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How overall principles of cell-type-specific gene regulation (the
“logic”) may change during ontogeny is largely unexplored. We
compared transcriptomic, epigenomic, and three-dimensional (3D)
genomic profiles in embryonic (EryP) and adult (EryD) erythro-
blasts. Despite reduced chromatin accessibility compared to EryP,
distal chromatin of EryD is enriched in H3K27ac, Gata1, and Myb
occupancy. EryP-/EryD-shared enhancers are highly correlated
with red blood cell identity genes, whereas cell-type-specific reg-
ulation employs different cis elements in EryP and EryD cells. In
contrast to EryP-specific genes, which exhibit promoter-centric
regulation through Gata1, EryD-specific genes rely more on distal
enhancers for regulation involving Myb-mediated enhancer acti-
vation. Gata1 HiChIP demonstrated an overall increased enhancer-
promoter interactions at EryD-specific genes, whereas genome
editing in selected loci confirmed distal enhancers are required
for gene expression in EryD but not in EryP. Applying a metric
for enhancer dependence of transcription, we observed a progres-
sive reliance on cell-specific enhancers with increasing ontogenetic
age among diverse tissues of mouse and human origin. Our find-
ings highlight fundamental and conserved differences at distinct
developmental stages, characterized by simpler promoter-centric
regulation of cell-type-specific genes in embryonic cells and in-
creased combinatorial enhancer-driven control in adult cells.
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Interactions between chromatin and nuclear regulatory factors
establish gene expression programs during development (1).
Whereas chromatin landscapes have been elucidated by genome-
wide chromatin profiling methods in numerous adult cell types (2,
3), scant attention has been paid to embryonic cell types in human
and mouse systems, other than embryonic stem cells (ESCs). Despite
well-characterized gene regulatory networks (GRNSs) in embryos of
some model animals (including Drosophila melanogaster, sea urchin,
and chick) (4-6), whether the organization, or “logic,” of gene reg-
ulation differs between embryonic and adult cells remains to be
explored. We began by examining these issues in the context of
functionally analogous blood cells of two different stages of ontog-
eny, and then extended our findings more broadly to other cell types.

Primitive (EryP; also referred to as “embryonic”) and defini-
tive (EryD; also referred to as “adult”) erythroid cells constitute
distinct, temporally overlapping lineages with similar in vivo
function 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)—Gatal, Tall, and Klfl—and several adult-specific fac-
tors, namely Bcllla, Sox6, and Myb (7-10). Whereas transcrip-
tional mechanisms have been studied extensively in EryD cells,
we are unaware of analyses in EryP cells, which arise in the yolk
sac as a distinct lineage.

21450-21458 | PNAS | September 1,2020 | vol. 117 | no. 35

EryP cells emerge in blood islands and mature as a semi-
synchronous cohort in the circulation. EryD cells, which are adult
type, are generated within the fetal liver and later in the postnatal
bone marrow (9). Gatal plays a central role in the regulation of
erythroid-specific genes in both EryP and EryD lineages and is
required for their differentiation (11, 12). Gatal collaborates with
other critical TFs, including Scl/Tall, Ldb1, Fogl, and Lmo2 (7, 9,
13). Knockout of each of these genes leads to defects in EryP and
ExyD cells (7, 9, 13). In contrast, the loss of Myb, which is expressed
selectively in definitive type cells, impairs proliferation and differ-
entiation of EryD, sparing EryP cells (8). Given the different reli-
ance of EryP 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 accessi-
bility, histone modifications, transcription factor (TF) occupancies,
and three-dimensional (3D) chromatin interactions. We observed
that distal enhancer-dependent, cell-type—specific gene regulation
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is overall greater in EryD than in EryP, while cell-type-specific
gene regulation in EryP is relatively promoter-centric, using
Gatal. We hypothesized that these features reflect inherent dif-
ferences between embryonic cells and more diverse, long-lived
adult cells. Analyses of available datasets of diverse mouse and
human cells and tissues provided further support for the unex-
pected finding that cell-type-specific regulatory logic changes
with ontogeny.

Results

EryD-Specific Distal Accessible Chromatin Is Enriched for Active
Enhancers. CD71*/Ter119* EryP and EryD cells were isolated
by FACS from embryonic day (E)10.5 embryonic peripheral blood
and E13.5 fetal liver, respectively (14). We profiled transcriptomes,
chromatin accessibility, histone modifications, and TF occupancies
(Fig. 14). Identity of the respective cell populations was assessed by
the expression of globin and TFs characteristic of each lineage
(SI Appendix, Figs. S1 A-C). Transcriptome analyses revealed
943 EryP-specific and 1,689 EryD-specific genes (logy(fold-
change) > 1, P < 0.01) (Fig. 1B and Dataset S1). EryP-specific
genes were modestly enriched with Gene Ontology (GO) terms
associated with “metabolic process” (P = 3.2¢-5), whereas EryD-
specific expressed genes were significantly enriched in “cell cycle
genes” (P = 2.5e-12) and “erythrocyte development” (P = 3.2¢-8)
(SI Appendix, Fig. S1D).

Nucleosome eviction is regarded as a primary step in tran-
scriptional activation (15, 16). 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) (SI Appendix, Fig. S1 E and F).
We assessed genome-wide differential accessibility between EryP and
EryD using MAnorm (17) 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. 1C and SI Appendix, Fig. S1G), indicative of greater overall
accessibility of EryP chromatin at both proximal and distal regions.

To evaluate whether the different accessibility at distal regions
in EryP and EryD relates to putative enhancer activity, we per-
formed chromatin immunoprecipitation sequencing (ChIP-seq)
for H3K27ac. As expected, H3K27ac distributed across both
proximal and distal regions (SI Appendix, Fig. S1 E and F). In
contrast to the greater overall accessibility in EryP, we identified
5,137 EryP-specific H3K27ac peaks and 7,164 EryD-specific
peaks (Fig. 24 and SI Appendix, Fig. S24). While the numbers
of cell-type-specific H3K27ac peaks at proximal regions were
comparable between EryD and EryP (1,652 vs. 1,841), we ob-
served more cell-type-specific distal H3K27ac peaks in EryD
than in EryP (5,512 vs. 3,296) (Fig. 24). We categorized the
distal accessible regions based on H3K27ac peaks into two sub-
groups, active (with H3K27ac) or open only (without H3K27ac).
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). In contrast, the percentage was much
greater (65%) in EryD-specific distal accessible regions (Fig. 2B
and SI Appendix, Fig. S2B), suggesting that EryD-specific distal
accessible regions are relatively enriched for more active chro-
matin, presumably distal active enhancers. Accordingly, we in-
deed 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 pronounced upon
enumeration of “super-enhancers” (SEs). As shown in Fig. 2D,
the number of EryD-specific SEs greatly exceeded that in EryP.
Thus, the increased number of cell-type—specific active en-
hancers characterizes EryD distal accessible chromatin.

EryD-Specific Transcription Is Distal Enhancer-Driven. To systemati-
cally assess the association between cell-type—specific active en-
hancers and differential gene expression, we introduced a
computational metric, designated C-score (SI Appendix, Fig.
S34). The calculation strategy is similar to Genomic Regions
Enrichment of Annotations Tool (GREAT) (18), which is widely
used by the genomics community to study functional enrichment
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Fig. 1. Distal chromatin accessibility differs in EryP and EryD erythroblasts. (A) Isolation of EryP and EryD and experiment outline. (B) Transcriptomic analysis

of EryP and EryD erythroblasts. (C) Comparisons of EryP-/EryD-specific ATAC peak numbers and their genomic distribution.
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(B) Categorization of distal accessible regions with H3K27ac. Heatmaps of ATAC-seq and H3K27ac ChiIP-seq signal, centered at the ATAC-seq peak summits.
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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 S/ Appendix, Fig. S2A and Table S3 and Materials and Methods.

associated with a subset of genomic regions. Similar to GREAT,
the C-score analysis starts with assigning EryP-/EryD-specific en-
hancers to target genes (using the “nearest neighbor gene” ap-
proach) (17). Next, the statistical significance of association
between assigned target genes and cell-type—specific genes (Data-
set S1) is quantified by a P value inferred by using the Fisher’s exact
test. Finally, the C-score is defined as the —log;((P value) (ST Ap-
pendix, Fig. S3 A, Left and SI Appendix, Table S3). Of note, C-score
analysis evaluates the association between a set of specific chro-
matin features (e.g., H3K27ac peaks and ATAC-seq peaks) and
cell-type—specific transcriptional activities (S Appendix, Fig. S3 A,
Left). By using C-score analysis (Fig. 2E), we found that activities of
cell-type-specific enhancers were more strongly associated with
cell-type—specific genes in EryD cells (C-score = 248) than in EryP
cells (C-score = 54). The divergence in the observed association
might suggest that EryP- and EryD-specific gene expression rely on
different regulatory elements, whereas EryD-specific gene expres-
sion is relatively enhancer-driven.

To exclude bias in our calculation, we tested other mapping
approaches and alternative scoring metrics for the C-score (SI Ap-
pendix, Fig. S34 and Materials and Methods). As shown in SI Ap-
pendix, Fig. S3 B-D, approaches of “multiple genes mapping” and
“various mapping distance” achieved C-score patterns comparable
to Fig. 2F with original setting. To assess the effect of calculating P
values using an alternative statistical test, we chose the binomial
test, which was used in GREAT analysis to assess functional sig-
nificance of cis-regulatory elements across the entire genome (18),
and referred to the corresponding results as the G-score (SI Ap-
pendix, Fig. S3 A, Right). In all these analyses, we arrived at the same
inference that the association between cell-type—specific enhancers
and cell-type-specific genes is greater in EryD than in EryP cells (S
Appendix, Fig. S3 B-E), indicating this conclusion is unlikely due to
a technical artifact of the C-score analysis procedure.

We next performed control analyses with EryP-/EryD-specific
ATAC-seq peaks and observed strong correlations with EryP-/
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EryD-specific genes, respectively (SI Appendix, Fig. S1 H, Left
and SI Appendix, Table S3), consistent with the established as-
sociation between chromatin accessibility and transcriptional
activities (15, 16), suggesting C-score analysis indeed reflects the
association between a set of specific chromatin features and cell-
type—specific transcription. C-score can be affected by sample size.
We thereby performed C-score analysis with distal EryP-/EryD-
specific ATAC-seq peaks, as we observed fewer distal ATAC-seq
peaks in EryD as compared to EryP (5,589 vs. 9,332) (Fig. 1C). In
agreement with C-score analysis with EryP-/EryD-specific en-
hancers (Fig. 2E), we observed that the C-score of distal ATAC-seq
peaks in EryD was also substantially greater than that in EryP (261
vs. 88) (SI Appendix, Fig. S1 H, Right and SI Appendix, Table S3).
These data indicate that conclusions derived from C-score analysis
of EryP-/EryD-specific enhancers are not biased by sample size and
also demonstrate that both EryD-specific enhancers and EryD-
specific distal accessible regions are more strongly associated with
cell-type—specific genes in EryD cells than in EryP cells.

Distal enhancers are critical for gene expression, but the weak
correlation between EryP-specific enhancers and EryP-specific
genes seemed at first incompatible. To interrogate the overall
relevance of distal enhancers in EryP, we performed GREAT
analysis of EryP-/EryD-shared enhancers, which revealed that
most GO terms were associated with red blood cell functions,
such as “erythrocyte homeostasis” (P = 2.0e-13) (SI Appendix,
Fig. S2C), suggesting that shared enhancers correlate highly with
red blood cell identity genes in both EryP and EryD (9). The
locus control region (LCR) of B-globin genes, which is required
for transcription of embryonic and adult p-like globin genes (19,
20), was also identified as an EryP-shared and EryD-shared
enhancer (SI Appendix, Fig. S2E), indicating essential functions
of shared enhancers in both EryP and EryD cells. Motif analysis
in shared enhancers showed that the most enriched motifs cor-
responded to master TFs (TAL1 and GATAL) (SI Appendix, Fig.
S2D), consistent with established roles of Tall and Gatal at both
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stages (9, 11, 12). Thus, EryP-/EryD-shared enhancers correlate
highly with red blood cell identity, whereas EryP-specific en-
hancers exhibit weak correlation with EryP-specific genes. Taken
together, we speculate that transcription of EryD-specific genes
is largely distal enhancer-driven, whereas EryP-specific genes
rely more heavily on other regulatory elements.

Gatal Controls EryP-Specific Gene Transcription through Proximal
Elements. TFs and distinctive chromatin structures coordinately
regulate transcription. To explore the regulation of EryP-specific
genes, we performed ChIP-seq of Gatal and Tall in EryP and
EryD cells (SI Appendix, Fig. S1F). The total number of cell-
type—specific Tall peaks and their genomic distribution patterns
were similar in EryP and EryD (Fig. 34 and SI Appendix, Fig.
S44), and the majority of cell-type—specific Tall peaks (>90%)
resided at distal regions (Fig. 34). The C-score of EryD-specific
Tall peaks in EryD was greater than that in EryP (Fig. 3B), sug-
gesting a role of Tall in enhancer-dependent regulation of EryD-
specific genes, but less so for EryP-specific genes.

Gatal ChIP-seq revealed that cell-type-specific Gatal occu-
pancy at distal regions was significantly greater in EryD than
EryP (89% versus 57%), despite a comparable overall number of
Gatal peaks (Fig. 3C and SI Appendix, Fig. S4B). In marked
contrast, 43% EryP-specific Gatal peaks were located in proxi-
mal regions in EryP (Fig. 3C), indicative of greater proximal
Gatal binding. We also observed strong association between
EryP-specific Gatal peaks and EryP-specific expressed genes
(Fig. 3D). In particular, EryP-specific genes were more enriched
in EryP-specific Gatal proximal peaks, whereas EryD-specific
genes were more enriched in EryD-specific Gatal distal peaks
(Fig. 3E and SI Appendix, Fig. S3 F-I). These data suggest that
Gatal regulates EryP-specific transcription predominantly
through proximal regions. Upon comparison of Gatal with
H3K27ac profiles, we observed that Gatal occupancy indeed
colocalized with H3K27ac in both EryP and EryD (Fig. 3G).
Taken together, Gatal distinct genomic distribution and C-score
analyses of Gatal cell-type-specific peaks demonstrate that
EryP-specific genes are regulated principally through Gatal oc-
cupancy at proximal regions, whereas EryD-specific genes are
controlled to a larger extent by distal enhancers, involving distal
Gatal occupancy.

Myb Mediates Enhancer Activation and Gatal Distal Occupancy in
EryD. We next sought to identify TFs that mediate EryD-specific
enhancer activity and the distal Gatal distribution. Motif analysis
in EryP-specific and EryD-specific enhancers suggested putative
EryD-specific regulators (SI Appendix, Fig. S2D). We ranked TF
motifs according to their relative enrichment, as well as expression
of the cognate TFs in EryP and EryD (Fig. 3F). The Myb motif
was enriched in EryD-specific enhancers, and Myb was specifically
expressed in EryD (Fig. 3F). Previous work demonstrated that
fetal liver erythropoiesis is defective in Myb null mice (8), and the
transcriptional coactivator CBP/p300 (SI Appendix, Fig. S4C),
acetylating H3K27 (21), interacts with Myb through its KIX do-
main (22). Therefore, we hypothesized that interaction of Myb
and p300 may mediate activation of EryD-specific enhancers and
promote Gatal distal occupancy. To this end, we performed ChIP-
seq of Myb in E13.5 fetal liver cells and performed bioChip-seq of
p300 in cells that were harvested from p300*"™;Rosa26*" mice
(23) (SI Appendix, Fig. S4D). Consistent with this hypothesis,
Myb bound exclusively to distal regions and cooccupied with Gatal,
and the occupancy of p300 and Myb was highly colocalized with
EryD-specific Gatal-bound enhancers (Fig. 3G) (P < 2.2e-16,
Fisher’s exact test). To examine effects of Myb loss, 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 land-
scape profiles as EryD (Fig. 3G and SI Appendix, Fig. S4E). Myb
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ShRNA decreased overall Gatal binding and H3K27ac at EryD-
specific Gatal occupied distal regions (Fig. 3 H and [ and SI
Appendix, Fig. SAE). Taken together, these findings provide evi-
dence that Myb is essential for EryD-specific enhancer activation
and Gatal distal occupancy.

Gatal HiChIP Confirms Increased Enhancer-Promoter Interactions in
EryD. Our analyses identified enhancer-dependent regulatory
logic that distinguishes EryP-specific and EryD-specific gene acti-
vation. Distal enhancers regulate gene expression through long-
range interactions to promoters of target genes. Long-range chro-
matin interactions are mediated via Gatal/Tall/Lmo2/Ldbl
complexes in erythroid cells (9, 13). To determine if enhancer-
dependent gene regulation increases in EryD cells, we performed
Gatal HiChIP (24, 25) to profile the enhancer—promoter (E-P)
interactions. Interaction matrices at progressively higher resolution
revealed that Gatal HiChIP in EryD exhibited more evident
chromatin interactions than in EryP at 5-kb resolution (Fig. 44 and
SI Appendix, Fig. S5A), as well as more loops within representative
400-kb EryD-specific expressed loci (Mgll and Abtb1) (Fig. 4B and
SI Appendix, Fig. S5 B and C). We next characterized E-P inter-
actions of EryP-/EryD-specific genes by examining reads distribu-
tion within +100-kb window from TSS. In contrast to sporadic E-P
interactions of EryP-specific genes in both EryP and EryD cells
(Fig. 4 C, Left), promoters of EryD-specific genes exhibited fre-
quent interactions with surrounding enhancers in EryD cells, as
compared with EryP cells (Fig. 4 C, Right). E-P loops of EryP-
specific genes were similar in number between EryP and EryD
(P = 0.47, permutation test), whereas E-P loops of EryD-specific
genes were significantly greater in number in EryD cells (P < 0.01,
permutation test) (Fig. 4D and SI Appendix, Fig. S5 D and E).
These observations provide additional evidence that EryP-specific
gene activation employ promoter-centric regulatory logic, in which
long-range E-P interactions are less enriched, whereas EryD-
specific gene expression depends to a greater extent on enhancer-
driven logic, in which frequent E-P interactions are observed. To
test if E-P interaction is overall greater in EryD cells, we counted
E-P loops in EryP- and EryD-common expressed genes (Materials
and Methods), and observed that E-P loops of common expressed
genes in EryD cells were significantly greater in number in EryD
than in EryP (P < 0.01, permutation test) (Fig. 4D and SI Appendix,
Fig. S5 D and E). The EryD-specific expression of Lmo2 (5.7 + 0.15
in EryP vs. 8.9 + 0.11 in EryD) (SI Appendix, Fig. S14), a bridging
factor for DNA binding factors (Gatal and Tall) and Ldb1 (9, 13),
provided additional evidence to support the finding that Gatal
contributes to a greater degree in mediating E-P interactions in
EryD than in EryP. Taken together, these observations indicate that
increased long-range interactions are correlated with EryD-specific
genes in EryD cells.

CRISPR/Cas9 Genomic Editing Confirms Putative Enhancer-Driven
Logic in EryD. The increased E-P interactions on EryD-specific
genes may occur via EryD-specific enhancers or shared en-
hancers. We next disrupted specific enhancers and shared en-
hancers to interrogate their requirement for gene expression. To
evaluate contribution of EryP-/EryD-shared enhancers in both
EryP and EryD, we selected loci with surrounding EryD-specific
and EryP-/EryD-common expressed genes. As a representative
example, within the Timo, Hemgn, Anp32b, and Nans locus
(chr4: 46410632-46411247), enhancer 1 (yellow highlighted), or
E1 for short, is occupied by Gatal and H3K27ac in both EryP
and EryD (Fig. 4E). Trmo and Nans are EryD-specific genes,
whereas Hemgn and Anp32b are EryP-/EryD-common expressed
genes (SI Appendix, Fig. S5F). We applied virtual 4C (v4C)
analysis (25) of Gatal HiChIP to examine differential E-P in-
teractions at the locus. Here, we set E1 as an anchor point and
visualized all interaction reads occurring with E1. As shown in
the top two tracks (Fig. 4E), interaction reads between E1 and
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Fig. 3. Myb is required for distal enhancer activation and Gata1l binding in EryD. (A and B) Comparison of EryP-/EryD-specific Tal1 peaks 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
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with motifs, while x axis represents the log, fold change of gene expression of the cognate TFs. Broken lines indicate threshold at fold change of 1.5 on motif
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(green) regions. Myb and p300 ChIP-seq were performed in E13.5 fetal liver. (H and /) ChIP-seq signal density plots of Gata1 (H) and H3K27ac (/) 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. 3G. y axis is
normalized ChIP-seq reads, log,(RPKM + 1).

the Hemgn promoter (gray highlighted) were indeed greater in ~ Hbb-bhl, and Hbb-by in mESC-derived CD71%/Ter119" cells
EryD than in EryP (27.2 in EryD vs. 19.7 in EryP at Hemgn indicated their primitive-stage origin (SI Appendix, Fig. S5J) (28,
promoter, and 22.2 in EryD vs. 8.7 in EryP at E1). This obser-  30). In contrast to MEL cells, Hemgn and Trmo expression was
vation suggests that E-P interactions of the EryP-/EryD-shared  maintained in El-deleted mESC-derived CD71%/Ter119* cells
enhancer (E1) correlate with Hemgn gene expression in EryD  (Fig. 4G). This example of editing EryP-/EryD-shared enhancers
cells, but not in EryP cells. sheds light on the differential contribution of enhancers to gene
We performed CRISPR/Cas9 genome editing in definitive-  expression—the shared enhancer is required for target gene
stage (EryD) MEL cells (26, 27) using paired guide RNAs expression in EryD, but not in EryP cells.
(sgRNAs) targeting flanking regions of E1. The deletion size was We validated the requirement of EryD-specific enhancer,
refined by Gatal ChIP-seq peaks (Fig. 4F and SI Appendix, Fig.  enhancer 2, or E2 (chr12: 111517811-111518523), within the
S5K). Transcripts of four genes in the E1 locus were examined  Tnfaip2 and Eif5 locus (Fig. 4H and SI Appendix, Fig. S5K).
in day 5 differentiated WT and AE1 MEL cells. Hemgn tran-  Tnfaip2 is an EryD-specific gene, whereas Eif5 is an EryP-/EryD-
scripts, as well as Trmo, were significantly reduced in AE1 MEL  common expressed gene (SI Appendix, Fig. S5G). A similar
cells (Fig. 4F). To evaluate enhancer contribution in EryP cells, strategy was applied to validate E2 in MEL cells and mESC-
we utilized mouse embryonic stem cells (mESCs) (28, 29), asno  derived CD71%/Ter119" cells. Expression of Tnfaip2 was
primitive-stage erythroid cell lines are available. mESCs were = markedly down-regulated in E2-deleted MEL cells (Fig. 4I),
differentiated into erythroblasts in vitro (SI Appendix, Fig. SSH),  whereas Tnfaip2 expression was unaffected in E2-deleted,
and CD71%/Ter119* cells were isolated by FACS for gqRT-PCR ~ mESC-derived CD71"/Ter119" cells (Fig. 4/), in agreement with
analysis (29) (SI Appendix, Fig. S5I). Gene expression of Hbb-b1,  the v4C prediction at Tnfaip2 promoter in EryD (Fig. 4H). Thus,
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Fig. 4. Gatal HiChIP confirms increased E-P interactions in EryD. (A) Interaction maps of Gata1 HiChIP in EryP and EryD at 500-kb and 5-kb resolution,
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. (C) Average profiles of E-P interactions of EryP-/EryD-specific genes. Promoters of EryP-specific or EryD-specific genes
were set as anchors, and enhancers were defined by Gata1 peaks +100 kb away from TSS. The average of reads within E-P interactions was plotted. 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. Genomic baseline (gray bars) are E-P interactions of a set of randomly selected genes of matched size in both EryP and EryD cells. (D) Quan-
tification of E-P loops in EryP and EryD cells at 25-kb resolution. P value represents permutation test in 1,000 random genes selection of matched size. (E-G)
Validation of EryP-shared and EryD-shared enhancers (Enhancer 1, E1). vAC interaction profiles at the E1 in EryP and EryD cells were aligned in E. Quantitative
transcript analysis upon E1 deletion in MEL cells and mESCs-derived CD71*/Ter119* cells were presented in F and G, respectively. (H-J) Validation of EryD-
specific enhancer (Enhancer 2, E2). v4C interaction profiles at the E2 in EryP and EryD cells were aligned in H. Quantitative transcript analysis upon E2 deletion
in MEL cells and mESCs-derived CD71*/Ter119" cells were presented in / and J, respectively. Virtual 4C interaction profiles were generated at 1-kb resolution (E
and H). E1 and E2 are highlighted in yellow, and promoters of flanking genes are highlighted in gray (E and H). ChIP-seq and RNA-seq track of EryP (blue
highlighted) and those of EryD cells (red highlighted) were aligned to the selected genomic region (B, E, and H). Experiments were replicated at least twice in
F, G, I, and J. Error bars indicate the SEM; n = 3 (F, G, /, and J). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired one-tailed Student'’s t test (F, G, /, and J) and
permutation test (D).
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enhancer deletions provide additional evidence that EryD-specific
distal enhancers are essential for EryD-specific gene expression at
the selected locus in EryD cells.

Taken together, genome-wide profiling of E-P interactions and
enhancer inactivation at selected loci demonstrated long-range

interactions are increased at EryD-specific genes and associated en-
hancers are essential for EryD-specific gene expression, supporting
conclusions derived from correlative studies. Specifically, promoter-
centric regulatory logic of EryP-specific genes is manifest through
proximal occupancy by Gatal, whereas distal enhancer-driven activation
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Fig. 5. 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—-D) Contribution of cell-type-specific enhancer to gene
expression in ENCODE datasets. (B) The schematic diagram of tissues and developmental ages. C-score matrix (C) and statistical analysis of C-scores (D) are
presented. (E and F) Contribution of cell-type—specific enhancer to gene expression in Roadmap datasets is represented by C-score matrix (E) and statistical
analysis of C-scores (F). Samples were classified into three stages as highlighted. (G) Enrichment analysis of GWAS SNPs in cell-type-specific enhancers and
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in EryD involves Myb and extensive E-P interactions (SI Ap-
pendix, Fig. S5L).

Enhancer-Driven Regulatory Logic Correlates with Development in
Mouse Tissues. To explore whether our findings are broadly rel-
evant to other cell contexts, we systematically evaluated the
relative contribution of enhancer activities to gene regulation at
different developmental stages by applying C-score analysis to
mouse ENCODE consortium datasets (2) (Fig. 54 and Materials
and Methods). 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. 5B). In 42 qualified samples, we defined cell-
type—specific genes (500 per cell type), based on RNA-seq
data, and defined cell-type—specific enhancers (5,000 per cell
type), based on H3K27ac ChIP-seq signal (Materials and Meth-
ods). For each sample, the association between the sample-
specific genes and sample-specific enhancers was estimated by
C-score (Fig. 54 and SI Appendix, Fig. S34). To provide a sta-
tistical analysis of C-scores across developmental ages and to
have sufficient samples in each stage to perform statistical
comparisons, we assigned the beginning 1-2 developmental ages
and the last 1-2 developmental ages into “Early” and “Late,”
respectively. The remaining developmental ages were considered
as “Middle” (Fig. 5B). In general, C-scores progressively in-
creased with developmental age (Fig. 5C and SI Appendix, Fig.
S6C and Dataset S2), and C-scores in the “Late” group were
significantly higher than those in the “Early” group (Fig. 5D).
Thus, progressive reliance of cell-specific gene expression on
distal enhancers with developmental age appears to be conserved
during mouse development.

Enhancer-Driven Regulatory Logic Correlates with Ontogeny in Human
Cells. As a second, independent test of our hypothesis, we inter-
rogated datasets of 48 diverse human cell types from the NIH
Roadmap Epigenomics project (31). Similar analytical methods
were applied to Roadmap datasets (Fig. 54), and we observed that
the C-scores within one cell type (diagonal values) were much
higher than those across cell types (nondiagonal values) (Fig. SE
and SI Appendix, Fig. S6B), consistent with the concept of tissue-
specific enhancers (32). Cell types were classified into three
groups according to their developmental stage. We observed that
the overall correlation scores for the “Fetal” and “Adult” groups
were significantly higher than those in the “Embryonic” group,
whereas correlation scores increased progressively with develop-
mental age (Fig. 5F and SI Appendix, Figs. S3 J-M and S6D and
Dataset S3). Recent studies suggest that disease-associated DNA
sequence variation occurs largely in enhancers (2, 33). We next
investigated the extent to which disease-associated SNPs occur in
“cell-type—specific enhancers” and in “specific-expression associ-
ated enhancers,” a subset of cell-type—specific enhancers, of which
nearby associated genes were also cell-type—specific expressed
(Fig. 54). We observed that adult “cell-type—specific enhancers”
are highly enriched in SNPs from the Genome-wide Association
Studies (GWAS) (Fig. 5G). Moreover, “specific-expression asso-
ciated enhancers” were more strongly enriched with SNPs than
“cell-type—specific enhancers” in the adult group (Fig. 5G), im-
plying that these variants might be associated with gene regulation
and diseases in adult. A possible explanation for the lack of en-
richment of diseased associated SNPs in embryonic-specific en-
hancers is that such genetic variation may lead to gene expression
changes that lead to prenatal or perinatal lethality. Taken to-
gether, our observations provide persuasive evidence that distinct
contributions of combinatorial enhancer-driven regulation at
embryonic and adult stages, respectively, represent a conserved
theme through ontogeny.

Cai et al.

Discussion

Through comparative genome-wide analyses of embryonic and
adult erythroblasts, we made the unanticipated observation that
the dependence of cell-specific gene expression on distal en-
hancers increases with developmental stage. In contrast to
embryonic-specific erythroid genes, adult cell-specific gene ex-
pression is more highly dependent on distal enhancer regulation.
As this conclusion is primarily inferred from the integration of
cell-specific gene expression, transcription factor binding, and
active histone marks, we employed HiChIP of the master ery-
throid transcription factor GATA1 and CRISPR/Cas9-mediated
deletion of selected enhancers to test initial conclusions. Indeed,
we observed increased E-P interactions of cell-type—specific genes
in adult erythroid cells, as compared with embryonic erythroid
cells, and demonstrated the requirements for distal enhancers at
selected loci in adult, but not embryonic, cells. Analyses of avail-
able datasets of diverse mouse and human cells and tissues further
broadened the scope of the finding that enhancer-dependent, cell-
type—specific regulatory logic increases with ontogeny. Taken to-
gether, our findings reveal that the extent to which cell-specific
gene expression relies on distal enhancers is not constant in de-
velopment. 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 chromatin configuration. Tissue-
specific enhancers may be brought in close proximity to pro-
moters by looping (34-36), which has been revealed by ChIA-PET,
HI-C, superresolution microscopy, and quantitative live-imaging
(34, 35, 37-39). Recent studies have shown that chromatin orga-
nization is reconfigured during development, stem cell differenti-
ation, and somatic cell reprogramming (38, 40-42), suggesting
stage-specific configuration instructs regulatory logic. Embryonic
red cells represent a transient lineage, which is replaced by defin-
itive red cells (adult lineage) that sustain the individual throughout
life (9). Consistent with these notions, Gatal HiChIP revealed
a greater number of E-P interactions of in EryD, as compared to
embryonic EryP cells (Fig. 4 C and D). The greater involvement
of enhancers in long-range regulation in EryD requires activa-
tion of distal enhancers. We identified Myb as an EryD-specific
regulator, which exclusively bound to EryD-specific distal en-
hancers (Fig. 3G). Loss of Myb decreased overall H3K27ac de-
position and Gatal occupancy within distal enhancer regions
(Figs. 3 H and I), suggesting that Myb is essential for EryD-specific
distal enhancer activation. Disruption, inversion, or insertion of
enhancers can perturb tissue-specific chromatin architecture and
lead to inappropriate expression of target gene (43-47). 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. 4 E-J). These
observations imply that E-P configuration is developmental age-
specific, involving specific transcription factors and enhancer
activation.

Distal enhancers maintain cell identities (32, 36). Functional
enrichment using GREAT analysis shows that EryP-/EryD-
shared enhancers, including the LCR region of p-globin genes (S
Appendix, Fig. S2E), are largely enriched with red blood cell
functions (SI Appendix, Fig. S2C). In contrast, the dominant role
of adult-specific distal enhancers may reflect a greater need to
respond to complex and changing environmental cues, including
cell—cell interactions, soluble cytokines, and mechanic forces that
trigger signal transduction to the nucleus (34, 35). The shift of
regulatory logic from promoter-centric in embryonic cells to
enhancer-dependent in adult cells for the subset of genes that
define each cell type mirrors increased complexity of pathways
and extracellular niches in the adult stage (48). The greater in-
volvement of distal enhancers in adult is relevant to human
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diseases, as the vast majority of disease-associated variations occur
within noncoding genomic sequences (2, 33). Promoter-centric reg-
ulation in embryonic cells and greater enhancer-dependent control
in adult cells for cell-specific genes constitute a previously unrecog-
nized theme in network organization. Further in-depth genome-wide
studies in different species and cell types, including programmable
3D genome rewiring, may provide additional insights into the reg-
ulatory logic employed at different stages of ontogeny.

Materials and Methods

Details of materials and methods of primary cell isolation, cell culture, mESCs
erythroid differentiation, library preparation, and data analysis of RNA-seq,
ChIP-seq, ATAC-seq and HiChlIP, data visualization, C-score analysis, processing
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