 

datasets were summarized in Fig. S2. 

Enrichment analysis of GWAS SNPs 

The SNPs curated in GWAS Catalog (Welter et al., 2014) were downloaded through the 

UCSC Table Browser (Karolchik et al., 2004). In 48 human cell types (Roadmap), we computed 

enrichment of SNPs on cell-type specific enhancers (Fig. 6A) and on C-score-related 

enhancers, in which enhancers assigned genes were overlapped with cell-type specific genes 

(Fig. 6A and 6E). In Brief, for each group of enhancers, the enrichment of SNPs was defined as 

the fold enrichment relative to genomic background. It was calculated as following: (m/n)/(M/N), 

where m and M represent the number of within-group and genome-wide SNPs respectively, and 

n and N represent the number of within-group and genome-wide loci respectively. The fraction 

of enhancers with SNPs represents the percentage of enhancer that overlaps with at least 1 

SNP. 
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Lentiviral shRNA infection 

106 MEL cells were mixed with virus particles generated by Dox-inducible Myb shRNAs, 

and control vector (Sigma), supplemented with 10 μg/ml polybrene (Sigma-Aldrich). Lentiviral 

vectors bearing the coding sequence of the Puromycin-resistance gene permitted a positive 

selection of 2 μg/ml Puromycin (Sigma-Aldrich) treatment. shRNA sequences are listed in 

supplemental Table S3. 

CRISPR/Cas9 enhancer deletion in MEL cells and mESCs 

To generate biallelic deletion of Enhancer 1 (E1, chr4: 46410632-46411247, in Trmo, 

Hemgn, Anp32b and Nans locus), sgRNAs targeting 5’- and 3’-flanking regions of E1 were 

designed and synthesized respectively. sgRNA sequences are listed in supplemental Table S4. 

Two overlapping oligonucleotides carrying sgRNA sequence targeting 5’-flanking region and two 

overlapping oligonucleotides carrying sgRNA targeting 3’-flanking region were annealed and 

cloned respectively, as previously described (Bauer et al., 2015). In brief, 10 μM guide 

sequence oligos and 10 μM complement oligo were mixed with 1X ligation buffer supplemented 

with 5 U of T4 Polynucleotide Kinase (PNK) in 10 μl reaction. Anneal in a thermocycler using 

37oC for 30 min; 95oC for 5 min and then ramp down to 25oC at 0.1oC/sec. The annealed oligos 

were then ligated into pX330 vector using a Golden Gate assembly. Ligation mixture [100 ng 

vector, 1 μM annealed oligos, 40 U BbsI restriction enzyme (NEB), 1 mM ATP, 0.1 mg/ml BSA 

and 750 U T4 DNA ligase (NEB), and 1X restriction enzyme buffer] were incubated in a 

thermocycler using 20 cycles of 37oC for 5 min, 20oC for 5 min; followed by 80oC for 20 min.  

pX330 construct with sgRNA targeting 5’-flanking region and px330 construct with 

sgRNA targeting 3’-flanking region were co-transfected with pCas9-GFP (Addgene #44719) at 

the ratio of 1:1:2 into MEL cells or mESCs by Lipofectamine 2000 (Invitrogen). The top 5% of 

GFP+ cells was isolated 48 hours post-transfection by FACS. Single cell derived colonies were 
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screened for biallelic deletion of targeting region. For mESCs, FACS isolated GFP+ cells were 

plated on feeder cells to generate single cell colonies. Genotyping primer sequences are listed 

in supplemental Table S5. 

Biallelic deletion of Enhancer 2 (E2, chr12: 111517811-111518523, in Tnfaip2 and Eif5 

locus) in MEL cells and mESCs were generated using a similar strategy with sgRNAs targeting 

flanking regions of E2. sgRNA sequences are listed in supplemental Table S4. Genotyping 

primer sequences are listed in supplemental Table S5. 

RNA extraction and qRT-PCR 

Total RNA was extracted with TRIzol (Thermo Fisher) and reverse transcribed to cDNA 

with QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions. 

cDNA samples were subjected to qRT-PCR using the iQ SYBR Green Supermix (Bio-Rad) in 

the CFX384 Touch Real-Time PCR Detection System(Bio-Rad). Primer sequences are listed in 

supplemental Table S6. Values are expressed as log102^DeltaCt using Actin beta (Actb) as a 

control gene. 

Quantification and Statistical Analysis 

Each experiment was repeated at least twice using a minimum of three biological 

replicates per condition. Statistical analysis was performed with unpaired Student’s t-test. Error 

bars indicate the S.E.M.; n=3 in Fig. 4, Fig. S1, Fig. S4 and Fig. S5. In box plots in Fig. 6 and 

Fig. S2, centerline of each box represents the median, the box limits represent the 25th and 

75th percentiles and the whiskers represent the 5th and 95th percentiles. Statistical analysis of 

Fig. 4E, Fig. S5C and S5D were performed with permutation test in 1,000 random genes. P-

values were calculated and statistical significance indicates *P<0.05, **P<0.01, ***P<0.001. 
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Data Availability 

The RNA-seq, ChIP-seq, ATAC-seq, and HiChIP data generated in this study have been 

deposited in Gene Expression Omnibus (GEO) under accession number GSE112717. 
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