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Abstract

Master hematopoietic transcription factors (TFs) and long noncoding RNAs (IncRNAs) coordinate shaping lineage-specific gene expression
programs during hematopoietic differentiation. The architectural protein CCCTC-binding factor (CTCF) has emerged as a pivotal regulator of
gene expression in cell differentiation. However, the relationship and its regulatory effect of CTCF on IncRNA genes in hematopoiesis remain
elusive. We demonstrated that CTCF constrains the INcRNA DUBR transcription throughout erythroid differentiation. DUBR is highly expressed in
human hematopoietic stem and progenitor cells (HSPCs) but depleted in erythroblasts. DUBR perturbation dysregulates hematopoietic-erythroid
cell differentiation genes and facilitates genome-wide activation of regulatory elements. A genomic map of RNA occupancy revealed that DUBR
associates with a set of genes involved in regulating hematopoietic differentiation, including the erythroid repressor HES 1, which targets a subset
of regulatory elements of DUBR-dysregulated genes. Our results support the role of DUBR as a regulator of a hematopoietic differentiation gene
program by coordinating the expression of genes and influencing their chromatin regulatory landscape.

Graphical abstract

DUBR gene regulation by CTCF Impact of DUBR in gene expression
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Introduction ferentiation [1]. To generate all blood cell types, hematopoi-
Hematopoiesis has been adopted as a paradigm to understand etic stem and progenitor cells (HSPCs) undergo extensive
and unravel the regulatory mechanisms that establish gene ex-  chromatin re-organization, as lineage-restricted gene expres-
pression programs driving lineage commitment and cell dif- sion programs are established [2-4]. The erythroid lineage
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produces red blood cells, or erythrocytes, which synthesize
hemoglobin that transports oxygen to tissues. Erythroid cell
formation, also known as erythropoiesis, initiates with the dif-
ferentiation of HSPC to erythroid progenitors (EProg: BFU-E
and CFU-E) that later generate erythroid precursors (EPrec)
or erythroblasts, and subsequently erythrocytes [5]. Tran-
scriptional and epigenetic regulators of erythropoiesis include
lineage-specific transcription factors (TFs), chromatin remod-
elers, regulatory elements, as well as long noncoding RNAs
(IncRNAs) [6, 7].

In mammals, IncRNAs fine-tune gene expression in a broad
range of biological processes [8]. Multiple IncRNAs function
as hematopoietic regulators [9-11]. For instance, Spehd is
abundant in HSPC and required for multilineage cell differ-
entiation, by regulating oxidative phosphorylation [12]. Sim-
ilarly, the HSPC-specific IncRNA [n#cHSC-1 inhibits myeloid
differentiation, whereas ln#cHSC-2 inhibits lymphoid T-cell
commitment [13]. Diverse IncRNAs are also required at differ-
ent stages of erythropoiesis [14-17]. For example, Bloodlinc
regulates red blood cell development by promoting erythrob-
last proliferation and enucleation [18]; [zcEry coordinates ter-
minal erythroid differentiation and maturation by activating
KIf1 and globin genes [19]; UCA1 controls heme biosynthesis
during erythroblast development [20]; and shlnc-EC6 drives
erythroid enucleation via the Rac1/PIP5K signaling pathway
[21]; whereas GATA2AS opposes erythroid differentiation by
affecting erythroid TF binding at regulatory elements [22]. De-
spite the growing evidence of IncRNAs as regulators of ery-
throid differentiation, the functional relevance of most anno-
tated IncRNAs in hematopoiesis and erythropoiesis remains
largely unknown.

Dynamic occupancy of regulatory elements (enhancer and
promoters) by key TFs including GATA-1, GATA-2, TAL1,
KLF1, PU.1, and NF-E2 [23-27] drives erythroid commit-
ment, differentiation, and maturation. GATA-1, the most stud-
ied erythroid-specific TE is essential to establishing the ery-
throid transcriptional program [28]. GATA-1-binding sites are
frequently co-occupied by the CCCTC-binding factor (CTCF)
at regulatory elements enriched for histone H3 acetylated in
lysine 27 (H3K27ac). GATA-1 and CTCF co-occupancy is es-
sential to coordinate gene expression programs across ery-
throid cell differentiation [29-31]. CTCF is an architectural
protein that contributes to the three-dimensional organization
of the genome and controls gene expression, by facilitating
enhancer—promoter communication, among other functions
[32]. CTCF dynamically binds erythroid-specific regulatory
elements to ensure proper erythroid lineage establishment [29,
33-35].

While the contributions of CTCF and IncRNAs in ery-
thropoiesis have been studied independently, how they inter-
play to regulate erythroid cell commitment and differentia-
tion remains largely unknown. In this work, we utilized hu-
man erythroleukemia K562 cells to study the functional role
of CTCF in regulating the IncRNA DUBR and its impact
on the hematopoietic transcriptional gene program. CTCF
favors DUBR repression by reducing chromatin accessibil-
ity and histone H3K27ac deposition at an upstream regula-
tory element (URE) during erythroid differentiation. DUBR
disruption affects a hematopoietic-erythroid gene expression
program and cell proliferation. The genomic map of RNA oc-
cupancy reveals that DUBR associates with a subset of dysreg-
ulated genes identified upon DUBR disruption. Between the
DUBR-associated genes, we identified the TF HEST involved

in opposing erythroid differentiation. Chromatin immunopre-
cipitation (ChIP)-seq and transcriptomic (RNA-seq) data in-
tegration revealed an interplay between DUBR and HES1 in
coordinating a hematopoietic transcriptional gene program.

Materials and methods

Cell culture, lentiviral production, and cell infection

K562 cells were grown in ISCOVE (Gibco) supplemented
with 10% fetal bovine serum (Biowest) and 1x penicillin—
streptomycin (Biowest). HEK-293T cells were grown in Dul-
becco’s Modified Eagle Medium (DMEM) (Biowest) con-
taining 10% of fetal bovine serum (FBS) (Gibco) and 1x
penicillin—streptomycin (Biowest). Cells were maintained at
37°C and 5% CO,. For lentiviral production in HEK-293T
cells, 1 x 107 cells were transfected in 10 ml of final vol-
ume of complete media containing 0.3 M MgCl,, 2x HEBS
(HEPES Buffered Saline) [280 mM NaCl, 10 mM KCI, 1.5
mM Na,HPOy, 12 mM b-glucose and 50 mM HEPES (pH
7.05)], and a mix of plasmids as follows: 10 ug of the vector of
interest, 3 pg of pMD2.G, and 6 pg of psPAX2. Transfection
media was replaced by fresh complete media after overnight
transfection. The supernatant containing the virus was har-
vested 48 h post-transfection and centrifuged for 90 min at
27000 rpm at 4°C. The pellet containing the viral particles
was eluted with 1x phosphate-buffered saline (PBS) overnight
at 4°C. This lentiviral supernatant was aliquoted and stored
at —80°C. A total of 1 x 10° K562 cells per well in 6-well
plates were infected with 1 ml of lentiviral supernatant and 2
ml of media supplemented with 8 pg/ml polybrene (Sigma).
Twenty-four hours after infection, lentiviral media was re-
placed by fresh complete media supplemented with a selection
agent (puromycin or hygromycin). Cells were maintained with
the selection agent for 5 days before the experiment analysis.

Plasmid constructions

For Clustered Regularly Interspaced Short Palindromic Re-
peats (CRISPR) experiments, all single-guide RNAs (sgRNAs)
employed in this study were designed with the CRISPOR web
tool (http://crispor.tefor.net/) [36] using the hg19 genome an-
notation. SgRNAs with high specificity scores (>70) as recom-
mended by the CRISPOR tool were purchased from Sigma.
For genetic deletions with CRISPR-Cas9, sgRNAs used to
generate C1, C2, AEX1, and AEX2 mutants were cloned
into lentiCRISPRv2 (a gift from Feng Zhang, Addgene plas-
mid #52961). SgRNAs used for CRISPRa and CRISPRi were
cloned into lentiSAM v2 (a gift from Adam Karpf, Addgene
plasmid #92062) and pLV hU6-sgRNA hUbC-dCas9-KRAB-
T2a-Puro (a gift from Charles Gersbach, Addgene plasmid
#71236), respectively. Cloning was carried out as previ-
ously described [37]. Briefly, sgRNAs synthesized as oligonu-
cleotides (Sigma) were flanked by BbsI- or BsmBI-compatible
overhangs and phosphorylated using T7 polynucleotide ki-
nase (NEB) and annealed. Annealed sgRNAs were ligated into
BbsI- or BsmBI-digested plasmid. Ligated plasmids were trans-
formed into Escherichia coli TOP10 competent cells. Bacteria
clones were picked and used for colony polymerase chain re-
action (PCR) with U6 forward and sgRNA reverse oligonu-
cleotides. Positive colonies were grown and used for plasmid
purification. DUBR overexpression plasmid (pcDUBR) was
constructed using PCR-amplified DUBR isoform 2 (DUBR-
2). PCR fragments were cloned into pcDNA3.1(+) plasmid
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(Invitrogen). All the primers and sgRNAs used in this study
are listed in Supplementary Table S6.

RNA isolation from subcellular fractionation

RNA isolation from chromatin, nucleoplasm, and cytoplasm
was carried out as previously described with some modifica-
tions [38]. Briefly, 2 x 107 K562 cells were washed twice with
1x PBS and centrifuged for 2 min at 5000 x g at 4°C. The cell
pellet was resuspended in cytoplasmic lysis buffer (0.15% NP-
40, 150 mM NaCl, 25 uM «-amanitin, 10 U SUPERase.IN,
and 1x Complete protease inhibitor mix) for 5 min in ice.
Sucrose buffer [10 mM Tris—=HCI (pH 7.0), 150 mM NaCl,
25% sucrose, 25 uM «-amanitin, 10 U SUPERase.IN, and
1x Complete protease inhibitor mix] was added to the cell
lysate and centrifuged for 10 min at 16000 x g at 4°C. The
supernatant (cytoplasmic fraction) was stored at —70°C un-
til RNA isolation. The nuclear pellet was washed with nuclei
wash buffer (1x PBS, 0.1% Triton X-100, 1 mM EDTA, 25
uM a-amanitin, 10 U SUPERase.IN, and 1x Complete pro-
tease inhibitor mix) and centrifuged for 1 min at 1150 x g at
4°C. The cell pellet was resuspended in glycerol buffer [20 mM
Tris-HCI (pH 8.0), 75 mM NaCl, 0.5 mM EDTA, 50% glyc-
erol, 0.85 mM DTT, 25 uM «-amanitin, 10 U SUPERase.IN,
and 1x Complete protease inhibitor mix]. Nuclei lysis buffer
[1% NP-40, 20 mM HEPES (pH 7.5), 300 mM NaCl, 1 M
urea, 0.2 mM EDTA, 1 mM DTT, 25 uM «-amanitin, 10 U
SUPERase.IN, and 1x Complete protease inhibitor mix] was
added and incubated on ice for 2 min and centrifuged for 2
min at 18500 x g at 4°C. The supernatant (nucleoplasmic
fraction) and pellet (chromatin fraction) were separated and
stored at —70°C until RNA isolation. For RNA isolation, each
fraction was resuspended with TRIzol reagent (Invitrogen) as
described below.

RNA isolation and RT-qPCR

Total RNA was isolated using TRIzol Reagent (Invitrogen)
according to the manufacturer’s protocol with minor mod-
ifications. Briefly, the cell pellet was resuspended in TRIzol
Reagent and incubated at room temperature for 10 min. Chlo-
roform (Invitrogen) was added, incubated at room tempera-
ture for 10 min, and centrifugated for 10 min 12000 x g at
4°C. The aqueous phase was resuspended in 2-propanol (In-
vitrogen) and centrifuged for 10 min at 12000 x g at 4°C. The
RNA pellet was washed twice with 75% ethanol and resus-
pended in nuclease-free water. RNA was used directly to de-
termine gene abundance by KAPA SYBR FAST One Step Kit
(KAPA Byosystems) using the StepOne Real-Time PCR Sys-
tem. The endogenous RNA from the HPRT gene was utilized
for internal normalization. Reverse transcription quantitative
real-time PCR (RT-qPCR) data were analyzed by the AACt
method [39]. Significance in gene expression was determined
by Student’s ¢-test by GraphPad Prism 9.0. All the primers
used in this study are listed in Supplementary Table Sé6.

CRISPR-Cas9, CRISPRa, and CRISPRi assays

For CRISPR-Cas9 mediated deletions, sgRNAs cloned into
lentiCRISPRv2 were used to generate lentiviral particles as
described above. A total of 1 x 10° K562 cells per well were
infected in 6-well plates with 1 ml of lentiviral supernatant
in 2 ml of media supplemented with 8 ug polybrene (Sigma).
Twenty-four hours after infection, lentiviral media was re-
placed by fresh complete media supplemented with a selec-
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tion agent (puromycin or hygromycin). Cells were maintained
with the selection agent. After 5 days of selection, a cell pel-
let was used for DNA extraction by phenol—chloroform. De-
sired deletions were analyzed by PCR genotypification (see
Supplementary Table S6). For isolation of mutant cell clones,
1 x 10* pooled cells were serially diluted in a 96-well plate
containing 100 ul of complete ISCOVE medium per well.
After 2 weeks, single clones were identified by microscopy
and expanded for subsequent genotypification by PCR. Dele-
tion of each mutant cell clone was further characterized by
cloning PCR fragments obtained from genotypification into
pGEM-T Easy (Promega) and confirmed by Sanger sequenc-
ing. For CRISPRa and CRISPRi assays, sgRNAs overlapping
the URE and the promoter region of DUBR were cloned
and used for lentivirus production as described before. For
CRISPRa, 1 x 10° K562 cells were transduced with lentivirus
carrying lentiMPH v2 (a gift from Adam Karpf, Addgene
plasmid #92065). Twenty-four hours post-transduction, cells
were selected using Hygromycin B (Thermo Fisher Scientific)
for 4 days. Next, 1 x 10° of selected cells were infected
with lentivirus expressing sgRNAs cloned into lentiSAM v2.
Twenty-four hours post-transduction, cells were selected us-
ing Puromycin (Sigma) for 4 days. For CRISPRi, 1 x 10°
K562 cells were transduced with lentivirus-carrying sgRNAs
cloned into pLV-hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro.
Twenty-four hours post-transduction, cells were selected us-
ing Puromycin (Sigma) for 4 days.

MTT cell proliferation assay

A total of § x 10° K562 cells per well were seeded in a 96-
well plate. Cell proliferation was measured using the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay for 4 days using the Cell Proliferation Kit (Roche) ac-
cording to manufacturer’s protocol.

RNA sequencing and data analysis

Total RNA was isolated from nonedited (wild-type, WT) and
DUBR mutants (AEX1 and AEX2) by triplicate using TRIzol
reagent (Thermo Fisher) as described above. RNA sequenc-
ing (RNA-seq) libraries for all samples were prepared and se-
quenced by Novogene. Three independent libraries per con-
dition were sequenced in an Illumina HiSeq 4000 platform
as paired-end (25 x 10° reads per sample) 150 bp reads. Se-
quencing reads were aligned to the human genome assembly
hg19 (GRCh37) using STAR with default parameters [40].
Mapped reads (bam files) were used for the read count at the
gene level using featureCounts with human Gencode v36 an-
notation [41]. Differential expression analysis was conducted
by edgeR using read count files [42]. Significant genes were
identified by filtering in R as follows: false discovery rate
(FDR) < 0.05, log2FC =+ 2. RNA-seq signal tracks were cre-
ated by merging bam files from replicates and converted to
bigwig files using deepTools2 and normalized as counts per
million (CPM) [43]. Heatmap was generated by transform-
ing log2 CPM to z-score of differentially expressed genes us-
ing R. Volcano plot was generated using ggplot2 in R. Qual-
ity of RNA-seq reads generated in this study are included in
Supplementary Table S1.

Chromatin immunoprecipitation

ChIP for CTCF and histone marks (H3K4mel, H3K4me3,
H3K27ac, and H3K27me3) was performed as described with
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some modifications [44]. Briefly, 4 x 107 K562 cells were
crosslinked in 1% formaldehyde for 10 min at RT. Crosslink
quenching was carried out with 0.125 M glycine for 5 min
at 4°C. Cells were immediately centrifuged and washed twice
with 1x PBS. The cell pellet was then resuspended in cell lysis
buffer [10 mM Tris-HCI (pH 7.5), 10 mM NaCl, 0.3% NP-
40, supplemented with protease inhibitors] and incubated for
30 min at 4°C. Nuclear fractions were isolated by centrifuga-
tion and dissolved in nuclear lysis buffer [S0 mM Tris-HCI
(pH 7.5), 10 mM EDTA, 1% sodium dodecyl sulfate (SDS),
supplemented with protease inhibitors]. Chromatin was frag-
mented by sonication in a bioruptor for 12 cycles as follows:
30-seg on and 30-seg off. Chromatin fragmentation was eval-
uated by agarose gel electrophoresis. Insoluble chromatin was
discarded by centrifugation at maximum speed; the super-
natant was kept on ice. Fifty micrograms of chromatin per
each IP was diluted 1:5 with dilution buffer (1% Triton X-
100, 2 mM EDTA, 20 mM Tris—=HCI, 150 mM NacCl, supple-
mented with protease inhibitors). Chromatin was precleared
by adding 50 ul of blocked protein G/A beads for 2 h. The
volume corresponding to 1% of chromatin used in each IP
was saved as input. Chromatin was incubated overnight at
4°C with the corresponding primary antibodies. Next, 30 ul
of blocked protein G/A beads were added to diluted chro-
matin and incubated for 2 h at 4°C. Beads were washed as
follows: four washes with wash buffer I (0.1% SDS, 1% Tri-
ton X-100, 2 mM EDTA, 20 mM Tris—HCI, 150 mM NaCl,
supplemented with protease inhibitors) and a final wash with
wash buffer II (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris—HCI, 500 mM NaCl, supplemented with pro-
tease inhibitors). Beads along with the input chromatin were
eluted in elution buffer (1% SDS and 100 mM NaHCO3)
and decrosslink buffer (200 mM Tris—=HCI, 400 mM NaCl,
0.4% SDS, and 10 mM EDTA), incubated in a rotating wheel
for 10 min at RT, and treated with RNase A (Ambion) for
1 h at 37°C and Proteinase K (NEB) for 4 h at 65°C. DNA
was retrieved by adding 1:1 phenol:chloroform:isoamyl alco-
hol (Invitrogen) and mixed by rotation for 10 min at RT, and
then centrifuged for 10 min at 12000 rpm at RT. The aqueous
layer was retrieved. DNA was precipitated with 1 M ammo-
nium acetate, glycogen (Roche), and 100% ethanol for 2 h at
—70°C. The DNA pellet was obtained by centrifugation for
30 min at 12800 rpm and washed twice with 70% ethanol.
The pellet was resuspended in nuclease-free water. For CTCF
ChIP-qPCR, purified DNA from ChIP was used for real-time
PCR (qPCR) using iTaq Universal SYBR Green Supermix (Bio-
Rad) and oligonucleotides flanking the CTCF-binding motif.
Fold enrichment of CTCF over the analyzed regions (URE
and exon-2) on all the conditions (EV, C1, and C2) was com-
pared to WT-CTCE Oligonucleotides used for ChIP-qPCR are
listed in Supplementary Table S1. The antibodies used in this
study were as follows: anti-CTCF (5 pg, Millipore #07-729),
anti-H3K4me3 (5 pg, Abcam #8580), anti-H3K4mel (5 pg,
Abcam #8895), anti-H3K27ac (5 ug, Abcam #4729), anti-
H3K27me3 (5 pg, Abcam #6002), and anti-IgG (2 pg, Mil-
lipore #12-371).

ChlP-sequencing (ChlP-seq) and data analysis

Two ChIP-seq libraries were prepared per condition us-
ing the TruSeq Library Preparation Kit (Illumina), accord-
ing to the manufacturer’s protocol. Libraries were multi-
plexed and sequenced on an Illumina HiSeq 4000 plat-

form as paired-end (25 x 10° reads per sample) 150 bp
reads.

Sequencing reads were aligned to the human genome assem-
bly hg19 (GRCh37) using bowtie2 with default parameters
[45]. Mapped reads (bam files) were filtered using NGSUTtils
[46] as follows: keep mapping and properly paired read, dis-
card secondary alignments, PCR duplicates, and low-quality
mapped reads. ChIP-seq peaks were determined by MACS2
using an FDR < 0.05 [47]. Peaks with fold change >2 were
used for downstream analysis. Peaks overlapped with EN-
CODE blacklisted regions were excluded. Bam files from each
replicate were merged and used to generate read-density sig-
nal tracks using deepTools2 and normalized as CPM [43]. For
regions with differential H3K27ac enrichment between K562
WT cells and AEX1, DiffBind was used from R/Bioconductor.
The resulting peaks were filtered as follows: FDR < 0.01
and fold change +2. Plot profiles and heatmaps of ChIP-
seq read-density were generated by deepTools2 [43]. Signif-
icance was determined by the Mann-Whitney U test. CTCF
peaks were determined as narrow peaks and histone marks
as broad peaks. Motif analysis was conducted by findMo-
tifsGenome.pl from HOMER using ChIP-seq peaks [48].
Chromatin segments were assigned by the Chromatin Hid-
den Markov Model (chromHMM) software as previously de-
scribed [49]. The quality of ChIP-seq reads generated in this
study is included in Supplementary Table S1.

Chromatin isolation by RNA purification

Chromatin isolation by RNA purification (ChIRP) was per-
formed as previously described with some modifications [50].
Briefly, 1 x 108 K562 cells were crosslinked in 1% glutaralde-
hyde for 10 min at RT. Quenching was performed with 0.125
M glycine for 5 min, and cells were centrifuged at 2500 g.
The cell pellet was washed twice with 1x PBS. The cell pel-
let was then resuspended in cell lysis buffer [10 mM Tris—=HCI
(pH 7.5), 10 mM NaCl, 0.3% NP-40, supplemented with pro-
tease inhibitors and Superase-in (Ambion)] and incubated for
30 min at 4°C. Nuclear cell fractions were isolated by cen-
trifugation for 5§ min at 2500 x g, 4°C. Nuclear pellet was
resuspended in nuclear lysis buffer [S0 mM Tris-HCI (pH
7.5), 10 mM EDTA, 1% SDS, supplemented with protease
inhibitors and Superase-in (Ambion)]. Chromatin was frag-
mented by sonication in a bioruptor for 15 (30-seg on and 30-
seg off). Chromatin fragmentation was evaluated by agarose
gel electrophoresis. Insoluble chromatin was discarded by
centrifugation at maximum speed, and the supernatant was
kept on ice. Chromatin extract was diluted with hybridiza-
tion buffer [750 mM NaCl, 1% SDS, 50 mM Tris—-HCI (pH
7.0), 1 mM EDTA, 15% formamide, and supplemented with
phenylmethylsulfonyl fluoride (PMSF), proteinase inhibitors,
and Superase-in] and incubated with 100 pmol of each set of
probes (EVEN, ODD, and LacZ) at 37°C for 4 h in a rotating
wheel. Streptavidin magnetic beads (Invitrogen) were added
to each hybridization reaction and incubated for 30 min at
37°C under rotation. Beads were pulled down and washed
five times with wash buffer [2x SSC, 0.5% SDS, dithiothre-
itol (DTT), and PMSF]. For RNA elution, 10% of each bead
sample was resuspended in RNA PK buffer [100 mM NaCl, 1
mM EDTA, 0.5% SDS, 10 mM Tris—=HCI (pH 7.0)] and incu-
bated for 45 min at 55°C. RNA was isolated by adding TRIzol
Reagent (Invitrogen) and following the previous protocol. Re-
trieved RNAs were detected by RT-qPCR. For DNA elution,
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the remaining bead samples were resuspended in DNA elution
buffer (50 mM NaHCO3, 200 mM NaCl, 1 mM EDTA, and
1% SDS), RNase A (Sigma-Aldrich), and RNase H (Sigma—
Aldrich), and incubated for 30 min at 37°C. Reverse crosslink
was carried out by adding Proteinase K (NEB) and incubating
overnight at 65°C. DNA was isolated by phenol-chloroform
as outlined before. All biotinylated probes were purchased
from Sigma and listed in Supplementary Table S1.

ChIRP-seq and data analysis

ChIRP-seq libraries were prepared as described for ChIP-seq.
EVEN, ODD, and Input libraries were prepared in dupli-
cate. Libraries were multiplexed and sequenced on an Illumina
HiSeq 500 platform as paired-end (25 x 10° reads per sam-
ple) 150 bp reads. Sequencing reads were aligned to the human
genome assembly hg19 (GRCh37) using bowtie2 with default
parameters [93]. Mapped reads (bam files) were filtered us-
ing NGSUgtils as follows: keep mapping and properly paired
read, discard secondary alignments, PCR duplicates, and low-
quality mapped reads. Bam files for each replicate correspond-
ing to EVEN, ODD, and INPUT were merged and used for
peak calling [94]. ChIR-seq peaks for EVEN and ODD were
determined by MACS2 using an FDR < 0.01 [47]. Peaks with
fold change >3 over the input were used for downstream
analysis. Peaks over ENCODE blacklisted regions were ex-
cluded. Bam files from each replicate were merged and used
to generate read-density signal tracks using deepTools2 and
normalized as CPM [43]. To identify high-confidence ChIRP
peaks, we only analyzed overlapped regions and normalized
signals between EVEN and ODD peaks. First, we identified
overlapped EVEN and ODD peaks using deepTools2 (2031
peaks). Normalized EVEN and ODD ChIRP-seq signal over
the resulting peaks was determined and used to calculate a
fold change between both signals. Peaks with fold change be-
tween 0.5 and 2 were used for Pearson correlation. These
peaks were used to generate heatmaps of read-density using
deepTools2. The quality of ChIRP-seq reads generated in this
study is included in Supplementary Table S1.

Gene ontology and transcription factor enrichment

Biological processes of differentially expressed genes were de-
termined by Metascape (https://metascape.org) [51]. The top
significant categories were selected with FDR < 0.05. TF en-
richment analysis of gene sets was carried out by ChEA3
(https://maayanlab.cloud/chea3) [52].

Statistical analysis

Data represent the mean =+ standard error of three biological
replicates. Significance was determined by a two-tailed un-
paired Student’s ¢-test with Welch’s correction using Graph-
Pad Prism. For plot profiles of read-density over specific re-
gions and box plots (or otherwise specified in figure legends),
significance was determined by a two-sided Mann—Whitney
test using R and GraphPad Prism 9. Hypergeometric and Pear-
son correlation test were carried out using R.

Additional datasets used in this study

Previously published data were reanalyzed and used in
this study as follows: ChIP-seq for CTCF (GSE67893 and
GSE51338); HES1 (GSE91470); GATA-1, NF-E2, and
KLF1 (GSE43625); GATA-1 and H3K27ac (GSE211293);
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RUNX1 (GSE96253); NCOR1 (GSE92062); TAF1
(GSM803431); H3K27me3 and EZH2 in erythroblasts
(GSE218231); H3K27ac and GATA-1 in HSPC, EProg, and
EPrec (GSE214811). ATAC-seq for K562 (GSE170378);
donors (GSE74912); HSPC-Ortho (GSE128266). RNA-
seq for donors (GSE74246); K562 (GSE211316); MEL
(GSE148421); HSPC (GSE183266); HSC-Erythroblasts
(GSE60101); HSPC-EPrec  (GSE124164); HSPC-BFUE-
CFUE (GSE128268); proery-ortho (GSE53983); HUDEP2
(GSE213779): GATA-1 knockdown (GSE211319). STARR-
seq in K562 (ENCSR858MPS). For K562 MeRIP-seq
and MINT-seq (GSE137752). PCHiC in primary hu-
man blood cells (https://osf.io/u8tzp/); H3K27ac HiChIP
(GSE101498); ChIA-PET for CTCF (GSE39495); GATA-1
HiChIP (GSE214807).

Results

CTCF is associated with changes in IncRNA gene
expression during erythroid differentiation

Since CTCF binding to chromatin and IncRNA expression
are dynamic during hematopoiesis, we hypothesized that dif-
ferentially expressed IncRNAs along erythroid cell differ-
entiation are regulated by CTCE. To identify genome-wide
CTCF targets, we analyzed CTCF chromatin immunoprecip-
itation sequencing (ChIP-seq) data from human HSPC and
in vitro differentiated erythroblasts [34]. Considering the dif-
ferentially bound sites, CTCF increased its binding in 4245
sites, while decreasing only in 110 sites (FDR < 0.05 and
Fig. 1A). Interestingly, chromatin accessibility was also dy-
namic in sites with differential CTCF binding (FDR < 0.05
and Supplementary Fig. S1A). Furthermore, analysis of pub-
lic ChIP-seq data showed that these differentially bound sites
are occupied by master erythroid TFs, such as GATA-1, NF-
E2, and KLF1 in erythroblasts (Supplementary Fig. S1B) [25,
27,30,31, 53]. These data suggest an interplay between CTCF
and master erythroid regulators to modulate chromatin acces-
sibility of regulatory sites relevant to erythroid differentiation.

To elucidate the mechanism by which CTCF and IncRNAs
intersect as regulators of erythroid cell differentiation, we an-
alyzed the distribution of CTCEF differential peaks near IncR-
NAs annotated in the GENCODE database [54]. CTCF pref-
erentially occupied regions distal to IncRNAs, which agrees
with its role in maintaining chromatin interactions between
promoters and distal regulatory elements [29, 32]. A smaller
fraction (10.15%) of sites differentially bound by CTCEF lo-
cated within § kb of the transcriptional start site (TSS) of
annotated IncRNAs (Fig. 1B, upper panel). We focused on
these sites because being proximal to promoters, they likely
regulate the expression of 454 IncRNAs. To assess the func-
tion of CTCF as a regulator of IncRNAs expression, we
first analyzed public RNA-seq data from HSPC, in vitro
differentiated EProg, and EPrec [24]. We found that 2108
IncRNAs were differentially expressed (1120 down-regulated
and 988 up-regulated) in the HSPC-to-EPrec transition. A
small fraction of those IncRNAs (85 IncRNAs) had proxi-
mal sites that were differentially bound by CTCF (Fig. 1B
and Supplementary Fig. S1C). To uncover IncRNAs regulated
by CTCF with important functions during erythropoiesis, we
identified those whose genomic location and expression dy-
namics are conserved in mouse and human [55]. Among the
initial 85 differentially expressed IncRNAs that display dy-
namic binding of CTCF at a proximal site, 31 were conserved
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Figure 1. CTCF redistribution is associated with a set of IncRNAs during erythropoiesis. (A) Heatmaps of normalized CTCF ChlIP-seq signals around
differentially bound CTCF sites in erythroblasts compared with HSPC. Heatmaps are ranked by ChIP-seq signal. (B) Genomic distribution of dynamic
CTCFbinding sites (upper panel) according to gene overlapping (exon or intron) or distance within 5 kb from TSS (proximal). Venn diagram (lower panel)
of the overlap between IncRNAs associated with differentially bound CTCF sites (n = 454) and differentially expressed IncRNAs in EPrec compared with
HSPC (n = 2108). (C) Heatmaps of RNA abundance (RNA-seq) of conserved human and mouse IncRNAs through erythropoiesis. The color key indicates
the Spearman correlation coefficient of the gene abundance of each IncRNA and its mouse counterpart. The RNA abundance is shown as zscore of the
log2 CPM. (D) Genomic snapshot of mouse (upper) and human (lower) DUBR loci showing the conserved CTCFbinding site by ChIP-seq signal as well
as chromatin accessibility (ATAC-seq) and RNA signal (RNA-seq) obtained from HSPC and erythroblasts. The arrowhead points out the conserved CTCF
site. RNA signal is shown in sense (+) and antisense (-) strands.



in mouse, but only 8 were differentially expressed during ery-
throid differentiation with a high correlation with their mouse
syntenic counterparts (Fig. 1C). These included the previously
described hematopoietic regulatory IncRNAs such as DLEU2
and FIRRE (Fig. 1C and Supplementary Fig. S1D) [14,56].
Therefore, these results suggest that CTCF may regulate the
expression of a set of IncRNAs with a conserved role during
erythroid differentiation.

DUBR is down-regulated during erythroid cell
differentiation

DUBR (annotated in human as DPPA2 upstream binding
RNA) or Dum (Dppa2 upstream binding muscle IncRNA)
in mice regulates Dppa2incis during myoblast differentia-
tion [57]. Dubr is required for neuronal development [58].
However, its function in erythroid differentiation is un-
known. DUBR expression was high in HSPC, decreased in
EProg (BFU-E and CFU-E), and further downregulated in
EPrec (proerythroblasts, basophilic erythroblasts, polychro-
matophilic erythroblasts, and orthochromatic erythroblasts)
(Fig. 1C). Such a reduction in DUBR abundance inversely cor-
relates with increased expression of globin genes, HBA2 and
Hba-a2, in human and mouse, respectively (Supplementary
Fig. S1E). Nine isoforms of human DUBR have been anno-
tated in GENCODE; however, only the isoform DUBR-217,
which contains two exons, was expressed in human HSPC and
rapidly decreased during ex vivo and in vitro erythroid dif-
ferentiation (Supplementary Fig. S2). From the five isoforms
of mouse DUBR, Dubr-002 is highly expressed in HSPC
(Supplementary Fig. S2). We observed that the sequence and
exon structure are conserved between these human and mouse
DUBR isoforms (DUBR-217 and Dubr-002). Additionally,
the genomic position of DUBR flanked by the protein-coding
genes CBLB in the 5’ end and BBX in the 3’ end is also
conserved (Supplementary Fig. S2). The human DUBR is
divergently transcribed from another IncRNA, LINC00882
(Fig. 1D). However, LINC00882 is expressed at low levels
in HSPC and erythroblasts (<1 CPM) and its genomic po-
sition is not conserved in mouse (Fig. 1D). Thus, DUBR is a
conserved IncRNA that is strongly downregulated during ery-
throid differentiation. Nevertheless, the mechanisms behind
DUBR downregulation and its role in erythroid differentia-
tion have not been explored.

CTCF represses DUBR transcription in human K562
cells

CTCF is an essential TF that demarcates promoters and facil-
itates enhancer—promoter communication in erythroid genes
throughout differentiation [29, 34, 35]. We observed that
CTCEF binds to an upstream regulatory DNA element (URE)
from the TSS of DUBR, in both human and mouse ery-
throblasts, which coincides with a reduction of chromatin
accessibility in these cells in comparison to human and
mouse HSPC, respectively (Fig. 1D). Chromatin segmentation
(ChromHMM) from the Epigenome Roadmap Project indi-
cates that such regulatory element is active across different
cell types and tissues (Fig. 2A, upper panel) [59]. Thus, CTCF
could bind the URE to regulate DUBR expression during ery-
throid differentiation. To address this, we introduced a dele-
tion to ablate the CTCF-binding motif in the URE in human
erythroleukemic K562 cells using CRISPR-Cas9. We obtained
two independent cell clones (C1 and C2) containing a 16
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bp homozygous deletion overlapping two CTCF motifs pre-
dicted by JASPAR (Fig. 2A, bottom panel). Accordingly, CTCF
binding to the URE was decreased in C1 and C2 cell clones
(Fig. 2B). Interestingly, DUBR transcript levels were increased,
whereas those of LINC0082 decreased in C1 and C2 cells (Fig.
2C). This result was confirmed in two independent pools of
mutant cells generated with two additional sgRNAs (sg1 and
sg2) overlapping the CTCF motif (Supplementary Fig. S3A).
The previous suggests that CTCF binds URE to counteract
DUBR expression along erythroid differentiation, probably
by modulating the regulatory activity of the URE. Therefore,
we assessed ChIP-qPCR for histone marks in clone C1. Indeed,
disruption of CTCF binding in clone C1 increased H3K27ac
deposition at the CTCF-BS and DUBR promoter (P2) but
not at LINC00882 promoter (P1) (Supplementary Fig. S3B
and C).

ATAC-seq showed an accessible chromatin structure of the
DUBR URE region in HSPC. However, accessibility gradu-
ally decreased during differentiation until the URE was al-
most completely inaccessible in terminally differentiated ery-
throid cells (Fig. 2D, left panel). Loss of chromatin accessibil-
ity corresponded with decreased DUBR expression as shown
by RNA-seq data (Fig. 2D, right panel). Loss of accessibil-
ity of the URE and decreased DUBR expression were also
observed in erythroblasts relative to HSPC cells in donors
(Supplementary Fig. S3B and C) [60]. This suggests that
CTCEF binding at URE reduces local accessibility and represses
DUBR expression. To test the regulatory influence of the URE
on DUBR, a transcriptional activator or repressor (CRISPRa
and CRISPRI, respectively [61, 62]) was targeted to the URE
via CRISPR-dCas9 (Fig. 2E). Indeed, targeting CRISPRi and
CRISPRa to the URE reduced or increased DUBR expression,
respectively (Fig. 2F and G). A similar effect, although to a
lesser extent, was observed on LINC00882.

To further explore the contribution of the CTCF-BS on
the regulatory activity of the URE, we analyzed the effects of
CTCF-binding disruption on the deposition of histone mod-
ifications related to active regulatory elements (H3K4me3,
H3K4mel, and H3K27ac) in ACTCF-BS clone C1 employ-
ing ChIP-qPCR. Disruption of CTCF binding results in in-
creased accumulation of H3K27ac at both the URE and the
DUBR promoter (P2), suggesting that URE activity is regu-
lated by the dynamic binding of CTCF (Supplementary Figs.
S3D-F). Additionally, analysis of Hi-C data revealed that the
CTCEF-BS was located close to a topologically associating
domain (TAD) boundary displaying high contact frequency
with downstream genes into the same TAD (Supplementary
Fig. S3G). Moreover, CTCF-BS anchoring chromatin loops
with convergent CTCF-binding sites spanning the TAD as
observed by ChIA-PET data [63]. These CTCF-BS-mediated
loops were supported by H3K27ac-dependent interactions de-
tected by HiChIP data indicating that CTCF-BS demarcates
a chromatin loop domain containing the URE, DUBR, and
downstream genes within the TAD. Regarding DUBR and
LINC00882, we observed that perturbation of CTCF-BS in
C1 and C2 clones resulted in reduced changes in neighboring
gene expression, both inside (BBX and CD47) and outside
(CBLB) of the TAD (Supplementary Fig. S3H).

In addition to CTCEF, analysis of ChIP-seq data from the
ReMap database indicated that several hematopoietic and ery-
throid regulators bind at the URE in K562 cells [64]. For ex-
ample, GATA-1 binds downstream of the CTCF site (GATA1-
BS) in erythroid and K562 cells (Supplementary Fig. S3D).
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CRISPRIi (F) and CRISPRa (G) systems. The bar chart shows the mean &+ SEM of three independent experiments. RNA abundance was normalized to the
empty vector (EV) condition. Significance was determined by unpaired Student’s t-test as follows; nonsignificant (ns); *P < .05; **P < .01; ***P < .001.



Indeed, similar to the ablation of the CTCF-binding site in
C1 and C2 clones, GATA-1 knockdown increased DUBR ex-
pression in K562 cells (Supplementary Fig. S3I) [23]. Inter-
estingly, GATA-1 HiChIP from EProg revealed chromatin in-
teractions from the GATA1-BS with the BBX gene similar to
the observed with CTCF-BS (Supplementary Fig. S3G) [28].
Overall, these results suggest that CTCF and GATA-1 coop-
erate to limit the expression of DUBR throughout erythroid
differentiation. This raises a potential involvement of DUBR
in this process.

DUBR perturbation affects hematopoietic gene
expression and proliferation

LncRNAs are emerging as important regulators of ery-
throid differentiation [14, 65]. DUBR is highly expressed in
HSPC and rapidly downregulated during erythroid differen-
tiation (Supplementary Fig. S1E). This suggests that DUBR
might function in the regulation of gene expression during
hematopoiesis. To test this, we assessed the effect of DUBR
inactivation in erythroid and hematopoietic gene expression.
We targeted DUBR using two genetic approaches. In the first
approach, we used CRISPR-Cas9-mediated gene editing to
delete ~600 bp including exon 1 of the DUBR locus (AEX1)
in K562 cells. The second approach deleted ~600 bp over-
lapping the 3’ end corresponding to the second exon of the
isoform 2 (AEX2) (Supplementary Fig. S4A). RNA-seq anal-
ysis showed that while AEX1 mutants displayed undetectable
DUBR levels (<1 CPM), transcript levels were unaffected in
the AEX2 mutant compared to WT cells (Fig. 3A). AEX1
cells contain a heterozygous deletion of exon 1 and the pro-
moter sequence of DUBR, enriched for H3K4me3, which led
to decreased DUBR transcription (Supplementary Fig. S4A-
C). In contrast, AEX2 cells harbor a homozygous deletion
of a nonconserved 3’ region of exon 2, an m6A modification
site [58, 66], and a predicted Polycomb Repressive Complex 2
(PRC2) RNA-interacting region (Supplementary Fig. S4A-C)
[67]. While AEX2 cells preserve the promoter sequence and
transcribe DUBR at levels comparable to WT cells, they lack
319 bp that could exert regulatory functions.

RNA-seq analysis showed that a significant proportion of
genes were dysregulated in both AEX1 and AEX2 in compar-
ison to WT cells (673 upregulated and 543 downregulated)
(Fig. 3B and Supplementary Tables S2 and S3). Gene ontol-
ogy analyses revealed that those genes are involved in the
cell cycle, DNA repair, hematopoiesis, and hemostasis pro-
cesses (Fig. 3C). Interestingly, up- and downregulated genes
were enriched for direct targets of well-known hematopoi-
etic regulators such as SPI1, TAL1, RUNX1, GATA-1, and
KLF1 [26, 68] (Fig. 3D). Importantly, cell proliferation was
impaired in AEX1 and AEX2, compared to nonedited (EV)
and WT cells (Fig. 3E), which was consistent with the down-
regulation of cell cycle-related genes and previously reported
roles of DUBR in regulating cell division (Fig. 3C) [69-71].
To validate these findings, we generated additional AEX1 cell
clones (AEX1-B and AEX1-C) containing heterozygous dele-
tions around the exon 1 of DUBR (Supplementary Fig. S4D).
AEX1-B and AEX1-C clones displayed reduced DUBR tran-
script levels as well as for genes involved in the cell cycle pro-
gression, including CDK6, an essential cell-cycle kinase cyclin-
dependent kinase with reported roles in quiescence, prolifer-
ation, self-renewal, and differentiation of hematopoietic cells
[72,73]; ASNS, an enzyme critical for protein synthesis during
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cell division and hematopoietic regeneration [74]; CDC7, a
protein kinase necessary for DNA replication during S-phase
and cell division in hematopoietic cells [75]; E2F7, a TF re-
quired for cell cycle progression and regulation of genes in-
volved in DNA replication, metabolism, and DNA repair [76];
HES1, a TF required for cell cycle and hematopoietic differ-
entiation [77-79]. We also validated the upregulation of the
hematopoietic regulators GATA-1, RUNX1, and SPI1, which
were enriched at promoters of dysregulated genes (Fig. 3D
and F) [26, 68]. Additionally, we observed upregulation of the
adult globin genes HBA2, HBB, and HBG1, a hallmark of
erythroid differentiation (Fig. 3F) [5]. Altogether, these find-
ings indicate that maintaining DUBR levels and integrity is
required to properly express genes controlling hematopoietic
cell proliferation and differentiation.

Characterization of genome-wide changes in the
regulatory landscape following DUBR perturbation

To further dissect the effect of DUBR perturbation in gene
regulation, we defined genomic regulatory regions by their
activity based on ChromHMM segmentation [49]. In addi-
tion, we performed ChIP-seq for the histone marks H3K4me3
and H3K4mel and analyzed their enrichment ratio to de-
fine promoters and enhancers in WT, AEX1, and AEX2 cells
(Supplementary Fig. S5A). Moreover, we generated ChIP-seq
data for H3K27ac and H3K27me3 to distinguish active from
inactive chromatin regions, respectively [80]. As expected, we
observed a high correlation between these histone marks re-
lated to active regulatory elements (H3K27ac, H3K4me3, and
H3K4me1l) (Supplementary Fig. S5B). In line with this obser-
vation, we found that H3K27ac was enriched in active pro-
moters, in which H3K4me3 was higher than H3K4me1l; and
in enhancers, in which H3K4me1 was higher than H3K4me3;
in contrast, H3K27ac was depleted in repressed regions, in
which H3K27me3 was enriched (Supplementary Fig. SSA).
We performed differential H3K27ac enrichment analysis in
the AEX1 clone due to undetectable DUBR transcript lev-
els in contrast to the AEX2 clone (Fig. 3A). Interestingly,
the H3K27ac profile was altered in AEX1 in comparison to
WT cells, with a major number of sites gaining H3K27ac
(n = 4000 peaks) and a lower number showing a reduc-
tion in the mark (n = 1589 peaks) (Supplementary Fig. S5C
and Supplementary Table S4). We then assessed the effects
associated with altered H3K27ac in promoters marked by
H3K4me3, enhancers enriched by H3K4mel, and repressed
regions marked by H3K27me3 in AEX1 and AEX2 com-
pared to WT cells. ChIP-seq revealed that sites with higher
H3K27ac also showed increased H3K4me3 and H3K4mel,
while decreased H3K27me3 upon DUBR perturbation (Fig.
4A and Supplementary Fig. S5D). Conversely, sites with lower
H3K27ac tracked with reduced H3K4me3 and H3K4mel
but increased H3K27me3 in AEX1 and AEX2 compared to
WT. Additionally, ATAC-seq and STARR-seq data showed
that these sites with differential H3K27ac deposition over-
lap accessible chromatin regions with transcriptional activity,
suggesting that these represent putative regulatory elements
(Supplementary Fig. SSE and F). Notably, some regulatory
elements initially inactive may gain H3K27ac in AEX1 and
AEX2 cells, since most of the increased H3K27ac accumula-
tion occurred at regions identified as low signal correspond-
ing to chromatin segments with low ChIP-seq signal for the
tested histone marks in WT cells (Fig. 4B). Therefore, DUBR
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Figure 3. Genome-wide gene expression changes upon DUBR ablation. (A) RNA abundance of DUBR isoforms annotated by GENCODE v36 in K562
cells (WT) and DUBR mutant clones (AEX1 and AEX2) determined by RNA-seq. The bar chart shows the mean 4+ SEM of three independent sequenced
RNA-seq libraries. Significance was calculated by unpaired Student's t-test. (B) Venn diagram showing overlapping differentially expressed genes
between AEX1 and AEX2 cell clones as analyzed by RNA-seq. Significance was calculated by a hypergeometric test. (C) Heatmap (left) of significant
(FDR < 0.05) up- (fold change > 2) and downregulated (fold change < 0.5) genes in AEX1 and AEX2 clones by RNA-seq. The color key indicates RNA
abundance as zscore of log2 CPM. Bubble plot (right) of the top significant biological processes (GO terms) identified by gene ontology analysis for the
up- (673) and downregulated (543) genes showed in panel (B). Significance (FDR) was determined by the Benjamini-Hochberg test in Metascape [51].
(D) Bubble plot of TF enrichment analysis by ENCODE and ChEAS3 databases using the up- (673) and downregulated (543) genes in panel (B).
Significance (FDR) was calculated by a hypergeometric test. (E) MTT proliferation assay of K562 WT, control (EV), and cell clones (AEX1 and AEX2
clones). The graph shows the mean + SEM of three independent measurements. Significance was calculated at data points corresponding to day 3 (D3)
by unpaired Student’s ttest. (F) RNA abundance determined by RT-gPCR from differentially expressed genes identified in the RNA-seq analysis in two
independent AEX1 clones (B and C). The bar chart shows the mean + SEM of three independent experiments. RNA abundance was normalized to the
nonedited condition (EV). Significance was determined by unpaired Student'’s t-test as follows; nonsignificant (ns); *P < .05; **P < .01; ***P < .001.
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perturbation may induce widespread changes in the activity of
regulatory DNA elements affecting hematopoietic differentia-
tion. To assess the functional relevance of these elements, we
analyzed their dynamic H3K27ac deposition during erythro-
poiesis in HSPC, EProg, and EPrec. Interestingly, heatmaps
showed increased and decreased H3K27ac signal at gained
and reduced H3K27ac sites, respectively, in EProg and EPrec
compared with HSPC (Supplementary Fig. S6A).

Analysis of TF motifs revealed a significant enrichment of
regulators involved in erythroid differentiation, particularly
GATA-1 and GATA-2, at sites with increased H3K27ac marks
[81-83]. In contrast, sites with reduced H3K27ac were en-
riched in motifs for HSPC regulators such as NF-E2 and
NRF2 [84, 85] (Fig. 4C). During erythropoiesis, GATA-2-
binding sites are replaced by GATA-1 to facilitate erythroid
maturation, a process known as GATA factor switching,
which occurs between the early (EProg) and late (EPrec)
stages [86]. Consistent with this notion, public ChIP-seq
data analysis showed GATA-2 binding signal at differen-
tial H3K27ac sites in HSPC and EProg but not in EPrec
(Supplementary Fig. S6B). In contrast, the GATA-1 signal was
enriched mainly in EPrec, with a higher signal at sites with
increased H3K27ac upon DUBR perturbation rather than
at decreased (Supplementary Fig. S6C). Moreover, GATA-1
knockdown in K562 decreased H3K27ac deposition at gained
H3K27ac sites (Supplementary Fig. S6D) [23]. This suggests
that the sites where H3K27ac changed in response to DUBR
perturbation may correspond to regulatory elements control-
ling erythroid differentiation.

DUBR perturbation influences the H3K27ac
landscape

Enhancers are key determinants of cell identity during
hematopoiesis through interacting with their cognate gene
promoters [26]. A small subset of ~5% of differential
H3K27ac sites was at gene promoters, whereas most were dis-
tal (predominantly 5-500 kb upstream and downstream from
annotated genes) indicating a potential distal-mediated gene
regulation (Supplementary Fig. S7A). To assess the function
of enhancers activated upon DUBR ablation in hematopoietic
gene expression, we analyzed Promoter Capture Hi-C data
(PCHi-C) in human blood cells to map loops anchored at re-
gions with gained and reduced H3K27ac upon DUBR disrup-
tion and link gene promoters to putative enhancers [87]. No-
tably, a subset of loop anchors was enriched for H3K27ac, de-
pleted for H3K27me3, and structured in accessible chromatin
(Supplementary Fig. S7B). This suggests that these loop an-
chors harbor transcriptionally active regions associated with
putative regulatory elements. Moreover, ~50% of increased
H3K27ac sites interacting with anchors scored significantly
higher for CHiCAGO interactions more common in erythrob-
lasts (Ery) and megakaryocytes (Mk), indicating that the fre-
quency of these enhancer-promoter interactions tends to be
cell-type specific. In contrast, reduced H3K27ac sites interact-
ing with anchors scored higher for interactions in monocytes
(Mon) and neutrophils (Neu) (Supplementary Fig. S7C). To
assess the regulatory potential of the regions with differen-
tial H3K27ac enrichment in controlling long-range gene tran-
scription, we cross-referenced the regions interacting with an-
chors against genes dysregulated globally upon DUBR abla-
tion in AEX1 and AEX2 cells compared with WT. We ob-
served that some genes whose promoters interact with differ-

ential H3K27ac sites were deregulated (182 upregulated and
107 downregulated genes). Examples of upregulated genes in-
clude the hematopoietic growth factor (ACPS5) involved in ery-
throid commitment, whose promoter interacts with a distal
region displaying enhancer activity in AEX1 and EX2 (Fig.
SE and D) [88]; the promoter of the lipoprotein receptor-
related protein 1 (LRP1), a regulator of autophagy during ery-
throid maturation, was found interacting with downstream
enhancer and promoter elements (Supplementary Fig. S7E)
[89]; the NOXS, an oxidase required for endothelial cell pro-
liferation, was surrounded by several proximal enhancers in
AEX1 and AEX2 (Supplementary Fig. S7F) [90]. In contrast,
the reduced gene expression was observed in several genes as-
sociated with reduced H3K27ac sites including HAND2,a TF
required for cell fate specification during embryonic develop-
ment, and MSN, a membrane-associated cytoskeleton protein
involved in vascular endothelial development (Supplementary
Fig. S7D, G, and H) [91, 92]. Overall, the disruption of DUBR
had a large effect on the regulatory landscape of K562 cells
linked to hematopoietic differentiation-related genes. We rea-
soned that, due to the widespread effects on the transcrip-
tome and the chromatin landscape upon DUBR perturba-
tion, a fraction of these represents direct and indirect ef-
fects as a consequence of dysregulation of transcriptional
regulators.

The genomic map of RNA occupancy reveals
DUBR-associated genes

DUBR was enriched in nuclear fractions, specifically in the
chromatin fraction, of K562 cells, suggesting a function in
transcriptional gene regulation (Fig. 5A) [93, 94]. To iden-
tify the DUBR-associated genes, we mapped genome-wide
DUBR~chromatin interactions in K562 cells through chro-
matin isolation followed by RNA purification (ChIRP-seq)
[50]. First, we confirmed that DUBR, but not GAPDH or
MALAT1, was specifically retrieved from K562 cells using
DUBR EVEN and ODD probes (Fig. 5B). In addition, none
of these RNAs were retrieved with a negative control probe
targeting LacZ (Fig. 5B). To identify DUBR-occupied regions
with high confidence, we exclusively analyzed the ChIRP
peaks identified by both probes. There were 2031 overlapped
DUBR peaks between EVEN and ODD probes (Fig. SC and
Supplementary Table S5). Using the nearest-neighbor gene ap-
proach, we assigned DUBR-bound regions with their poten-
tial target genes (DUBR-associated genes) [95]. This analy-
sis showed that DUBR locates distal, predominantly 5-500
kb from TSS genes, whereas only ~10% of DUBR peaks
were at gene promoters (Fig. 5D). Gene ontology analysis
revealed that these genes were significantly enriched in pro-
cesses related to nervous and skeletal system development
and cell cycle, which is consistent with previously reported
roles of DUBR in driving neuronal development, muscle re-
generation, and cell division (Supplementary Fig. S8A) [57,
58, 69-71]. Interestingly, a set of genes was enriched in the
circulatory system process and cell cycle. By intersecting these
DUBR-associated genes with dysregulated genes in AEX1 and
AEX2, we identified only 129 directly DUBR-associated genes
(Fig. SE). Thus, genes whose expression was affected during
DUBR perturbation but were not assigned to a DUBR peak
are indirectly associated genes. We hypothesize that a frac-
tion of the detected DUBR peaks may represent nonfunctional
sites in hematopoietic but could be in other tissues, where
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Figure 5. Characterization of DUBR genomic occupancy. (A) Subcellular distribution of DUBR and control INcRNAs (XIST and H19) determined by
RT-gPCR of RNA isolated from subcellular fractionation of K562 cells. The bar chart shows the mean + SEM of three independent experiments. (B)
Relative levels of RNA retrieved from DUBR and control RNAs (GAPDH and MALATT) by ChIRP and determined by RT-gPCR. Two sets of independent
(EVEN and ODD) and negative control (LACZ) probes were used. The bar chart shows the mean + SEM of three independent experiments. (C) Venn
diagram of common DUBR ChIRP peaks detected in EVEN and ODD probes. (D) Relative distances of DUBR ChIRP peaks to TSS of annotated genes by
GREAT algorithm. (E) Venn diagram showing the overlapped genes between DUBR-associated genes identified by ChIRP-seq and differentially
expressed genes identified in AEX1 and AEX2 compared to WT. Gene-peak associations were determined by the GREAT algorithm [95]. (F) Sankey and
dot plots showing the top of gene ontology terms (GO) for direct DUBR-associated genes identified in Fig. 5E. Examples of TFs are highlighted in a
Sankey diagram. Significance (P-value) was determined by the Benjamini-Hochberg test in Metascape [51]. (G) Heatmaps of ChIRP-seq and ChIP-seq
signals at DUBR peaks grouped into two clusters (C1 and C2) according to their signals by the k-means algorithm. (H) Profile plots of ChlIP-seq signal at
DUBR peaks grouped in C1 and C2 clusters. (I) Genomic snapshots of representative direct DUBR-associated genes showing the signals for ChIRP-seq
and ChlP-seq (H3K27me3).
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additional or tissue-specific factors are necessary to coordi-
nate the DUBR-mediated gene regulation.

To further explore the possible transcriptional regulatory
function of DUBR, we performed an integrative analysis of
the DUBR peaks and ChIP-seq for histone modifications
in K562 cells. We identified a subset of DUBR peaks (C1,
n = 140 peaks) clustering with regulatory elements-related hi-
stone modifications (H3K4me3, H3K4mel, and H3K27ac),
whereas the majority appeared depleted for these histone
modifications (C2, n = 1891 peaks) (Fig. 5G). This suggests
that DUBR associates with chromatin regions independently
of its deposited histone marks. Notably, the considerable num-
ber of DUBR peaks that were neither assigned to dysregulated
genes upon DUBR perturbation nor bound to regulatory re-
gions suggests that these DUBR peaks may represent off-target
events due to multiple probes used in the ChIRP assay or other
experimental artifacts or nonfunctional DUBR sites in K562
[96, 97].

We next compared histone modification signals around
DUBR peak clusters (C1 and C2), revealing that only
H3K27me3 showed increased signals in AEX1 and AEX2
compared with WT cells in the C1 DUBR peak cluster (Fig.
SH). Similarly, analysis of public ChIP-seq data in erythrob-
lasts showed a similar H3K27me3 enrichment around DUBR
peaks, which was co-occupied by the histone methyltrans-
ferase EZH2 (Supplementary Fig. S8B) [98]. These observa-
tions suggest that DUBR perturbation may facilitate the depo-
sition of H3K27me3 at regulatory elements of directly DUBR-
associated genes. This regulatory mechanism has been de-
scribed for IncRNAs acting as regulators of histone methyl-
transferase (HMT) activity and recruitment of PRC2 to
trimethylate H3K27 on chromatin [96, 99-101]. Thus, the
absence of DUBR may enable the HMT of PRC2 on a sub-
set of DUBR sites. However, further work will be necessary to
unravel this apparent mechanism by which DUBR modulates
H3K27me3 deposition at these regions. Among the dysregu-
lated genes with increased H3K27me3 coverage upon DUBR
perturbation, including the TFs ATFS and TAF12 involved in
the regulation of cell proliferation [102, 103]; the hematopoi-
etic cytokine colony-stimulating factor 1 (CSF1) [104]; and
the activin protein ACVRLI implicated in the hematopoi-
etic endothelial transition (Fig. 5I) [105]. Notably, DUBR
was associated with similar coverage at these sites regard-
ing the effect in gene expression upon DUBR perturbation in
AEX1 and AEX2 compared with WT cells (Supplementary
Figs. S8C and D). This observation indicates that not all the
changes in gene expression were explained by the increased
deposition of H3K27me3 at their associated DUBR sites.
Instead, additional mechanisms may result in modulating
changes in gene expression that do not reflect their chromatin
status.

HEST1 indirectly contributes to defining a DUBR
hematopoietic transcriptional program

Gene ontology analysis of directly DUBR-associated genes in-
dicated no evidence of TFs essential for erythroid cell differen-
tiation [106]. Instead, these genes were involved in key path-
ways critical for the early stages of blood cell development,
including the NOTCH pathway (Fig. SF) [107, 108]. We se-
lected HES1 as a representative direct DUBR-associated gene
involved in NOTCH and CMYB signaling pathways, aorta
development, cell adhesion, and cell cycle (Fig. SF).

HES1 was positively regulated by DUBR as validated by
CRISPRi and CRISPRa targeting the endogenous DUBR pro-
moter using two pairs of sgRNAs (Fig. 6B and C). This ef-
fect was further validated by overexpressing DUBR through
transfecting a plasmid containing the isoform 2 (DUBR-
2) into K562 cells (Supplementary Fig. S8E). However, the
DUBR rescue assay in AEX1 cells was unsuccessful in recov-
ering the basal HES1 gene expression compared to WT cells,
indicating that the overexpression of DUBR alone was unable
to revert the loss of HEST gene expression upon DUBR deple-
tion. Alternatively, HES1 transcription is repressed by GATA-
1 during the transition of EProg to EPrec, suggesting that addi-
tional regulators such as GATA-1 are implicated in HES1 tran-
scription [109]. This observation supports an interplay be-
tween DUBR and erythroid regulators to coordinate a global
transcriptional program. Importantly, HEST was positively
regulated by DUBR through erythroid differentiation from
HSPC to erythroblasts (EPrec and D14 days of differentiation)
and EProg (HUDEP-2) to erythroblasts (D9) as determined
by analysis of public RNA-seq data (Supplementary Fig. S8F)
[22]. The decrease in HES1 gene expression was accompa-
nied by increased H3K27me3 deposition at the DUBR site
and HES1 gene body in AEX1 and AEX2 compared with
WT (Fig. 6A). A similar effect in H3K27me3 deposition
and EZH2 binding was observed in erythroblasts (Fig. 6A
and Supplementary Fig. S8G). These findings suggested that
DUBR regulates the expression of the HES1 gene by associ-
ating with its promoter region in the chromatin. However, this
potential regulatory mechanism warrants further experimen-
tal validation.

HES1 is an essential TF for HSPC development and ery-
throid differentiation [79, 109-111]. Given these functions
in hematopoietic cells, we hypothesized that the widespread
dysregulation of gene expression observed following DUBR
perturbation might be a result of reduced HES1 levels and
its transcriptional activity in hematopoietic genes. To test
this possibility, we analyzed the HES1 genome-wide bind-
ing in K562 cells revealing that HES1 predominantly bound
at regulatory elements structured on accessible chromatin,
marked by H3K27ac but not by H3K27me3 (Supplementary
Fig. S8H) [112]. Moreover, HES1-binding sites were enriched
for GATA-1 and GATA-2 motifs (Supplementary Fig. S8I).
Published ChIP-seq data for GATA-1 in K562 demonstrate
that a fraction of HES1 sites were cobound with GATA-1
(Supplementary Fig. S8H). Importantly, HES1 interacts with
GATA-1 to inhibit the deposition of H3K27ac by dissociat-
ing GATA-1 from the P300/CBP complex [111]. As a result
of inhibiting the GATA-1 activity, HES1 impairs the devel-
opment and differentiation of erythroid cells [77, 111]. In
line with this evidence, we analyzed the binding of HES1 at
differential H3K27ac sites identified upon DUBR perturba-
tion. Noticeably, HES1 was enriched at gained and reduced
H3K27ac sites where GATA-1 was also bound (Fig. 6D). This
analysis suggested that the loss of HEST abundance followed
by DUBR perturbation facilitates the transcriptional activ-
ity of GATA-1 by influencing the deposition of H3K27ac at
regulatory elements. Heatmaps of ChIRP-seq showed unde-
tectable DUBR signal at differential H3K27ac sites, suggest-
ing that the widespread changes in H3K27ac occupancy fol-
lowed DUBR perturbation were a result of indirect effects
such as the activity of transcriptional regulators such as HES1
and GATA-1 (Fig. 6D). Moreover, we observed that 25% of
dysregulated genes in AEX1 and AEX2 compared to WT
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Significance was calculated by unpaired Student’s t-test (*P < .05). (D) Heatmap and profile plots of ChIP-seq and ChIRP-seq signals at gained and
reduced H3K27ac sites upon DUBR disruption. Heatmaps are ranked based on the HES1 signal. (E) The proportion of dysregulated genes upon DUBR
disruption (AEX1 and AEX2) that are targeted by HES1 at their promoterproximal gene regions (within 5 kb from TSS) are analyzed. (F) Bubble plot of
biological processes of dysregulated genes upon DUBR perturbation and targeted by HES1 at their promoter-proximal gene regions.

were bound by HES1 at their promoter—proximal regions (Fig.
6E). These genes were enriched for gene ontologies related to
hematopoiesis, cell cycle, and myeloid-erythroid differentia-
tion (Fig. 6F). Altogether, these data suggest that HEST may
contribute to defining a DUBR-mediated gene program by in-
directly cooperating with DUBR.

In addition to HES1, heatmaps of public ChIP-seq data in
K562 showed that other direct DUBR-associated genes in-
cluding NCOR1, RUNX1, and TAF1 showed binding signals
at differential H3K27ac sites identified upon DUBR perturba-
tion (Supplementary Fig. S8]). This indicates that additional
regulators may contribute to the indirect transcriptional pro-
gram mediated by DUBR.

Discussion

Hematopoietic differentiation is controlled by complex reg-
ulatory circuits [113]. Important master hematopoietic regu-
lators such as GATA-1, GATA-2, TAL1, PU.1, and KLF1 [7,
114-116] orchestrate gene expression through binding to reg-
ulatory elements (promoter and enhancers) of erythroid genes
at different stages of hematopoiesis [1, 26]. The nuclear fac-
tor CTCF is dynamically expressed during erythroid differ-
entiation and its downregulation inhibits erythropoiesis [33].
Mechanistically, CTCF mediates the promoter-enhancer in-

teractions to fine-tune the erythroid gene expression program
[29, 34]. Importantly, CTCF colocalizes with cell-specific TFs
at regulatory elements to facilitate cell identity gene expres-
sion [117]. This cooperative function of CTCF is essential to
orchestrate cell fate specification and differentiation. Moti-
vated by these findings, we investigated the poorly explored
function of CTCF in coordinating IncRNA gene expression
during erythropoiesis and how such regulation impacts the
erythroid transcriptional gene program.

We demonstrated crosstalk between CTCF and IncRNAs,
particularly with DUBR. Functionally, CTCF directly binds
to an URE to prevent DUBR transcription by reducing local
chromatin accessibility and H3K27ac deposition. This regu-
latory effect mediated by CTCF occurs in a chromatin three-
dimensional context, in which CTCF configures the DUBR
loci to coordinate its expression during erythropoiesis (Fig.
7) [118]. The functional characterization of IncRNAs under-
pins the essential functions of these RNA molecules in shaping
gene expression during erythroid differentiation [19, 20, 22,
65]. This suggests an interplay between CTCF and DUBR to
control a network of genes, in which DUBR represents a fur-
ther level of gene regulation.

DUBR was previously identified as a IncRNA in mouse,
where it plays key roles in coordinating myoblast differenti-
ation and neuronal development [57, 58]. These findings and
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Figure 7. Graphical model of DUBR gene regulation by CTCF and its impact in hematopoietic transcriptome. During human erythroid differentiation,
CTCF binds to an URE to limit DUBR transcription in erythroblasts. DUBR perturbation induces widespread changes in hematopoietic—erythroid gene

expression as a result of dysregulation of DUBR-associated genes and activation of regulatory elements.

the dynamic expression of DUBR throughout the erythro-
poiesis suggested a functional relevance of this IncRNA in
this process. The perturbation of DUBR abundance and its
sequence result in widespread dysregulation of genes involved
in hematopoietic differentiation and cell cycle. Among the in-
duced genes upon DUBR perturbation, we identified essen-
tial erythroid regulators, such as GATA-1, RUNX1, and SPI1
as well as the classical globin genes, supporting that DUBR
perturbation contributes to modulating a hematopoietic—
erythroid differentiation gene program.

Analysis of RNA occupancy revealed that DUBR asso-
ciates with a set of genomic sites including regulatory ele-
ments of genes with functions in NOTCH and CMYB path-
ways and cell cycle, which are essential biological processes in
hematopoiesis [108, 119, 120]. Data integration of ChIRP-
seq and ChIP-seq suggested that a fraction of DUBR sites
were associated with changes in H3K27me3 deposition upon
DUBR perturbation. Recent evidence strongly suggested that
IncRNAs can control the activity of PRC2 by interfering with
its recruitment, loading, and eviction from chromatin, and
H3K27me3 deposition [99, 121, 122]. In line with this ev-
idence, we propose that the deleted region in AEX2, corre-
sponding to an in silico predicted PRC2-binding site, and the

presence of DUBR is required for counteracting H3K27me3
deposition at DUBR sites. It is important to note that only
a subset of directly DUBR-associated genes was downregu-
lated upon DUBR perturbation, whereas others were upregu-
lated or unaffected indicating that other DUBR sites appear
to function by additional mechanisms that warrant further
investigation.

Data integration from ChIRP-seq and RNA-seq indicates
that only 10% of dysregulated genes following DUBR dis-
ruption were directly associated with DUBR sites, while the
majority resulted from indirect regulatory effects. We selected
HES1 as a representative direct DUBR-associated gene due
to its essential role in hematopoiesis through its function as
a transcriptional repressor of erythroid differentiation [110].
Almost 25% of dysregulated genes that followed DUBR per-
turbation were bound by HES1 at its promoter—proximal re-
gions. This indicates that HEST is part of the transcriptional
network coordinated by DUBR.

Erythropoiesis is driven by the activity of master erythroid
TFs at their regulatory elements [1]. Dysregulation of gene
expression upon DUBR perturbation was accompanied by
the activation of regulatory elements demarcated by increased
H3K27ac deposition at GATA-2/GATA-1 sites, indicating



that these regulatory elements are involved in erythroid com-
mitment [86]. Analysis of ChIP-seq data revealed HES1 but
not DUBR binding at these H3K27ac sites, where HES1 may
interfere with the activity of GATA-1 [111]. This reinforces
our model in which HES1 indirectly cooperates with DUBR in
coordinating a hematopoietic—erythroid gene expression pro-
gram. Thus, HES1 may represent a layer of gene regulation to
coordinate the transcription of the other downstream genes.

Our study systematically characterizes the role of CTCF
in regulating the IncRNA DUBR and its impact on
hematopoietic—erythroid gene expression underlining their
implications in the cell differentiation biology.
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