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ABSTRACT

Mammalian erythroid development can be divided
into three stages: hematopoietic stem and progen-
itor cell (HSPC), erythroid progenitor (Ery-Pro), and
erythroid precursor (Ery-Pre). However, the mecha-
nisms by which the 3D genome changes to estab-
lish the stage-specific transcription programs that
are critical for erythropoiesis remain unclear. Here,
we analyze the chromatin landscape at multiple
levels in defined populations from primary human
erythroid culture. While compartments and topo-
logically associating domains remain largely un-
changed, ~50% of H3K27Ac-marked enhancers are
dynamic in HSPC versus Ery-Pre. The enhancer an-
chors of enhancer-promoter loops are enriched for
occupancy of respective stage-specific transcription
factors (TFs), indicating these TFs orchestrate the
enhancer connectome rewiring. The master TF of
erythropoiesis, GATA1, is found to occupy most ery-
throid gene promoters at the Ery-Pro stage, and me-
diate conspicuous local rewiring through acquiring
binding at the distal regions in Ery-Pre, promoting
productive erythroid transcription output. Knocking
out GATA1 binding sites precisely abrogates local
rewiring and corresponding gene expression. Inter-
estingly, knocking down GATA1 can transiently revert
the cell state to an earlier stage and prolong the win-
dow of progenitor state. This study reveals mecha-
nistic insights underlying chromatin rearrangements
during development by integrating multidimensional
chromatin landscape analyses to associate with tran-
scription output and cellular states.
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INTRODUCTION

The process of erythropoiesis is characterized by stepwise
proliferation and differentiation from hematopoietic stem
and progenitor cells (HSPCs) to mature red blood cells
(RBCs) through functionally and morphologically distinct
stages (1). Normally, approximately 2 million RBCs are
produced per second in human bone marrow through this
tightly regulated erythroid development process (2). Defects
in this process lead to various types of anemia and asso-
ciate with a wide range of acquired and inherited diseases,
such as Diamond-Blackfan anemia and polycythemia vera
(3-6).

Previous studies of genectically modified mouse models
and human congenital anemia have identified several reg-
ulators of erythropoiesis, including the transcription fac-
tors GATA1, GATA2 and KLF1 (7-17). Comprehensive
analyses of select stages of erythropoiesis using bulk- and
single-cell transcriptomics (18-21) and proteomic profiling
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(22,23), combined with analyses of the epigenetic landscape
such as chromatin accessibility (24,25), DNA methylation
(24,26) and histone modifications (27-29), provide different
point of view to understand this process.

The three-dimensional (3D) organization of chromo-
somes promotes long-range chromatin interactions, espe-
cially between enhancers and promoters, which are of vi-
tal importance for maintaining sophisticated gene regula-
tory networks (30,31). The 3D genome architecture in se-
lect stages of erythropoiesis have been studied in key ery-
throid loci, such as the globin genes (32-35). However,
detailed 3D genome characterization throughout the en-
tire process of human erythroid development remains lack-
ing, with particular regard to the genome-wide enhancer—
promoter (E-P) dynamic interactions. Therefore, these dy-
namic erythropoiesis-related interactions require further
study to achieve a more comprehensive understanding of
chromatin and gene expression regulation and their rela-
tionship with red blood cell diseases.

In this study, we used Micro-C and in situ Hi-C fol-
lowed by chromatin immunoprecipitation (HiChIP) assays
to provide comprehensive profiling of chromatin architec-
ture, particularly E-P interactions, in clearly defined stages
of human erythropoiesis: HSPC, erythroid progenitor (Ery-
Pro) and erythroid precursor (Ery-Pre). We integrated these
data with dynamic occupancy of key transcription factors,
such as GATAI and GATA2, and transcriptome profiling
at the HSPC, Ery-Pro and Ery-Pre stages to give a system-
atic understanding of the molecular characteristics of hu-
man erythropoiesis. Our data show that stage-specific tran-
scription factors are involved in the rewiring of E-P interac-
tions from the HSPC to Ery-Pro to Ery-Pre stages. Further-
more, the master regulator GATA1 gradually dominates
the E-P interactions throughout these transitions. During
the transition from Ery-Pro to Ery-Pre, GATAL1 exhibits a
relatively stable occupancy pattern, but a gain in the dis-
tal GATA1 occupancy drives significant chromatin contact
changes, promoting productive erythroid gene expression.
In addition, our results indicate that the dosage of GATA1
is essential for maintaining the Ery-Pro state, and a tran-
sient shortage of GATAL in the Ery-Pro promotes the con-
version of cells to an earlier progenitor state, which has a
higher self-renewal capacity.

Overall, our profile offers a valuable resource to advance
the understanding of human erythropoiesis, and our inte-
grated analysis provides not only a comprehensive under-
standing of the 3D gene regulation throughout the differ-
entiation process, but also reveals how stage-specific tran-
scription factors likely participate in rewiring the chromatin
connectome, particularly how dynamic GATA1 occupancy
and dosage associate with step-wise gene regulation and cel-
lular state. These results may therefore further a wide range
of studies related to inherited and acquired diseases of red
blood cells.

MATERIAL SAND METHODS
Reagents

All information on reagents and antibodies can be found in
Supplementary Table S1.
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Biological resources

CD34+ cells (HSPC) were obtained from the Cord Blood
Bank of Beijing.

Ex vivo erythroid culture of CD34+ HSPCs and HUDEP-1
cells

Erythroid differentiation was induced using erythroid dif-
ferentiation medium (EDM): IMDM supplemented with
5% human AB serum, 10% FBS, 300 pg/ml holo-
Transferrin, 2 mM L-glutamine, 10 ng/ml heparin, 10
pg/ml, 3 IU/ml erythropoietin (EPO), 50 ng/ml hSCF
and 10 ng/ml hIL-3, with cell density kept below 0.5
million/ml. HUDEP-1 cells were maintained in the ex-
pansion medium, consisting of StemSpan SFEM supple-
mented with 50 ng/ml SCF, 3 IU/ml EPO, 1 x 107° M
dexamethasone, and 1 mg/ml doxycycline, with cell den-
sity kept <0.5 million/ml(36). Differentiation of HUDEP-
1 cells was achieved by a 5-day culture in EDM supple-
mented with 1 mg/ml doxycycline. Erythroid differentia-
tion was monitored by flow cytometry analysis of CD71,
CD117 and CD235a expression at day3, day5, day7 and
dayl1 for CD34 + erythroid culture and at day 3 and day 5
for HUDEP-1 differentiation.

Isolation of Ery-Pro and Ery-Pre cells

Ery-Pro cells were isolated by a fluorescence-activated cell
sorting (FACS) scheme derived from previously described
methods with several modifications (20,37-39). Briefly, at
day 5 of CD34+ erythroid cell culture, cells were spun
down and re-suspended in staining buffer (2% FBS in PBS).
Subsequently, the following antibodies were added for 30
min at 4°C per 1 x 10° cells: 5 pl anti-CD235a(APC,
HIR2), 5 pl anti-CD45RA(APC, HI100), 5 pl anti-
CDI123(APC, 7G3), 5 pl anti-CD7(APC, M-T701), 5 pl
anti-CD10(APC, HI10a), 5 pl anti-CD90(APC, 5E10), 5
pl anti-CD135(APC, BV10A4H2), 5 pl anti-CD41a(APC,
HIPS), 20 pl anti-Hematopoietic Lineage(APC), 5 pl anti-
CD71(FITC, OKT9), 5 pl anti-CD34(PE, 4H11), 6 ul anti-
CD38(PerCP-CyS5, HIT2), 5 pl anti-CD36(APC-Cy7, 5-
271) and 5 pl anti-CD105(PE-CF594, 266). After stain-
ing, cells were washed with staining buffer and 1 pg/ml
DAPI was added. FACS was performed on the FACSAria-
IT SORP flow cytometer (BD Biosciences). The DAPI-
Lin"~ (Lin- CD7- CDI10~ CD45RA~ CDI23~ CD90~
CD135~ CD41a™) CD34" CD38" CD71" CD36* CD105*
cells are Ery-Pro cells. Proerythroblast cells (Erythroblast,
Ery-Pre) were sorted on erythroid differentiation day 11 as
previously described (40), and defined as CD235a* CD71*
CD45'°% CD36* CD117"eh CD105high,

Analytical flow cytometry was performed on the LSR-
Fortessa SORP Cell Analyzer (BD Biosciences) by stain-
ing with anti-CD71 (1:200), anti-CD34 (1:200), anti-
CD38 (1:200), anti-CD36 (1:200), anti-CD117 (1:200), anti-
CD235a (1:200) and either DAPI (for differentiation screen-
ing) or anti-CD235a (1:200), 2 wg/ml Hoechst33324 and
1 pg/ml propidium iodide (for enucleation screening).
CountBright™ Absolute Counting Beads were added to
each sample to measure the cell number.
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CFU assays and subsequent detection of lineage markers

HSPC, Ery-Pro or Ery-Pre cells were plated in 2.5 ml
methylcellulose medium at 200 cells per dish. After 14
days incubation, the colonies were counted, and images
of each individual colony were obtained with the DM
1000 microscope (Leica, Wetzler, Germany). Gross im-
ages of the colony dish were taken with the iPhone 13
Pro with macro mode (Apple, Cupertino, CA, USA).
Identification of colonies is described as follows. Colony-
forming unit-erythroid (CFU-E): colonies containing a to-
tal of 8-200 erythroblasts. Burst-forming unit-erythroid
(BFU-E): colonies containing >200 erythroblasts in sin-
gle or multiple clusters. Colony-forming unit-granulocyte,
macrophage (CFU-GM): colonies containing >40 granu-
locytes (CFU-G), macrophages (CFU-M), or cells of both
lineages (CFU-GM). Colony-forming unit-granulocyte,
erythrocyte, macrophage, megakaryocyte (CFU-GEMM):
colonies containing erythroblasts and cells of at least two
other recognizable lineages.

Erythroid and myeloid marker (CD235a/CD11b) detec-
tion was performed on the LSRFortessa SORP Cell Ana-
lyzer after washing-out the colonies from the dishes.

CUT&RUN assay

The CUT&RUN experiments were conducted as previ-
ously described with modifications (41). Briefly, 10 000
cells for each replicate were captured with BioMagPlus
Concanavalin A for 10 min at room temperature in Wash
buffer (20 mM HEPES, 150 mM NaCl, 0.5 mM spermidine,
1 x protease inhibitor cocktail). Permeabilization of cells
and binding of primary antibodies (1:100) were performed
overnight at 4°C in 150 pl antibody buffer (wash buffer with
0.05% digitonin and 2mM EDTA). After washing away un-
bound antibody twice with 1 ml Dig-wash buffer (wash
buffer with 0.05% digitonin), protein A-MNase (home-
made, 340ng/ wl) was added at a 1:100 ratio and incubated
for 2 h at 4°C in 100 .1 Dig-wash buffer. Cells were washed
twice again with 1 ml Dig-wash buffer and placed in a 0°C
metal block. CaCl, was then added to a final concentra-
tion of 2 mM to activate the protein A-MNase. The reac-
tion was carried out for 30 min and stopped by adding an
equal volume of 2x STOP buffer (340 mM NaCl, 20 mM
EDTA, 4 mM EGTA, 0.05% digitonin, 100 wg/ml RNAse
A and 50 pg/ml glycogen) in 37°C for 30 min. The protein—
DNA complex was then released by centrifugation. DNA
was extracted using the Monarch PCR & DNA Cleanup
Kit, and eluted with 15 pl H,O. Quality control analysis
was performed using the Qubit Fluorometer and bioana-
lyzer (Thermo Fisher Scientific). Protein A-MNase was ex-
pressed and purified from E. coli BL21(DE3) carrying pET-
PA-MN (derived from Plasmid #86973, Addgene, Water-
town, MA, USA).

The CUT&RUN library preparation was performed with
the VAHTS Universal DNA Library Prep Kit according to
the manufacture’s protocol with minor modifications (42).
Briefly, 10 pl of DNA was used for library construction.
The temperature for dA-tailing was decreased to 50°C to
avoid DNA melting, and the reaction time was increased
to 1 h. After adaptor ligation, a 2x volume of VAHTS
DNA Clean Beads was added to the reaction to ensure

high recovery efficiency of short fragments. After 15 cycles
of PCR amplification, the reaction was cleaned up with a
1.2x volume of VAHTS DNA Clean Beads. The final li-
braries were quantified using a VAHTS Library Quantifi-
cation Kit and a D1000 High Sensitivity DNA chip run
on a Bioanalyzer 4250 system (Agilent Technologies, Santa
Clara, CA, USA). Two biological replicates per condition
were sequenced using the Illumina Novaseq 6000 platform
(S4, PE150, Novogene, Beijing, China).

RNA-seq and scRNA-seq library preparation

RNA-seq was performed with the Single Cell Full Length
mRNA-Amplification Kit, which is based on the SMART-
seq2 method (43). Briefly, two hundred cells were lysed and
reverse transcribed, followed by 11 cycles of PCR to amplify
the transcriptome library. The whole transcriptome library
quality was validated using a D5000 DNA Chip run on a
Bioanalyzer 4150 system (Agilent Technologies), followed
by library preparation using the TruePrep DNA Library
Prep Kit and custom index primers according to the man-
ufacturer’s instructions. The final libraries were quantified
using a VAHTS Library Quantification Kit and a D1000
High Sensitivity DNA chip run on a Bioanalyzer 4250 sys-
tem (Agilent Technologies). Two biological replicates per
condition were sequenced using the Illumina Novaseq 6000
platform (S4, PE150, Novogene).

Single cell RNA-seq (scRNA-seq) was performed with
the Chromium Next GEM Single Cell 3’ Kit v3.1 targeting
10 000 cells according to the manufacturer’s protocol. The
final libraries were quantified using a D1000 High Sensitiv-
ity DNA chip run on a Bioanalyzer 4250 system (Agilent
Technologies). Libraries were sequenced using the Illumina
Novaseq 6000 platform (S4, PE150, Novogene).

Micro-C assay

The Micro-C assay was carried out as previously described
with minor modifications (44), using 100 000 FACS-purified
cells for each reaction. In brief, after fixation with 3 mM
DSG for 30 min followed by 1% formaldehyde for another
10 min, the crosslinked cells were permeabilized in ice-cold
Micro-C Buffer #1 (50 mM NaCl, 10 mM Tris—HCI (pH
7.5), 5 mM MgCl12, | mM CaCl,, 0.2% NP-40 and 1x Pro-
tease Inhibitor Cocktail) for 20 min. Chromatin from per-
meabilized cells was digested by 50 U micrococcal nuclease
at 37°C for 10 min. After digestion, chromatin fragments
were then subjected to dephosphorylation, phosphoryla-
tion, and end-chewing processes using T4 PNK and Klenow
Fragment in end-repair buffers (50 mM NaCl, 10 mM Tris—
HCI (pH 7.5), 10 mM MgCl,, 100 pg/ml BSA, 2 mM ATP,
5 mM DTT, no dNTPs) at 37°C for 30 min. Blunt-end
ligation and biotin incorporation were achieved by adding
biotin-dATP, biotin-dCTP, dGTP and dTTP and incubat-
ing at 25°C for 45 min. Chromatin was ligated by T4 DNA
Ligase at room temperature for 2.5 h. Unligated ends con-
taining biotin-dNTPs were then removed by exonuclease 111
at 37°C for 15 min. After reverse-crosslinking, the DNA
was purified and gel size-selected for dinucleosomal DNA
at 200-400 bp. DNA fragments containing biotin were im-
mobilized on MyOne Streptavidin C1 Dynabeads, and then



library preparation was performed using the VAHTS Uni-
versal DNA Library Prep Kit per the manufacturer’s proto-
col. Two biological replicates per condition were sequenced
using the Illumina Novaseq 6000 platform (S4, PE150,
Novogene).

Capture-C assay

The Capture-C assay was carried out using the in situ
method as previously described with minor modifications
(45), using 1 x 10° cells for each reaction. In brief, after
fixation with 1% formaldehyde, cells were lysed in 100 .l
HiC buffer (10 mM Tris—HCI pH 8.0, 10 mM Nacl, 0.5%
NP-40 and proteinase inhibitor), and the nuclei pellet was
solubilized in 20 1 0.5% SDS and incubated at 62°C for 10
min. The SDS was quenched with 10 w1 10% Triton X-100 at
37°C for 30 min. The nuclei were then digested overnight at
37°Cusing 50 U of Mbol. After Mbol inactivation, proxim-
ity ligation was carried out overnight at 25°C with 1600 U of
T4 DNA Ligase. After reverse-crosslinking, DNA was pu-
rified and sheared to 200-600 bp fragments using the M220
sonicator (Covaris, Woburn, MA, USA). Library prepara-
tion was then performed using the VAHTS Universal DNA
Library Prep Kit per the manufacturer’s protocol with 1pg
DNA per replicate. Next, 2 pg of indexed and mixed li-
brary was used as the input for two rounds of downstream
hybridization and biotin capture with biotin-labeled oligos
using the GenFisher Hybridization and Wash Kit per the
manufacturer’s protocol (Supplementary Table S2). Briefly,
2 pg multiplexed DNA from four indexed DNA library (500
ng each) was mixed with 5 pl human repeated DNA and
2 pl universal blockers, and then dried down with vacuum
concentrator (Savant™ SpeedVac™ DNA 130). After recon-
stitution with the hybridization buffer (contain 3 pmol bi-
otin labeled probe) in a PCR tube, the hybridization mix
was incubated in a PCR machine for 95°C 30S and 65°C
overnight. The hybridization mix was then mixed with an
equal volume of pre-washed streptavidin beads and incu-
bated at 65°C for 45 min in a thermomixer at 1200 rpm.
After several washes, the DNA-captured beads were recon-
stituted with 25 pl H,O and 14 cycles of PCR amplifica-
tion were performed. The second-round capture was per-
formed as the first-round except that eight multiplex sample
could be used. Two biological replicates per condition were
sequenced using the Illumina Novaseq 6000 platform (S4,
PE150, Novogene).

HiChIP assay

The HiChIP assay was conducted using the in-situ method
as previously described with minor modifications (46). For
GATAL1 HiChIP, 10 x 10° Day 5 Ery-Pro and Day 12 Ery-
Pre cells generated from the ex vivo CD34+ erythroid dif-
ferentiation culture were used. In brief, after fixation with
1% formaldehyde, the cells were lysed in 1 ml HiC buffer
(10 mM Tris—HCI pH 8.0, 10 mM NacCl, 0.5% NP-40 and
proteinase inhibitor), and the nuclei pellet was solubilized
in 100 pl 0.5% SDS and incubated at 62°C for 5 min. The
SDS was quenched with 50 wl 10% Triton X-100 at 37°C
for 30 min. Then, the nuclei were digested for 2 h at 37°C
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using 375 U of Mbol. After biotin filling, proximity liga-
tion was carried out with 4000 U of T4 DNA Ligase for
2 h at 25°C. The nuclei pellet was reconstituted with 500
wl nuclear lysis buffer (50 mM Tris—-HCI, 10mM EDTA,
1% SDS, 1 x protease inhibitor cocktail). Sonication of re-
suspended nuclei was performed using the M220 sonica-
tor (Covaris), then 2 ml HiChIP dilute buffer (0.01% SDS,
1.1% Triton-X 100, 1.2 mM EDTA, 16.7 mM Tris-HCI, 167
mM NaCl, 0.1 x protease inhibitor cocktail) were added to
reduce the concentration of SDS. Following an overnight
incubation with anti-GATAT1 antibody (abcam, ab11852,
15wg/107 cells), 100 wl Dynabeads™ Protein A were added
at 4°C and incubated for 2 h. The bound DNA-protein
complexes were eluted and reverse-crosslinked after a series
of washes.

After reverse-crosslinking, the biotin-containing ligation
fragments were immobilized on MyOne Streptavidin C1
Dynabeads, and the library was prepared using the TnS
Transposome DNA Library Prep Kit per the manufac-
turer’s protocol with 5 ng DNA. After 10 cycles of PCR
amplification, the library was then subjected to double-size
selection using VAHTS DNA Clean Beads to isolate frag-
ments between 300 and 600 bp. Two biological replicates per
condition were sequenced using the Illumina Novaseq 6000
platform (S4, PE150, Novogene).

Reporter gene assay

Reporter gene plasmid transfection was performed with
lipofectamine 3000 in K562 cells. In brief, 1 g of the pGL3-
SLC4A1l-promoter with either the wild-type (WT) or mu-
tated GATAI1 binding sites enhancer and 50 ng of pRL-
SV40 were co-transfected into differentiated K562 cells (48
h after 5 U/ml rhEPO treatment) at 200000 cells per well
in a 12-well plate. Forty-eight hours post transfection, fire-
fly and renilla luciferase activities were measured consecu-
tively with the Dual-Lumi Luciferase Reporter Gene Assay
Kit using a BioTek Cytation 5 luminometer (Agilent Tech-
nologies). The reporter gene activity was expressed as the
ratio of firefly luciferase relative luminescence units (RLU)
to renilla luciferase RLU.

siRNA delivery in Ery-Pro cells

GATA1 knockdown was performed via nucleofecting
siRNA (LNA modified, mixture of three different siRNAs
on the same target gene) on the purified Ery-Pro cells ac-
cording to the manufacturer’s protocol. In brief, 20000
sorted Ery-Pro cells were spun down and resuspended with
20 wl of solution P3 for primary cells; 15, 30 or 75 pmol of
siGATA1 siRNA, or 75 pmol of scrambled siCon siRNA,
were then added to the cell suspension; and nucleofec-
tion was performed in a 4D-Nucleofector X Unit (Lonza
Bioscience) using program EO-100. After nucleofection,
200 cells were plated immediately in 2.5 ml methylcellu-
lose medium for the subsequent 14-day culture. The re-
maining cells were subsequently cultured in EDM for fur-
ther growth. The knock-down efficiency was assessed using
SMART-seq2 and qRT-PCR after 24, 48 and 72 h of in-
cubation in EDM. The siRNA sequences are provided in
Supplementary Table S2.
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siRNA delivery and cas9-mediated knock-out in HUDEP-1
cells

In brief, 20 000 or 1000 000 differentiated Day 3 HUDEP-1
cells were spun down and resuspended with 20 .l or 100 pl
of solution P3 for primary cells (Lonza Bioscience), respec-
tively, and 75 pmol or 300 pmol of either siGATA1 or Con-
trol siRNA was then added to the cell suspension, respec-
tively. Nucleofection was performed in a 4D-Nucleofector
X Unit (Lonza Bioscience) using program EO-100. After
48 h of continued culture, gene expressions were confirmed
with qRT-PCR.

Cas9-sgRNA RNP complexes were assembled as fol-
lows: For each knock-out experiment, 300 pmol of Cas9
protein and 500 pmol of sgRNA (GeneScript) were mixed
and incubated for 20 min at room temperature. Next,
1 x 10° differentiated Day 3 HUDEP-1 cells were resus-
pended with 100 pl of solution P3 for primary cells (Lonza
Bioscience), preassembled ribonucleoproteins (RNPs) were
then added to the cell suspension and nucleofection was per-
formed in a 4D-Nucleofector X Unit (Lonza Bioscience)
using program DZ-100. Cells were centrifuged and trans-
ferred to 2 ml of medium for continued growth. To as-
sess genome editing efficiency, cells were lysed to extract
genomic DNA (gDNA). Primers spanning the edited sites
were used to amplify the genomic region. The guide RNA
(gRNA) and genotyping primer sequences are listed in
Supplementary Table S2. After two days of differentiation
culture, transfected cells were utilized for the downstream
analysis. For the precise GATA1 binding site depletion, a
single-stranded oligodeoxynucleotide (ssODN) was intro-
duced as the template to co-transfect with the Cas9—RNP
the HUDEP-1 cells at maintained stage. After an addi-
tional seven days of culture, single clones were picked, and
the target genome sequence was confirmed using Sanger
sequencing.

Cell proliferation assay

Absolute cell number of Ery-Pro cells was measured using
CountBright™ Absolute Counting Beads at Day 3, Day 8,
Day 9 and Day 10 post-siRNA delivery while cell differen-
tiation was monitored by flow cytometry. CellTiter-Blue®)
Cell Viability Assay was used to detect cell proliferation.
Briefly, 100 siRNA-delivered Ery-Pro cells were seeded in
200 wl EDM. At the 3-, 6- or 8-day incubation time point,
40 wl CellTiter-Blue reagent was added and incubated for 2
h. The fluorescence signal was measured in triplicate using
a BioTek Cytation 5 luminometer (Agilent Technologies).

Micro-C data processing

Micro-C data processing was performed as previously pub-
lished with minor modifications (47). The raw reads of the
Micro-C library were mapped with hgl19 and further filtered
with HiC-Pro (version 3.10.0, https://github.com/nservant/
HiC-Pro) (48). Pairs with multiple hits, MAPQ < 10, sin-
gleton, dangling end, self-circle, and PCR duplicates were
removed. Paired reads with distances shorter than 100 bp
were also disregarded. Correlation of replicates was cal-
culated using the stratum-adjusted correlation coefficient

(SCC) method with HiCRep (version 1.11.0, http://github.
com/qunhualilab/hicrep) at 10, 20, 50 and 100 kb (49). All
biological replicates were processed individually to assess
quality and then combined for further analyses and visual-
ization. The valid Micro-C contacts matrices were then nor-
malized using the K-R method, and corresponding .cool
files were generated at 200 bp, 400 bp, 600 bp, 800 bp, 1
kb, 2 kb, 4 kb, 10 kb, 20 kb, 100 kb and 200 kb bin size. Vi-
sualization of .cool files were conducted on the Higlass 3D
genome server (http://higlass.io).

Identification of compartments was conducted by hic-
Compartmentalization in HiCExplorer (version 3.0, https:
/Igithub.com/deeptools/HiCExplorer) (50) with matrices at
100 kb resolution and referred to as A or B according to the
gene density. The compartments with higher gene density
were selected as compartment A, while the compartments
with lower gene density were selected as compartment B.
Furthermore, the H3K27ac signal was also incorporated to
distinguish compartment A or B (51).

TADs and TAD insulation scores were identified and cal-
culated by the hicFindTADs function of the HiCExplorer
tool at 20 kb resolution (50). The insulation score is mea-
sured using the z-score of the Hi-C matrix and is defined
as the mean z-score of all matrix contacts between the left
and right regions. The minus value of the insulation score
indicates boundary strength (50,52). To calculate the TAD
activity (Intra- or Inter-TAD contact ratio), we first merged
boundaries observed at +40 kb across the three stages to-
gether, then the TAD activity was express as the Intra- or
Inter-TAD contact ratio across the merged TAD regions.
The differential TAD was called using the hicDifferential-
TAD function of the HiCExplorer tool with threshold P-
value <0.05 and FC >1.5.

We utilized Mustache (version 1.2.0, https:
/[github.com/ay-lab/mustache) (53) to call loops with
balanced contact matrices at resolutions of 400 bp, 600 bp,
800 bp, 1 kb, 2 kb, 4 kb, 10 kb and 20 kb using the calling
options —pThreshold 0.1 —sparsityThreshold 0.88 —octaves
2. We then combined all loops at different resolutions. If a
loop was detected at different resolutions, we retained the
precise coordinates in finer resolutions. We used coolpuppy
(version 1.0.0, https://github.com/open2c/coolpuppy) to
implement the APA function for the .cool file. To further
filter and classify loops, we first defined £2.5 kb of the
gene TSS as the promoter (P) and non-TSS H3K27ac
peaks in each stage (HSPC, Ery-Pro, and Ery-Pre) as
enhancers (E). Genomiclnteractions (version 1.32.0, https:
//github.com/ComputationalRegulatoryGenomicsICL/
Genomiclnteractions) (54) was used to designated P-P,
E-P and E-E loops in respective stages.

CUT&RUN data processing

CUT&RUN data processing was performed as previ-
ously published with minor modifications (55). The raw
CUT&RUN sequence data were trimmed to barcode
using TrimGalore (version 0.4.4, https://github.com/
FelixKrueger/TrimGalore) and reads were aligned to the
hgl9 version of human genome with bowtie2 (version
2.3.4.1, https://github.com/BenLangmead/bowtie2) (56).
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Duplicated reads were removed using the Picard tool
(version 2.0.1, http://broadinstitute.github.io/picard/) and
the low-quality reads (MAPQ < 30) were also removed.
Reads with the cutoff of inset size <120 bp were selected
for transcription factors occupancy and 150-500 bp
for H3K27ac histone modification, as defined in previ-
ous studies (41,55,57). Peaks were called using SEACR
with default parameters with IgG control (version 1.2,
https://github.com/FredHutch/SEACR) (57), and the
differentiated binding sites of H3K27ac and GATA1 were
calculated using the diffbind R package with the parameter
FDR <0.05 (version 1.15.5, https://www.cruk.cam.ac.
uk/core-facilities/bioinformatics-core/software/diftbind).
Co-binding of transcription factors was performed
using the bedtools package with 1 bp overlap (ver-
sion 2.30.0, https://github.com/arq5x/bedtools2/).
The bigwig/bedgraph files were generated using
the deepTools bamCoverage tool (version 3.4.0,
https://deeptools.readthedocs.io/en/develop/content/
tools/bamCoverage.html) (84) to visualize peaks in
IGV (https://software.broadinstitute.org/software/igv/)
(58) and pyGenomeTracks (version 3.7, https:
/[github.com/deeptools/pyGenomeTracks).

Super enhancer (SE) and typical enhancer (TE) iden-
tification was performed as previously described using
ROSE (https://bitbucket.org/young_computation/rose/src/
master/) with the following parameters: -s 12500 -t 2500 -
g hgl9 (59).

HiChIP data processing

HiChIP data processing was performed as previously
published with minor modifications (60). In brief, the
raw reads of the HiChIP library were mapped with
hgl9 and further filtered with HiC-Pro (version 3.10.0,
https://github.com/nservant/HiC-Pro) to remove pairs
with multiple hits, MAPQ <10, singleton, dangling
end, self-circle, and PCR duplicates (48). All HiChIP
GATALI biological replicates generated from this study
were initially processed individually to assess quality
and then combined for downstream analyses and vi-
sualization. The HiChIP H3K27ac data were obtained
from a public dataset without replicates (GSM3769103,
GSM5028232) (61,62). Correlation of replicates was calcu-
lated using the SCC method with HiCRep (version 1.11.0,
http://github.com/qunhualilab/hicrep) at 10, 20 and 50 kb
(49). HiChIP datasets were then processed by FitHiChIP
(version 10.0, https://github.com/ay-lab/FitHiChIP) af-
ter subset to the same valid interaction numbers (60).
The following parameters were used to call HiChIP
loops for both H3K27ac and GATA1 HiChIP: 5000
bp resolution, 10 000-2000 000 distance threshold,
FDR 0.05, coverage specific bias correction, merged
nearby peak to all interactions, L model. To sim-
plify the analysis, we designated Day 5 and Day 12
H3K27ac/GATA1 peaks to represent the Ery-Pro and
Ery-Pre stage, respectively. Genomiclnteractions (https:
/[github.com/ComputationalRegulatoryGenomicsICL/
Genomiclnteractions) (54) was used to designate the P-P,
E-P and E-E loops in each respective stage.
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Differential GATA1 HiChIP loops were identified via the
‘DiffAnalysisHiChIP.r’ script of FitHiChIP with the follow-
ing parameters: FDR <0.01 and FoldChangeThr >2.

Virtual 4C was performed as previously described with
minor modifications (63). In brief, the pairs of reads that
mapped at the viewpoints region at one side were extracted,
and visualization was performed using average CPM signals
per condition at 200 bp bin size and 2 kb window.

Capture-C data processing

Capture-C analysis was performed as previously described
with capC-MAP (version 1.0, https://github.com/cbrackley/
capC-MAP) software (64). In brief, the raw reads were
trimmed with cutadapt and mapped to the reduced hgl9
reference genome, which is comprised of the reference
genome sequences adjacent to the Dpnll cut sites using
bowtie. The read counts per bin were normalized to the se-
quencing depth per replicate in counts per million (CPM).
Visualization was performed using average CPM signals per
condition at a bin size of 200 bp with 2 or 4 kb window.

Locus overlap analysis (LOLA) enrichment analysis

We first set up a customized database using the LOLA
package in R with CUT&RUN peaks of GATA1/2, ETVo,
RUNXI1 and CEBPA for the HSPC, Ery-Pro and Ery-
Pre stages individually, as well as the three-stage combined
peaks. Next, we mapped the enhancer anchors of the Micro-
C- or H3K27ac HiChIP-detected E-P loops back to the
original H3K27ac peaks as the input for the LOLA as-
say. We then showed ¢-values and odds ratios of the three-
stage combined peaks of GATA1/2, ETV6, RUNXI and
CEBPA.

Bulk RNA-seq and scRNA-seq data processing

The bulk RNA-seq data were checked for quality us-
ing FastQC (version 0.11.7, https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/), and the data were
aligned to the hgl9 reference genome using RNA STAR
(version 2.7.9a, https://github.com/alexdobin/STAR) (65).
The expression level of each gene was calculated using Fea-
tureCounts (version 2.0.3, https://subread.sourceforge.net)
and read counts were normalized to transcripts per
million (TPM) (66). Genes with TPM >0 were con-
sidered to be expressed genes. DESeq2 (version 1.38.0,
http://www.bioconductor.org/packages/release/bioc/
html/DESeq2.html) (67) was then used to calculate
the significantly differentially expressed genes, using
the thresholds FC > 2 and FDR < 0.05. Gene set
enrichment analysis for GO biological processes was
performed using the clusterProfiler (version 3.10.1,
https://guangchuangyu.github.io/software/clusterProfiler/)
package in R (68).

Raw reads of scRNA-seq for each sample were pro-
cessed using the Cell Ranger (version 6.1.1, 10x Genomics)
pipeline software with human reference version GRCh38,
then the filtered gene expression matrices were analyzed us-
ing the Seurat package (version 4.03, https://github.com/
satijalab/seurat) (69). Cells were further filtered with the fol-
lowing criteria: > 1000 unique molecular identifiers (UMIs),
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<25 000 UMIs, <20% UMIs derived from the mito-
chondrial genome and >500 genes. The gene expression
matrices were normalized and 2000 features with high cell-
to-cell variation were calculated via the FindVariableFea-
tures function. Normalized data was subjected to linear
transformation and principal component analysis (PCA)
based on variable features using the RunPCA function.
Graph-based clustering was performed as per gene expres-
sion profiles using the FindNeighbors and FindClusters
functions with default parameters, and results were visual-
ized using a nonlinear dimensional reduction UMAP tech-
nique running RunUMAP and DimPlot functions.

We used the FindIntegrationAnchors function to iden-
tify shared sources of variation across the Ery-Pro and 48 h
post-knock-down siGATA1 Ery-Pro scRNA datasets, and
integrated them via anchors from the IntegrateData func-
tion with correlation dimensions of 20. Integrated data were
then normalized and subjected to reducing dimension as
performed in the individual datasets.

We performed trajectory analysis using the Monocle3
package (https://github.com/cole-trapnell-lab/monocle3)
(70) in RStudio on the 48 h post-knock-down siGATA1
Ery-Pro cells and integrated the 48 h post-knock-down
siGATA1 Ery-Pro scRNA dataset constructed using Seu-
rat. The Monocle3 UMAP coordinates were then added
from the Seurat object. We then fit a principal graph within
each cluster using the learn_graph function and visualized
the order of cells in pseudotime by plot_cells functions.

Statistical analyses

For Micro-C, HiChIP, CUT&RUN and Capture-C, two bi-
ological replicates were conducted. For RNA-seq, three bi-
ological replicates were performed, with the exception of
siGATA1/ siCon in Ery-Pro, for which two biological repli-
cates were performed. For reporter gene assay, binding sites
knock-out by Cas9 and qRT-PCR analysis, four biological
replicates were conducted. P values and methods of sta-
tistical tests are reported in figure legends. Data analysis
and statistical analysis was performed using Python (ver-
sion 3.7.4), R (version 4.1.2), Excel and Prism 6 software.

Data availability /sequence data resources

The Micro-C, CUT&RUN, HiChIP, Capture-C, RNA-
seq and scRNA-seq data was uploaded on GEO:
GSE2143811.

RESULTS
Dynamic chromatin architecture in human erythropoiesis

To obtain the clearly defined and homogeneous Ery-Pro
stage, we established an efficient method to isolate ery-
throid progenitors derived from primary human cord
blood CD34" cells by modifying previously reported
methods (Figure 1A). These Ery-Pro cells are DAPI™
Lin*~ (CD2, CD3, CD14, CD16, CD19, CD56, CD235a,
CD45RA, CDI123, CD7, CD10, CD90, CD135, CD41a)
CD34* CD38* CD71* CD36" CDI105" (Supplementary

Figure S1A) (37,38,71). The Ery-Pre cells are proery-
throblasts, which were separated as previously described:
CD71* CD235a* CD36%" CD45low CDI117(c-kit)"eh
CD105"e" (40). We next performed the colony forming
assay followed by analytical flow cytometry to examine
the colony-forming ability and descendant cell markers
to validate the Ery-Pro purity (Supplementary Figure
S1B). The results showed that Ery-Pro can only generate
burst-forming unit-erythroid (BFU-E) and colony-forming
unit-erythroid (CFU-E) colonies, with >90% of the cells
expressing the erythroid lineage marker CD235a (Sup-
plementary Figure S1C-I). Conversely, CD34 + HSPCs
derived from freshly isolated cord blood can give rise to
all types of colonies—BFU-E, CFU-E, colony-forming
unit-granulocyte/granulocyte-macrophage (CFU-G/GM),
colony-forming unit-granulocyte-erythroid-macrophage-
megakaryocyte (CFU-GEMM)—with erythroid colonies
accounting for <40% (Supplementary Figure S1C-
I). Approximately 60% of the cells from the HSPC-
derived colonies express the erythroid lineage marker
CD235a, most likely due to the large number of ery-
throid cells in the CFU-GEMM colonies (Supplementary
Figure S1H).

To investigate the chromatin architectural changes and
enhancer dynamics in human erythropoiesis, we conducted
the Micro-C assay, the Cleavage Under Targets & Release
Using Nuclease (CUT&RUN) assay detecting H3K27ac,
and RNA-seq in primary human HSPC, Ery-Pro and Ery-
Pre cells, isolated as shown in Figure 1A. The Micro-C
experiment generated over half a billion unique contacts
merged from two biological replicates (Supplementary Ta-
ble S3). Each replicate was generated from 100 000 cells
and highly correlated at all resolutions for HSPC, Ery-
Pro and Ery-Pre (Supplementary Figure S1J); therefore, bi-
ological replicates were then combined for subsequent anal-
ysis. Based on the contact probability, we found a higher fre-
quency of long-range intrachromosomal interactions (>1
Mb) in HSPCs but more short-range intrachromosomal in-
teractions (<1 Mb) in Ery-Pro and Ery-Pre stages. HSPC
and Ery-Pro had fewer ultra-short range intrachromoso-
mal interactions (<10 kb) than Ery-Pre (Figure 1B). Com-
parison of compartments A and B among the HSPC, Ery-
Pro and Ery-Pre stages based on the principal component
1 (PC1) value showed that 86% of the genome maintained
the same compartment state throughout erythropoiesis, and
only of 14% regions experienced compartment flip: 2% A
to B (active to repressed), 3% B to A (repressed to active)
and 9% transient flip (A-B-A or B-A-B, transiently re-
pressed or active) (Figure 1C). We next examined the dy-
namics of topologically associating domain (TAD) bound-
aries, and found 5539, 5339 and 5418 boundaries in HSPC,
Ery-Pro and Ery-Pre, respectively. Although the bound-
ary strength was enhanced from HSPC to Ery-Pre, we did
not observe striking differences among these stages (Fig-
ure 1D, E, Supplementary Figure S1K). We next exam-
ined the dynamic changes of TAD activity, defined as the
ratio of intra-/inter-TAD interactions (72,73). Using the
cutoff P < 0.05 and fold-change (FC) > 1.5, we observed
only one significantly different TAD region in HSPC rela-
tive to Ery-Pro cells, and seven in Ery-Pro relative to Ery-
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Figure 1. Dynamic chromatin architecture in human erythropoiesis. (A) Schematic description of ex vivo CD34 + erythroid cell differentiation and sub-
sequent separation of HSPC, Ery-Pro, and Ery-Pre cells and illustration of the experimental strategy. (B) Micro-C contact probability as a function of
distance in HSPC (blue), Ery-Pro (orange) and Ery-Pre (green) cells. (C) Changes in compartment dynamics during human erythropoiesis. (D) Heatmap
showing the boundary strength of HSPC, Ery-Pro and Ery-Pre cells at £0.5 Mb of boundary regions. (E) Micro-C Hi-C contact matrices and domain
scores (top) and H3K27ac signals (middle) of HSPC, Ery-Pro and Ery-Pre stages, and RNA expression (bottom) in HSPC and Ery-Pre stages at chromo-
some 3 (46.5-51.5 Mb). The pink-shaded area indicates the up-regulated gene LRRC?2 in the H3K27ac gained region; the blue-shaded area indicates the
down-regulated gene SMARCCI in the H3K27ac lost region. Abbreviations: HSPC, hematopoietic stem and progenitor cell; Ery-Pro, erythroid progenitor;

Ery-Pre, erythroid precursor.

Pre cells (Figure 1E, Supplementary Figure SIL-M). Col-
lectively, these results demonstrate that the TAD bound-
ary and intra-TAD interactions remain relatively stable
during human erythroid cell development even with a minor
but significant change of compartments. This is different
from the previously characterized terminal erythroid nu-
clear compression process, which shows global disruption
of domain boundaries and selective preservation of TADs
and boundaries (40).

Enhancer dynamics and enhancer connectome rewiring in ery-
throid development

We next analyzed the deposition of the active chromatin
marker H3K27ac in HSPC, Ery-Pro and Ery-Pre stages
(Supplementary Figure S2A). Throughout erythroid pro-
gression (HSPC to Ery-Pre), 52% (14628) of the H3K27ac
occupancy sites remained stable, >36% (10156) showed a
gradual H3K27ac signal decrease, and only 12% (3379)
showed an H3K27ac signal increase (Figure 2A). Genomic
annotation-based gene ontology (GO) analysis showed that
the lost peaks (i.e. HSPC specific), the shared peaks (i.e.
present throughout erythroid development), and the gained
peaks (i.e. Ery-Pre specific) are all enriched with promoters
of genes involved in pathways such as myeloid cell differ-
entiation, histone modification, and erythrocyte differenti-
ation, even though the associated genes are distinct (Fig-
ure 2B, Supplementary Table S4). The pathways involved

in leukocyte and myeloid development are more highly rep-
resented in HSPC specific peaks, while those involved in
erythroid development or function have a higher repre-
sentation in Ery-Pre specific peaks. It was also noted that
the chromatin remodeling pathway is significantly enriched
in genes associated with the shared peaks, and that cer-
tain erythropoiesis related genes are marked in the HSPC
stage as described before (Figure 2A, B) (74,75). We fur-
ther compared the differential H3K27ac sites among the
three stages. The lost peaks from the HSPC to the Ery-
Pro stage continued to show low signal in the Ery-Pre
stage, and the gained peaks from the HSPC to the Ery-Pro
stage continued to show high signal in the Ery-Pre stage,
whereas only 3% (850) of the sites showed up-regulated
H3K27ac deposition from the Ery-Pro to Ery-Pre stage
(Supplementary Figure S2B, C). These results indicate that
most of the active chromatin regions in the HSPC stage,
including some erythroid related active regions, preserve
their activity throughout erythropoiesis, while dynamic ery-
throid related active chromatin regions account for only a
small subset of the genome (Supplementary Figure S2B,
C). Motif analysis of the HSPC specific H3K27ac re-
gions showed motif enrichment in hematopoietic transcrip-
tion factors in the ETS family (including MEF), GATA
family, RUNX family and IRF family (Supplementary
Figure S2D). Similarly, analysis of the Ery-Pro specific
H3K27ac regions revealed motif enrichment in the ETS,
JUN, RUNX, GATA and MY B families, while Ery-Pre spe-
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and TSSs in HSPC, Ery-Pro and Ery-Pre cells, respectively. Statistical significance was determined using the Mann—Whiney test. (D) Heatmaps of HSPC,
Ery-Pro and Ery-Pre Micro-C data and H3K27ac HiChIP data from Day 0 and Day 12 at HSPC SE and Ery-Pre SE/TE regions: MEISI (Chr2: 66 506—
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cific H3K27ac regions predominantly showed high GATA
family enrichment as well as KLF motifs (Supplementary
Figure S2E, F).

To elucidate the relationship of fine chromatin architec-
ture changes and enhancer dynamics in human erythroid
development, we first used Micro-C to analyze chromatin
loops at 400 bp, 600 bp, 800 bp, 1 kb, 2 kb, 4 kb, 10 kb
and 20 kb resolution, and then combined the loops with
different resolutions together. We identified 24 8§29,
17 852 and 16 408 loops in the HSPC, Ery-Pro and Ery-Pre
cells in the Micro-C data, respectively. Loop connectivity
analysis showed that super enhancers (SE) and typical
enhancers (TE) display higher loop numbers per anchor
than transcription start sites (TSS) (Figure 2C). Further-
more, we compared our data with the published H3K27ac
HiChIP datasets ‘Day 0 erythroid culture’ (representing
the HSPC stage) (62) and ‘Day 12 erythroid culture’
(representing the Ery-Pre stage), which also showed higher
connectivity at SE sites than TE or TSS (Supplementary
Figure S2G) (61). The contact heatmap from our Micro-C
and H3K27ac HiChIP data of the typical HSPC SE sites
MEISI and RAB3C (Figure 2D, left) and the Ery-Pre
SE/TE sites HBA1/2, SLC4A1 (Figure 2D, right) showed
significant enhancer connectome rewiring during human
erythropoiesis.

Stage-specific transcription factors are involved in the
rewiring of enhancer—promoter contacts

To further our understanding of the relationship between
enhancers and gene expression, we next examine connec-
tions between the enhancer and promoter. We classified the
24 829 HSPC, 17 852 Ery-Pro and 16 408 Ery-Pre Micro-C
loops as enhancer—promoter associated loops (E-P loops)
or others (non E-P loops), according to the overlap be-
tween the loop anchors with H3K27ac and the promoter
(Figure 3A, Supplementary Figure S3A-C, S3F-H). We de-
tected 1737 (7.0%) HSPC, 1308 (7.3%) Ery-Pro and 1194
(7.2%) Ery-Pre E-P loops. To gain a better understanding
of the relationship between active transcription and chro-
matin loops, we analyzed the gene expression profiles and
genes associated with E-P loops in the HSPC and Ery-Pre
stages. Our results indicate that 1156 genes are only found in
HSPC E-P loops, 397 genes are existed in both HSPC and
Ery-Pre E-P loops, and 771 genes are only involved in Ery-
Pre E-P loops; furthermore, the expression level of these
genes is significantly correlated with the E-P loop identity,
e.g. genes with promoters located at the HSPC E-P loop an-
chors have higher expression in the HSPC stage (HSPC E-P
loops genes versus constant E-P loops genes: P < 0.0001;
constant E-P loops genes versus Ery-Pre E-P loops genes:
P < 0.001; Figure 3A). GO analysis of Micro-C loops
showed that the HSPC E-P loops are enriched with gene
promoters related to the regulation of hematopoietic differ-
entiation, while the Ery-Pre E-P loops are enriched with
gene promoters related to erythroid development and cell
homeostasis process, etc. (Supplementary Figure S3K, Sup-
plementary Table S5). Analytical results from the erythroid
Day 0 and Day 12 H3K27ac HiChIP datasets are similar
to our Micro-C results, and the expression level of Day 0
and Day 12 HiChIP E-P associated genes is significantly
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correlated with the loop identity (Day 0 E-P loops genes
versus constant E-P loops genes: P < 0.0001; constant E—
P loops genes versus Day 12 E-P loops genes: P < 0.001;
Figure 3B, Supplementary Figure S3D-E, S31-J). GO anal-
ysis showed that the HSPC H3K27ac-HiChIP E-P loops
are enriched with promoters of genes involved in cell
proliferation and adhesion, while the Ery-Pre H3K27ac-
HiChIP E-P loops are enriched with promoters of genes
involved in chromatin remodeling and the heme biosyn-
thetic process (Supplementary Figure S3L, Supplementary
Table S5).

To gain insight into the transcription factors involved
in the rewiring of E-P loops during erythropoiesis, we
identified predicted transcription factors from our motif
analysis of stage-specific H3K27ac peaks and then per-
formed CUT&RUN analysis on those select transcrip-
tion factors (Supplementary Figure S2D-F, Supplemen-
tary Figure S3M-N). The enhancer anchors of HSPC E-P
loops were highly enriched with HSPC behavior-regulating
transcription factors CEBPA and ETV6 (76-79), moder-
ately enriched with RUNXI, and only slightly enriched
with erythroid transcription factors GATA2 and GATAI1
(Figure 3C). Conversely, the enhancer anchors of Ery-
Pro E-P loops were only minimally enriched with CEBPA
and ETV6, moderately enriched with RUNXI (similar to
HSPC), and more enriched with GATA1 and GATA2 than
HSPC E-P loops (Figure 3C). However, in the Ery-Pre
stage, only GATA1 showed significant enrichment (Figure
3C), which was further validated in the erythroid Day 0
and Day 12 H3K27ac HiChIP dataset (Figure 3D). For
example, the H3K27ac signal at the HOXA locus (Chr
7 26.1-27.3 Mb) was highly enriched in the HSPC stage
and diminished gradually with the Ery-Pro and Ery-Pre
stages. Virtual 4C of the H3K27ac HiChIP and Micro-
C E-P loops displayed high connectivity of the HOXA
cluster with the target genes SKAP2, SNXI0 and CBX3,
and CUT&RUN analysis showed that ETV6 and CEBPA
were highly enriched in these anchor regions (Figure 3E).
The erythroid associated B-globin locus control region
(LCR) (Chr 11 5.20-5.35 Mb), showed an accumulation of
H3K27ac signals with erythroid development. Virtual 4C
of the H3K27ac HiChIP signal and Micro-C E-P loops re-
vealed that connectivity of the LCR and globin genes, which
is inactive in HSPCs, became activated in both the Ery-Pro
and Ery-Pre stages (Figure 3F). As expected from the results
shown in Figure 3C-D, the GATA1 signal increased dur-
ing erythroid development, but GATA2 and RUNX1 were
highly enriched in the Ery-Pro stage only. While H3K27ac
signal is commonly used to indicate enhancers, it may not
be sufficient to accurately define them. Therefore, we inte-
grated the stage-specific H3K27ac signals with the ATAC-
seq data from Day0 and Day12 erythroid cells to better rep-
resent the enhancers in HSPC, Ery-Pro and Ery-Pre stages.
The analysis revealed results similar to those obtained using
only H3K?27ac signal to define enhancers (Supplementary
Figure S30-R) (61). These findings indicate that through-
out erythropoiesis, GATA1 governs E-P loops and regu-
lates most erythroid genes; however, in the Ery-Pro stage,
GATAI1 may cooperate with additional transcription fac-
tors such as GATA2, RUNXI, and SPII, thereby partici-
pating in the sophisticated gene regulation of erythroid de-
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Figure 3. Stage-specific transcription factors are involved in the rewiring of enhancer-promoter contacts. (A) The number of all loops and E-P loops
detected by Micro-C (left) in HSPC, Ery-Pro and Ery-Pre; the gene expression (logy FC HSPC versus Ery-Pre) of corresponding promoter anchors (right)
in HSPC specific, constant and Ery-Pre specific loops. Statistical significance was determined using the Mann—Whitney test. (B) The number of all loops
and E-P loops detected by H3K27ac-HiChlIP (left) in Ery-Day0 and Ery-Day12; the gene expression (log, FC HSPC versus Ery-Pre) of corresponding
promoter anchors (right) in HSPC specific, constant and Ery-Pre specific loops. Statistical significance was determined using the Mann—Whitney test. (C)
LOLA enrichment analysis for the enhancer anchors of the Micro-C E-P loops in HSPC, Ery-Pro and Ery-Pre stages using our CUT&RUN datasets of
transcription factors. LOLA enrichment for each transcription factor was based on combined peaks from all stages of the respective transcription factor.
(D) LOLA enrichment analysis for the enhancer anchors of the H3K27ac-HiChIP E-P loops in erythroid culture day 0 (Ery-Day0) and day 12 (Ery-
Day12) using our CUT&RUN datasets of transcription factors. LOLA enrichment for each transcription factor was based on combined peaks from all
stages of the respective transcription factor. (E) Virtual 4C profile of normalized H3K27ac HiChIP signals around HOXA9 VPs (Chr 7: 26.1-27.3 Mb, top),
Micro-C detected E-P loops (middle), and CUT&RUN signals of H3K27ac, GATA1, GATA2, ETV6, CEBPA and RUNXI (bottom) at HSPC, Ery-Pro
and Ery-Pre stages. (F) Virtual 4C profile of normalized H3K27ac HiChIP signals around LCR VPs (Chr 11: 5.20-5.35 Mb, top), Micro-C detected E-P
loops (middle), and CUT&RUN signals of H3K27ac, GATAL, GATA2, ETV6, CEBPA and RUNXI (bottom) at HSPC, Ery-Pro and Ery-Pre stages.
Abbreviations: LOLA, locus overlap analysis; CPM, counts per million; VP, viewpoint.

velopment and maintenance of hematopoietic cell function
(16,80-87).

Dynamic GATA1 connectome is associated with stage spe-
cific GATAL1 occupancy and coordinates gene expression in
erythroid progression

GATALI is involved in the E-P interaction remodeling
during erythropoiesis. To dissect the GATAl-engaged
chromatin interactions, we next performed GATA1 HiChIP
in the Ery-Pro abundant stage (erythroid culture Day 5)
and the Ery-Pre stage (erythroid culture Day 12) using two
biological replicates, which were highly correlated at all
resolutions of Day 5 and Day 12 (Supplementary Figure
S4A, Supplementary Table S3). Differential looping anal-
ysis indicated three clusters of GATAIl-centered interac-
tions: gained loops in the Ery-Pre stage (n = 9626), stable

(n=10963), and lost loops (n = 7798) (Figure 4A, Supple-
mentary Figure S4B, Supplementary Table S6). Although
previous studies have shown that GATA1 is involved in both
gene activation and repression (84,88), we observed that
genes within the gained and lost GATAL loops were sig-
nificantly up- and down-regulated, respectively, in compar-
ison to the expression of all genes (Figure 4B). These ob-
servations are further supported by the overlap of GATAI
and H3K27ac occupancy: Nearly 90% of GATAI1 at TSS
regions co-localized with H3K27ac, while approximately
60% of GATA1 occupancy sites at non-TSS regions corre-
lated with H3K27ac in both the Ery-Pro and Ery-Pre stages
(Supplementary Figure S4C). GO analysis indicated that
the lost GATAI loops at Day 5, which corresponds to the
Ery-Pro stage, were enriched with promoters of genes in-
volved in mononuclear cell differentiation and phosphate
metabolism (Figure 4C, Supplementary Table S7). Both the
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Figure 4. Dynamic GATA1 connectome is associated with stage specific GATA1 occupancy and coordinates gene expression in erythroid progression.
(A) Heatmap of gained (n = 9626, top), stable (n = 10 963, middle) and lost (n = 7798, bottom) GATA1 loops detected by GATA1 HiChIP in Ery-Pro
(Day$5) and Ery-Pre (Day12) cells. (B) Change in gene expression between Ery-Pre and Ery-Pro cells whose promoters were involved in lost (n = 2741
genes), stable (n = 4123 genes), or gained (n = 1847 genes) GATAI loops (Mann—Whiney test). (C) GO terms of genes corresponding to lost, stable, or
gained GATAL loops. (D) Classification of dynamic GATAL1 loops: 3D differential loops (n = 3533, 20.3%) indicate no GATA1 occupancy changes in
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mean + SEM. Abbreviations: TSS, transcription start site; CPM, counts per million; RPKM, reads per kilobase million; VP, viewpoint.
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stable and gained GATAI1 loops were enriched with pro-
moters of genes associated with similar GO terms such as
chromatin remodeling, nucleosome/telomere organization,
and erythrocyte differentiation, which showed similar P-
values but higher gene ratios in genes associated with gained
loops (Figure 4C). To further understand how GATAI is
involved in dynamic looping, we categorized the dynamic
GATAL loops into two groups: 3D differential loops, which
exhibit changes solely in the 3D structure, and GATA1
differential occupancy loops, which exhibit changes in
GATAI1 occupancy in at least one anchor of the loop (60).
We found that a large fraction of the dynamic GATAI
loops were GATAI1 differential occupancy loops (79.7%,
n =13 891) (Figure 4D).

Unlike MyoD or YY1, which promote chromatin con-
tacting via homodimer formation, previous studies have
demonstrated that GATA1 forms loops by interacting
with the looping factors such as LDB1, FOG1 or BRG1
(89-95). To exclude complicating factors that may affect
GATAI1 loops, we focused on the dominant population -
GATAL differential occupancy loops. We first examined
the GATAI1 differential occupancy in Ery-Pro versus Ery-
Pre and found that most peaks exhibited a stable occu-
pancy pattern (n = 8072, 87.2%), whereas 7.6% of Ery-Pro
GATAI1 peaks (n = 702) showed decreased signal and only
5.2% of Ery-Pre GATA1 peaks (n = 479) showed increased
signal during the erythroid progenitor-precursor transition
(Figure 4E). We also observed a positive correlation be-
tween H3K27ac signal and changes in GATA1 occupancy.
Specifically, sites with increased GATA1 occupancy also
showed an increase in H3K27Ac signal, which supports the
idea that GATAI primarily has a positive regulatory effect
on gene expression (Supplementary Figure S4D).

Interestingly, during the development from erythroid
progenitors to precursors, most of the dynamic GATA1 oc-
cupancy sites were distributed in non-TSS regions: 93.9% of
gained GATA1 occupancy sites and 94.3% of lost GATAL1
occupancy sites—whereas only 68.2% of the stable GATA1
occupancy sites were located within non-TSS regions (Fig-
ure 4F). The majority of the GATA1 TSS occupancy sites
were stable (97.3%, 2554 sites), which reveals that GATAL1
already occupies most TSS regions that are necessary for
erythroid development in the progenitor stage. We next
examined the loop intensity of gained and lost non-TSS
GATALI binding sites with their target promoters. The re-
sults indicate that the occupancy of GATA1 on non-TSS
sites is positively correlated with their magnitude of in-
teraction with target promoters (Figure 4G). Representa-
tive examples of gained GATA1 occupancy regions, such
as the SLC4A41 and METTL7A loci, showed an increased
interaction signal between the gained GATAI occupancy
site and the local gene promoter, as well as an augmented
H3K27ac signal on the gained GATA1 occupancy site
(arrowhead, Figure 4H-I, Supplementary Figure S4E-G).
On the contrary, ENOI and DPHS loci showed decreased
interaction signals between the lost GATA1 occupancy
site and the local gene promoter, as well as a decline in
the H3K27ac signal on the lost GATA1 occupancy site
(Figure 4J-K, Supplementary Figure S4H). Similarly, in
mouse fetal liver erythroid progenitor cells (Cd71-Ter119-
or Cd71medTer119-) and erythroblasts (Cd71+ Ter119+),

around 85% of GATAI1 occupancy sites were stable, and
the dynamic GATA1 occupancy sites were primarily located
at non-TSS sites (Supplementary Figure S4I, GSE171383).
RNA-seq analysis showed that the gained GATAI1 occu-
pancy sites coordinated genes that were up-regulated in the
progenitor-precursor transition but stable during the differ-
entiation from HSPC to Ery-Pro, and the lost GATAI oc-
cupancy sites coordinated genes that were down-regulated
in the progenitor-precursor transition but stable during the
differentiation from HSPC to Ery-Pro (Figure 4L-M, Sup-
plementary Figure S47).

Collectively, our integrated GATAl1l  HiChIP,
CUT&RUN, and RNA-seq analyses showed that GATA1
associated loops are highly dynamic during the erythroid
progenitor-precursor transition, that gene expression
correlated with the formation/deformation of GATAI
loops, and that the majority of GATA1 occupancy is stable,
especially at TSSs. Limited GATA1 occupancy changes
(12.8%), which are primarily located within non-TSS
regions and are highly correlated with H3K27ac signals,
engage more than 80% of the dynamic GATAL1 loops.

Ery-Pre cells acquired distal GATA1 occupancy sites that
promote gene expression and local chromatin rewiring

We found that the gained GATAI1 occupancy sites cor-
related with productive erythroid gene expression and
were accompanied by GATAl-associated chromatin con-
tact changes during the development from progenitors to
precursors. To further investigate the role of gained GATAL1
occupancy sites on gene expression and local chromatin
architecture, we first examined effects of GATA1 knock-
down in differentiated HUDEP-1 cells. Our results showed
that abrogation of GATA1 expression repressed the expres-
sion of GATAI target genes bearing the gained GATALI
occupancy site at their distal regions, which were anno-
tated as enhancer, namely, SLC4A41, TLCD4, METTL7A,
ATFI1,SLCI11A2, CHIDI and KLFI3 (Supplementary Fig-
ure SSA-B, Figure 4, and Supplementary Figure S4) (96—
98). To exclude the global effects of GATA1 knock-down
on gene expression, we disrupted the gained GATA1 occu-
pancy sites in differentiated HUDEP-1 cells with Cas9 and
detected the nearby gene expression. We found that knock-
ing out the gained GATA1 peaks at the SLC4A41 distal en-
hancer, the TLCD4 intron, and the CHID] distal enhancer
down-regulated the corresponding gene expression (Figure
5A, Supplementary Figure S5C). Disruption of the gained
GATALI peaks at the METTL7A distal enhancer reduced
the expression of METTL7A and SLC11A2 but had no no-
table effects on ATF1 expression. Knocking out the gained
GATALI peaks at the KLFI3 distal enhancer did not signifi-
cantly alter KLF13 expression, suggesting GATA1 may not
play a major role in regulating these genes (Figure SA, Sup-
plementary Figure S5C). These functional assays show an
overall correlation between the degree of gene expression
abrogation after GATA1 knockdown and that after knock-
ing out distal GATA1 binding sites. Knocking out of distal
GATA1 binding sites results in more minor but precise con-
trol of GATA1-mediated transcription activity.

We next performed Capture-C assay in SLC4AI,
TLCD4 and METTL7A loci to dissect the local chromatin
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5B-D and Figure 4) in differentiated HUDEP-1 cells. Data are shown as mean + SEM (n = 4). Statistical significance was determined using the Student’s
t-test; *P < 0.05, ¥**P < 0.01, ***P < 0.001. (B-D) Top, Capture-C contact profiles plotted as overlays, comparing contacts of the control (siCon, blue) and
GATAI1 knock-down (siGATAL, red) in differentiated HUDEP-1 cells at the SLC4A1 locus (Chr17: 4231042380 kb) (B), TLCD4 locus (Chrl: 95 543-95
653 kb) (C) and METTL7A locus (Chrl12: 51 150-51 430 kb) (D). The y-axis shows the Capture-C sequencing coverage expressed as mean RPM with 200
bp bin and 2000 bp window (B, C) or 200 bp bin and 4000 bp window (D) (n = 2). VP represents the viewpoint of the SLC4A41 promoter (B), TLCD4
intronic GATA1 binding site (C) and METTL7A distal GATA1 binding site (D). Bottom, GATA1 CUT&RUN tracks of siCon and siGATA1, respectively.
Arrowheads indicate the gained GATA1 peaks in the erythroid progenitor-precursor transition. CTCF CUT&RUN signal, CTCF-site orientations, and
H3K?27ac peaks are indicated at the bottom. Dash lines below the Capture-C contact profiles indicate statistically significant regions (EDGER, P < 0.05,
logo FC > 1.5). (E) Top, Capture-C contact profiles plot, comparing contacts of the WT, single GATA1 binding site mutant (AGATA1 BS1), and dual
GATAL binding site mutant (AGATA1 BS1&2) in differentiated HUDEP-1 clones at the SLC4A41 locus (Chrl7: 42 310-42 380 kb). The y-axis shows
Capture-C sequencing coverage expressed as mean RPM with 200 bp bin and 2000 bp window (n = 2). VP represents the viewpoint of the SLC4A 1 promoter.
Bottom, GATA1 CUT&RUN tracks of WT, single GATA1 binding site mutant (AGATA1 BS1), and dual GATA1 binding site mutant (AGATA1 BS1&2)
HUDEP-1 clones in differentiated and maintained stages, respectively. Arrowheads show the degenerated peaks. Enh indicates the enhancer sequence used
for the reporter gene assay in panel F (Chr17: 42 358 715-42 361 352 bp). Dash lines below the Capture-C contact profiles indicate statistically significant
regions (EDGER, P < 0.05, logoFC > 1.5). (F) Enhancer reporter gene assay of WT, AGATAI BS1, and AGATA1 BS1&2 enhancer with the SLC4A41
promoter (mean + SEM, n = 4). Statistical significance was determined using the Student’s ¢-test, ¥* P < 0.01, *** P < 0.001. (G) Gene expression of WT,
AGATA1 BS1, and AGATAI1 BS1&2 HUDEP-I clones in undifferentiated (maintained) and differentiated condition (mean + SEM, n = 4, normalized
to maintained WT). Statistical significance was determined using the Student’s 7-test; ** P < 0.01, *** P < 0.001. GPATCHS is the reference gene located
distal to SLC4A1 but not controlled by GATA1. Abbreviations: WT, wild-type; RPM, reads per million; VP, viewpoint

interaction changes semi-quantitatively. Our results indi- locus also exhibited decreased signal with the nearby
cated that GATA1 knock-down reduced the contacts be- gene promoter regions for METTL7A4 and SLCII1A2
tween the SLC4A1 promoter and the distal gained GATA1 (Figure 5D). Furthermore, we generated knock-out
enhancer region (Figure 5B), as well as the contacts between HUDEP-I cell lines of GATAI1 binding sites located at the
the TLCD4 intronic gained GATA1 occupancy enhancer distal enhancer of SLC4A41 to further validate the role of
region and the TLCD4 promoter (Figure 5SC). Interactions gained GATA1 binding sites on local chromatin rewiring.
between the distal gained GATAL1 peak at the METTL7A Knocking out both the single gained GATA1 binding site
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(AGATAI1 BS1) and the double gained GATA1 binding
site (AGATA1 BS1&2) reduced GATAI1 occupancy as
well as the contact signals between the enhancer region
and the SLC4AI promoter (Figure 5E, Supplementary
Figure S5D). The E-P reporter gene assay showed that
both single- and double-mutated gained GATAI1 binding
sites repressed the reporter gene activity (Figure 5F).
Additionally, SLC4A1 gene expression in both maintained
and differentiated HUDEP-1 stages was repressed by
mutation of the GATAI binding sites (Figure 5G). The
AGATAT BS1 cell line, with one GATAT1 binding site dis-
rupted without affecting the nearby KLF1 motif, exhibited
significant repression of SLC4A1 gene expression, whereas
the AGATA1 BS1&2 cell line, with two GATAI and a
nearby KLF1 binding sites interrupted, resulted in further
SLC4A1 repression (Supplementary Figure S5D).

Here, we found that the gained GATA1 occupancy sites
at non-promoter regions in the Ery-Pre stage furthered the
enhancer contact with nearby promoters and increased the
transcriptional activity in several erythroid genes. These
results demonstrate that during the erythroid progenitor-
precursor transition, certain erythroid genes require ad-
ditional GATAL1 binding in the distal region to guaranty
exquisite gene regulation for stage-specific erythroid func-
tion during development.

GATALI1 dosage controls erythroid progression and progenitor
amplification

We found that most GATA1 occupancy sites remain sta-
ble throughout the erythroid progenitor-precursor transi-
tion, especially the sites at the TSS region, but that the dy-
namic GATA1 occupancy sites, primarily located at non-
promoter regions, regulate the productive erythroid gene
expression and local chromatin rewiring. Previous stud-
ies have shown that GATALI is indispensable in erythro-
poiesis and megakaryopoiesis in both humans and mice
(7-10). Moreover, insufficient GATAI levels lead to ery-
throid maturation arrest but are still adequate for the pro-
liferation of progenitors, even resulting in leukemogene-
sis (99,100). To elucidate the role of GATA1 in managing
the erythroid progenitor-precursor transition and progeni-
tor amplification in ex vivo human erythropoiesis, we per-
formed a transient GATAL inhibition assay using siRINA
(Supplementary Figure S6A). Our results showed that de-
livery of GATAI1 siRNA blocked GATA1 mRNA expres-
sion within 48 hours (Supplementary Figure S6B). Tran-
sient knock-down of GATA1 promoted an approximately
3-fold increase in erythroid cell production but with a simi-
lar colony composition as the control, which indicates that
inhibition of GATALI in Ery-Pro results in increased pro-
duction of terminally differentiated erythroid cells without
disturbing the lineage fate (Figure 6A-B, Supplementary
Figure S6C-F). However, at early stages post-siRNA de-
livery (Day 6), GATA1 knock-down actually caused cell
growth arrest instead of proliferation promotion (Figure
6C, Supplementary Figure S6F). Flow cytometry showed
that GATA1 knock-down 48 h post-siRNA delivery in Ery-
Pro cells predominantly blocked the expression of early ery-
throid markers CD71 and CD36 but retained the expression
of progenitor marker CD38 (Figure 6D-E). Bulk RNA-

seq at 24 h, 48 h, and 72 h post-siRNA delivery showed
that transcription factors that are highly expressed in Ery-
Pro cells (e.g. ETV6 and RUNXI) were up-regulated, but
that terminal erythroid development (e.g. KLFI) and pro-
liferation associated transcription factors (e.g. M YC) were
down-regulated (Figure 6F, Supplementary Figure S6G—
H, Supplementary Table S8). We next performed single
cell RNA-seq in GATA1 knock-down Ery-Pro cells 48 h
post-siRNA delivery. Dimensionality reduction and unsu-
pervised clustering of the integrated GATA1 knock-down
and control Ery-Pro datasets yielded five major clusters:
EP1, EP2, Earlier EP1, Earlier EP2, and Myelo cells (Sup-
plementary Figure S6I). GATA1 knock-down cells con-
tributed to all five cell clusters, but the original Ery-Pro cells
primarily contributed to clusters EP1 and EP2 (Supple-
mentary Figure S6J); furthermore, GATA1 expression was
lower in GATA1 knock-down cells (Supplementary Figure
S6K). Erythroid lineage-associated genes TFRC, HBAI and
HBB were highly expressed in the EP1 and EP2 clusters
only. Progenitor genes CEBPA, SPIl, RUNXI, and GATA2
were enriched in the Earlier EP1 and Earlier EP2 clusters
(Supplementary Figure S6L). In analysis including only the
GATAL1 knock-down cells, dimensionality reduction and
unsupervised clustering gave rise to four clusters: Eryl-4
(Figure 6G). Erythroid lineage-associated genes 7FRC and
HBB were highly expressed in the Ery3 and Ery4 clusters
only. Progenitor genes CEBPA, ETV6, SPIl and RUNXI
were enriched in the Ery1 cluster, and GATA2 was highly ex-
pressed in the Eryl and Ery2 clusters (Figure 6H). Further-
more, the pseudotime value increased from Eryl to Ery4
(Supplementary Figure S6M). These results indicate that
transient abrogation of GATA1 in Ery-Pro promotes the
output of erythroid cells by restricting progenitor differenti-
ation and redirecting them to an earlier stage. Furthermore,
these results indicate the presence of earlier erythroid pro-
genitors. We next examined the top 10 marker genes of each
cluster, which showed that the earlier Eryl erythroid cells
highly expressed hematopoietic stem cell or myeloid asso-
ciated genes such as SRGN, PRG2, and LYZ, and that the
Ery?2 cells highly expressed TIMP1, ID2, CD52 and CCL2.
Erythroid genes such as TFRC, KLFI and HBB were en-
riched in the Ery3 and Ery4 clusters; additionally, Ery3
cells also expressed HIST1 genes, which indicates a distinct
cell cycle between Ery3 and Ery4 (Supplementary Figure
S6N, Supplementary Table S9). GO analysis showed that
Eryl is significantly enriched in ER stress-associated path-
ways and Ery2 is enriched with cytoskeleton remodeling
and immunomodulating-associated pathways (Supplemen-
tary Figure S60-P, Supplementary Table S10). Erythroid
functional pathways such as gas transport were highly en-
riched in the Ery3 and Ery4 clusters (Supplementary Figure
S6Q-R, Supplementary Table S10).

To explore the putative surface markers of earlier
erythroid progenitors, we examined the cluster-specific
cell surface antigens. The earlier erythroid progenitor,
Eryl, exhibited highly expressed genes such as CD38,
IL3RA and CXCR4, whereas Ery2 was enriched with
CD52, SLC44A41 and KIT. The erythroid genes such as
TFRC, CD36, GYPC and RHAG were enriched in the
Ery3 and Ery4 clusters (Supplementary Figure S6S). These
findings are consistent with previous studies showing that
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Figure 6. GATAI dosage controls erythroid progression and progenitor amplification. (A) Colony morphology of Ery-Pro cells under microscope after
delivery of scramble (top, siCon) or anti-GATA1 siRNA (bottom, siGATA1). The colonies were analyzed on day 14. (B) Colony quantification of different
types of colonies after delivery of siCon or siGATA1 in Ery-Pro cells plated at 200 cells/well. Data are shown as mean + SEM (n = 3). The colonies were
analysis at day 14. (C) Cell proliferation quantification using CellTiter-Blue after delivery of siCon or siGATA1 in Ery-Pro cells. Data are presented as
mean + SEM (n = 4). Statistical significance was determined using the Student’s ¢-test; * P < 0.05, ** P < 0.01, *** P < 0.001. (D, E) Expression of CD235a
and CD71 (D) and CD38 and CD36 (E) 48 h after delivery of siCon or siGATA1 in Ery-Pro cells (z = 2). (F) Differentially expressed transcription factors 24
h after delivery of siCon or siGATAI in Ery-Pro cells with various siRNA concentrations (top bar). (G) The UMAP projection of 12 200 cells from Ery-Pro
cells 48 h after delivery of siGATALI, resulting in four clusters shown with their respective labels (Eryl, Ery2, Ery3, Ery4). Each dot corresponds to a single
cell, colored according to cluster. (H) Dot plot showing the expression level and percentage of erythroid differentiation relevant-genes across the four clusters
from panel G. Abbreviations: Ery-Pro, erythroid progenitor; BFU-E, burst-forming unit-erythroid; CFU-E, colony-forming unit-erythroid; CFU-G/GM,
colony-forming unit-granulocyte/granulocyte-macrophage; CFU-GEMM, colony-forming unit-granulocyte-erythroid-macrophage-megakaryocyte; EP,
erythroid progenitors; Myelo, myeloid progenitors.

TFRC and CD36 begin to express in the middle of the lead to further mechanistic insights into hematopoiesis or
erythroid progenitor stage. These results may facilitate the other developmental processes.

discovery of new markers for identifying and separating During human erythropoiesis, we observed stable TAD
earlier erythroid progenitors and erythropoiesis screening and intra-TAD interactions, but highly dynamic compart-
(20,38). ment and E-P interactions, which correlated with erythroid

Collectively, our findings suggest that transiently reduc- gene activation. H3K27ac profiling revealed that 52% of the
ing the level of GATAI during the erythroid progenitor active chromatin regions in the HSPC stage, which contain

stage can delay differentiation, extend the proliferation win- a certain degree of erythroid related active regions, main-
dow of progenitor cells, and ultimately increase erythroid tain their activity throughout erythroid progression, while
cell production. only 12% of the genome regions became activated during

development. Furthermore, only 3% of the H3K27ac re-
gions were gained and 12% were lost during the transi-
tion from Ery-Pro to Ery-Pre. These findings are consistent

DISCUSSION with previous studies which indicate that the vast majority
Here, we performed genome-wide profiling of the chro- of H3K27ac regions are pre-established within lineage pro-
matin connectome, enhancers, vital transcription factor oc- gression (29,101). Our analysis of E-P interactions suggests
cupancy, and transcriptome dynamics in defined human that GATAL is involved in most E-P interactions, particu-
erythroid developmental stages: HSPC, Ery-Pro and Ery- larly during the Ery-Pre stage, and exhibits a gradually en-
Pre. By integrating these datasets, we provide a comprehen- riched pattern at enhancer anchor sites. Other hematopoi-
sive analysis of stage-specific multidimensional chromatin etic transcription factors such as GATA2, RUNXI, and
architecture and address the functional association in hu- SPI1, participate in E-P interactions in cooperation with

man erythropoiesis, which not only fills the knowledge gap GATA1 by controlling the complicated gene regulation dur-
of 3D chromatin landscape in erythropoiesis, but also may ing the Ery-Pro stage.
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We found that GATA1 occupancy was generally sta-
ble from the progenitor to precursor stage, while GATA1
HiChIP revealed a quite dynamic 3D GATAI interac-
tome. Surprisingly, over 80% of the dynamic GATAL1 loops
resulted from only 12.8% of the dynamic GATA1 occu-
pancy events. More interestingly, over 90% of the dynamic
GATA1 occupancy sites were located in non-TSS regions,
whereas GATAI1 occupancy at TSSs was relatively sta-
ble. The gain of GATA1 occupancy sites at non-promoter
regions in the Ery-Pre stage rewired the enhancer con-
tacts with nearby promoters, thereby promoting transcrip-
tion. These findings indicate that GATA1 binding remains
stable at the TSSs of erythroid genes, while additional
GATAI1 binding occurs at distal regions to ensure exquisite
transcriptional regulation during the erythroid progenitor-
precursor transition for certain GATAI regulated genes.
Additionally, we found that the transient abrogation of
GATAL in the Ery-Pro stage could delay erythroid progen-
itor differentiation, revert cells to an earlier cell state, and
ultimately increase the production of erythroid cells.

However, although we have provided a substantial
amount of data and detailed integrative analysis to sup-
port these notions, some key factors remain to be ad-
dressed: Firstly, KLF1 cooperated with GATA1 via adja-
cent motifs to regulate terminal erythropoiesis and acted
as a pioneer factor to facilitate GATA1 occupancy on the
chromatin. Although in the single AGATA1 BS1 SLC4A1
mutant we did not disrupt the KLF1 motif—which ex-
cluded the possibility that the KLF1 motif could affect
SLC4A1 expression in this clone—the double AGATAI1
BS1&2 SLC4A1 mutant did disrupt the KLF1 motif,
which may have affected its gene expression (Supplemen-
tary Figure S5D) (14,102). Therefore, for the global gained
GATA1 occupancy-regulated genes, we could not rule out
the effect of KLF1 on their expression. Secondly, dynamic
CTCF occupancy is also involved in the chromatin archi-
tecture and erythropoiesis, but we did not test whether
they work together in the erythroid progenitor-precursor
transition (61).

In summary, our study provides the first comprehensive
analysis of chromatin architecture, especially E-P interac-
tions and specific transcription factor occupancy, in clearly
defined stages of human erythropoiesis. During this pro-
cess, TAD and intra-TAD interactions remained relatively
stable, whereas E-P interactions were highly variable and
correlated with erythroid gene activation. This study sheds
light on a previously uncharacterized function of GATA1
by showing that it promotes the productive expression
of erythroid genes during the progenitor—precursor switch
through gained occupancy at non-promoter sites involved
in enhancer and local promoter contact rewiring. Mean-
while, the majority of GATA1 occupancy at promoter sites
is stable. The findings provide insights into how the master
erythroid regulator GATA1 gradually contributes to estab-
lishing stage-specific chromatin connectome and heightens
our understanding of its three-dimensional roles in the de-
velopmental progression of erythroid cells. Our study also
implies that temporary inhibition of GATA1 in the Ery-Pro
stage hinders subsequent progenitor differentiation and re-
verts the cells to an earlier state, eventually enhancing the
output of erythroid cells. Our profiling and integrated anal-

ysis provides a valuable resource for advanced understand-
ing of 3D genome associated transcriptional regulation dur-
ing erythroid cell differentiation and a comprehensive refer-
ence of erythroid gene regulation.
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