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ABSTRACT

Although originally described as transcriptional ac-
tivator, SPI1/PU.1, a major player in haematopoiesis
whose alterations are associated with haematologi-
cal malignancies, has the ability to repress transcrip-
tion. Here, we investigated the mechanisms underly-
ing gene repression in the erythroid lineage, in which
SPI1 exerts an oncogenic function by blocking dif-
ferentiation. We show that SPI1 represses genes by
binding active enhancers that are located in inter-
genic or gene body regions. HDAC1 acts as a co-
operative mediator of SPI1-induced transcriptional
repression by deacetylating SPI1-bound enhancers
in a subset of genes, including those involved in
erythroid differentiation. Enhancer deacetylation im-

pacts on promoter acetylation, chromatin accessi-
bility and RNA pol II occupancy. In addition to the
activities of HDAC1, polycomb repressive complex
2 (PRC2) reinforces gene repression by depositing
H3K27me3 at promoter sequences when SPI1 is lo-
cated at enhancer sequences. Moreover, our study
identified a synergistic relationship between PRC2
and HDAC1 complexes in mediating the transcrip-
tional repression activity of SPI1, ultimately inducing
synergistic adverse effects on leukaemic cell sur-
vival. Our results highlight the importance of the
mechanism underlying transcriptional repression in
leukemic cells, involving complex functional connec-
tions between SPI1 and the epigenetic regulators
PRC2 and HDAC1.
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GRAPHICAL ABSTRACT

INTRODUCTION

Transcriptional regulation is a complex process that in-
volves an array of protein activities in a specific chromatin
context. Transcription factors (TFs) are major contributors
to this process that act with partners, coactivators or epi-
genetic factors, some of which, known as pioneer TFs, are
able to render chromatin structures permissive to coactiva-
tors and epigenetic factors. The epigenetic landscape plays
a major role in haematopoietic homeostasis and the dif-
ferentiation programme; therefore, it has been possible to
construct a complete model of haematopoiesis from chro-
matin dynamics (1,2). Mutations of genes encoding epige-
netic modifiers (TET2, IDH1/2, DNMT3A and ASXL1)
are common in acute myeloid leukaemia (AML) patients,
further indicating that this type of component plays a ma-
jor role in driving AML development.

The TF SPI1/PU.1 belongs to the E26 transformation-
specific (ETS) family and is a major contributor to
haematopoietic control, playing an active role in myeloid
and B lymphoid lineage specification and differentiation
(3–5). SPI1 was originally described as a transcriptional
activator and is considered a pioneer TF, since it has the
ability to bind to or near closed nucleosome conforma-
tions and enable cofactors to bind the chromatin (6–9).
For example, in macrophages, SPI1 activates the transcrip-
tion of its target genes by binding to closed chromatin,
where it evicts nucleosomes through recruitment of epi-
genetic modifiers, such as CBP/P300 or SWI/SNF com-
plexes (6,7,10,11). This action gives instructions to create
a new enhancer with monomethylation of lysine 4 of hi-
stone 3 (H3K4me1) and to recruit additional TFs at en-
hancer sites (6,7). The function of SPI1 in the control of
transcriptional activation through epigenetic regulation has
also been described in B lymphoid and osteoclast differenti-
ation (12,13). Thus, in addition to playing well-known roles
in controlling gene expression in coordination with lineage-
determining cofactors, the effect of SPI1 on transcriptional
activity is mediated in cooperation with epigenetic regula-
tors. The role of SPI1 in repressing transcription has been
recently reported in normal haematopoiesis, in controlling
an appropriate neutrophil immune response (14), in early T
cells (15,16) and in osteoclasts (12). Achieving a better un-

derstanding of how SPI1 represses gene expression is par-
ticularly relevant for such lineages as erythroid or T and B
lymphoid cells, in which abnormally high SPI1 expression
is oncogenic and whose transcriptional repression activity
causes differentiation blockage (17–20).

SPI1 expression is fine-tuned during erythroid differenti-
ation (21,22). A low level of SPI1 expression is required to
maintain the pool of immature erythroid progenitors during
foetal erythropoiesis and stress erythropoiesis in adults (21).
Complete inhibition of the expression of SPI1 is required to
enable terminal erythroid differentiation after the colony-
forming-unit erythroid stage (CFU-E) (23,24). Maintaining
elevated expression of SPI1 in mice leads to blockage of ery-
throid differentiation and favours survival of erythroid pro-
genitors, initiating the erythroleukaemic process (17,23,24).
Such high expression of transcriptional regulators, includ-
ing SKI, ETO2 and ERG, was recently described in >25%
of human acute erythroleukaemia (AEL) with a prominent
‘erythrocyte’ signature (25), thereby blocking erythroid dif-
ferentiation. This finding emphasizes the need to under-
stand their mode of action. All these TFs interfere with
GATA1 activity, one of the major erythroid TFs. SPI1, in-
teracting with GATA1 (26,27), creates a repressive histone
context at GATA1 binding sites (28–30) or represses expres-
sion of GATA1 co-factors (31). Additionally, we showed
that polycomb repressive complex 2 (PRC2), an epigenetic
modifier complex that controls the repressive trimethylation
of H3K27 (H3K27me3) (32,33), is involved in the transcrip-
tional repression of the proapoptotic encoding gene Bcl2l11
by SPI1 in erythroleukaemia (23), providing further evi-
dence of the action of SPI1 on the epigenetic landscape to
repress genes.

In this study, we further investigated the mechanism
underlying gene repression by SPI1. Specifically, we em-
ployed genome-wide analysis that combines characteriza-
tion of transcriptional changes and the identification of
SPI1 partners at the chromatin with epigenetic modifica-
tions of histones and chromatin accessibility. At least two
types of SPI1-mediated repressive mechanisms have been
highlighted: one involving modulation of histone acetyla-
tion at enhancer regions and another independent of such
modulation. For the first one, we show that SPI1 cooper-
ates with histone deacetylase 1 (HDAC1) to deacetylate the
active enhancers it occupies, thereby reducing TSS acetyla-
tion, promoter–enhancer physical proximity, chromatin ac-
cessibility, RNA pol II occupancy and reducing transcrip-
tion. Moreover, our results reveal a synergistic effect of
HDAC1 and PRC2 in mediating SPI1-induced transcrip-
tional repression and erythroid differentiation blockage, as
well as a synergistic effect of inhibiting the two epigenetic
modifiers in killing leukaemic cells. Taken together, our
findings provide insight into the interplay between the SPI1
TF and two epigenetic regulators participating in the SPI1-
induced transformation activity mediated by gene repres-
sion.

MATERIALS AND METHODS

Cell culture and chemicals

Leukaemic cells overexpressing SPI1 were derived from
bone marrow of Spi1 transgenic mice (TgSpi1) with ery-
throleukemia (17) (mice #763, #722 and #683) and cul-
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tured in alpha Eagle’s minimal essential medium (�MEM,
Gibco) supplemented with 5% Fetal Bovine Serum gold
(FBS-gold, PAA, A15-151), L-glutamine (2 mM, Gibco),
penicillin/streptomycin (100 �g/ml, Gibco) and 1 U/ml
of erythropoietin (EPO). The erythroleukaemic cells from
#763 and #722 mice were engineered to express anti-Spi1
shRNAs in the presence of doxycycline (dox, 100 ng/ml)
as previously described (24). All the experiments using cells
were performed with cells derived from mice #763 and,
when indicated, with cells from #722 and #683 mice, as bi-
ological replicates. For HDAC inhibition, cells were incu-
bated with indicated doses of Entinostat (MS-275, Santa
Cruz), or TMP195 (M6176, AbMole). PRC2 inhibition was
performed using the EZH1/2 inhibitor UNC1999 (M3107,
AbMole). DMSO was used as control.

Human embryonic kidney (HEK293T) cells were
grown in Dulbecco modified Eagle’s medium (Gibco)
supplemented with 10% FBS (Gibco), L-glutamine (2
mM, Gibco), penicillin/streptomycin (100 �g/ml, Gibco).
KG1, K562 and A20 cells were grown in Roswell Park
Memorial Institute medium (RPMI, Gibco) supplemented
with 10% FBS (Gibco), L-glutamine (2 mM, Gibco),
penicillin/streptomycin (100 �g/ml, Gibco).

CRISPR-Cas9 genome editing

Using the CRISPR design tools CHOPCHOP (34) or
CRISPOR (35), we identified single-guide RNAs (sgRNAs)
to target Alas2 or St3gal6-specific regions. The sgRNAs
were synthesized by Synthego (see Supplementary materi-
als). Cas9 ribonucleoprotein (RNP) complexes were assem-
bled in vitro by incubating Cas9 (6pmol, Synthego) with
sgRNAs (15 pmol; 500 ng, Synthego) and siGLO-green
(31pmol, Dharmacon). To generate the genomic deletion
in epigenetically-defined enhancer, two different pairs of
sgRNAs for Alas2 and one for St3gal6 (see Supplemen-
tary materials) were electroporated with the Neon transfec-
tion system into 105 cells (1 pulse of 1450 V; pulse width:
10 ms). FITC-positive cells were sorted (BD FACSAriaIII
cell sorter, BD biosciences) and clonally plated into 96-well
plates at a limiting dilution of 0.5 cells per well to avoid
mixed clones. After 7 days of clonal expansion, 200 000
cells were collected for DNA extraction using QuickExtract
DNA extraction solution (Epicentre) and amplification of 2
�l DNA was performed by using the Platinum II Taq Hot-
Start DNA polymerase (Invitrogen) for Alas2 enhancer or
Platinum SuperFi II DNA polymerase (Invitrogen) for the
large deletion in St3gal6 enhancer. Clones were screened for
deletion in Alas2 or St3gal6 enhancer by PCR using primers
as indicated in Supplementary materials. For Alas2, three
clones (L1, L8, M2) were generated using the first pair of
sgRNAs, while for two clones (P5, N3) the second pair was
used. The FIMO tool from the MEME-suite was used to
find individual occurrences of the SPI1 binding motif in the
Alas2 enhancer region using a previously reported SPI1 po-
sition weight matrix (36). To mutate the SPI1 DNA motif
sequence in the Alas2 enhancer, one sgRNA was used as
reported in the in Supplementary materials and genomic
DNA amplified by PCR was sequenced by Sanger method
(Eurofins Genomics).

Methylcellulose culture and benzidine differentiation assay

Two thousand cells were seeded in 1 ml MethoCult (Stem-
Cell, M3334) following the manufacturer’s instruction.
Colonies were analyzed at day 5 by staining with a so-
lution containing 0.2% benzidine (Sigma-Aldrich) in 10%
H2O2 (Sigma-Aldrich) and 0.5 M glacial acetic acid (Sigma-
Aldrich). The colonies were observed under the microscope
(Motic AE2000 and Moticam 1080BMH).

Flow cytometry staining

For cell surface marker staining, 5 × 105 cells were collected
and washed in cold 1× D-PBS and 2% BSA and were incu-
bated for 30 min at 4◦C in 100 �l of cold 1× D-PBS, 2%
BSA and 2 ng/�l PE rat anti-mouse CD71 antibody (BD
Pharmingen #553267). After washing, stained cells were
then resuspended in FACS buffer supplemented with 0.5
�M DAPI and analyzed by BD LSRFortessa flow cytome-
ter. Flow cytometry data have been analyzed using FlowJo
v10.8.

HDAC1/3 and PRC2 inhibitors synergy assay

Synergy experiments were performed by treating leukaemic
cells with 0, 50, 150 or 300 nM of Entinostat combined with
0, 5, 7.5, 10, 12.5, 15 �M of UNC1999 for 48 h. Number of
viable cells was determined with DAPI labeling (0.5 �M)
in 96-well plates by BD High Throughput Sampler (HTS)
option from the BD LSRFortessa flow cytometer. FACS
data were analysed using FlowJo v10.6.2 software (Tree
Star). Synergy evaluation was performed using the zero-
interaction potency (ZIP) model (37) with R v3.6.3 through
the Bioconductor package synergyfinder v2.0.5 (38). Syn-
ergy effect is expressed as a synergy score, or delta score (�),
that corresponds to no interaction (� = 0), synergy (� > 0)
or antagonism (� < 0) between the combined drugs.

Generation of Avi-tagged HDAC1

Hdac1 was amplified with flanking AscI (5′-
CCCTCACTCGGCGCGatggcgcagacgcagggcaccc-3′)
and NsiI (5′-AAGAGGCAGAATGCATGCTCGAGT
TAACggccaacttgacctcctcc-3′) restriction sites from the
HDAC1 Flag plasmid (gift from Eric Verdin, Addgene
plasmid #13820, (39)) using the KAPA HiFi HotStart
ReadyMix (Roche). Using the In-Fusion HD Cloning
Kit (Clontech) Hdac1 was cloned into the double di-
gested pRRLs-Avi-MCS-iGFP-BirA (40) resulting into
pRRLs-Avi-HDAC1-iGFP-BirA. Competent GT115
Escherichia coli (Invivogen) were transfected via heat-
shock, recovered in SOC Outgrowth Medium (New
England Biolabs), plated on LB-Amp plates and incu-
bated overnight. The presence of HDAC1 was tested
via colony PCR and sequencing (Eurofins Genomics)
(primers: Fwd 5′-CTGCTTCTCGCTTCTGTTCG-3′, Rev
5′-CACACCGGCCTTATTCCAAG-3′).

Lentiviral transduction

For lentiviral particles production, HEK293T were co-
transfected with the Avi-GFP or HDAC1-Avi-GFP vec-
tors carrying BirA biotin ligase with the lentiviral pMD2.G
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-VSVG and pCMV-Gag-Pol using jetPRIME reagent
(Polyplus transfection). Lentiviral particles were harvested
48 h post-transfection and ultracentrifuged for 90 min at
80 000g. Leukaemic cells were transduced with lentiviral
particles for 24 h before sorting on BD FACSAria III cell
sorter. GFP positivity was checked before each experiment.

Immunoprecipitation, pull-down, protein extraction and im-
munoblotting

Avi-tagged protein technology is based on the biotinylation
of Avi-Tag by the BirA biotin ligase and on the specific bind-
ing of streptavidin to biotin for pull-down.

40 × 106 cells for immunoprecipitation or 15 × 106 cells
for Avi-tagged protein pull-down were lysed in 100 �l IP
buffer per 107 cells (20 mM HEPES, 2 mM MgCl2, 0.5%
NP-40, 0.1% Triton X-100) and incubated on ice for 5 min.
NaCl was added at final concentration of 420 mM to the
lysates, incubated on ice for 5 min and centrifuged for 15
min at 20 000g.

Supernatants were incubated 2 h with antibody of inter-
est (Supplementary data, Table of antibodies). Then, for
immunoprecipitation, 50 �l of magnetic beads were added
for 1 h (Protein G coated Dynabeads, Invitrogen) or, for
pull-down, 60 �l of streptavidin-coated beads (M-280 Dyn-
abeads, Invitrogen) were added for 2 h. Beads were washed
5 times with IP-buffer and boiled for 10 min at 95◦C in 25 �l
Laemmli buffer 2× supplied with DTT.

Whole-cell extracts or immunoprecipitated/pulled-down
proteins were resolved by SDS-PAGE and transferred to
a nitrocellulose 0.22 �m membrane (BioRad). Membranes
were blocked (1× D-PBS, 0.1% Tween20, 5% non-fat milk
powder) and then incubated with primary antibody as de-
scribed in Supplementary data (table of antibodies). Horse
peroxidase-conjugated secondary antibody was used to de-
tect proteins by LAS4000 digital imager (GE Healthcare
Life Sciences) upon incubation with enhancer chemilumi-
nescence kit (ThermoScientic). Stripping was performed in
1× stripping buffer (ST010, GeBa) according to manufac-
ture instructions.

Recombinant proteins were visualized on acrylamide gels
either by Fast Coomassie blue staining protocol as previ-
ously described (41) or by activation of Mini-PROTEAN
4–15% TGX Stain-Free precast gels (BioRad) by UltraVi-
olet 302nm on GelDoc XR+ (BioRad) following manufac-
turer’s instructions.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using the ChIP assay kit (Mil-
lipore) following the manufacturer’s protocol as previously
described (36). ChIP samples were sonicated for 17 min
using the Covaris S220 sonicator (peak power 220, duty
factor 20 and cycle Burst 200) was used for sonication.
For more details on antibodies and protein A/G coupled
beads choice, see Supplementary data. ChIP were either se-
quenced or quantified by real-time quantitative PCR (RT-
qPCR). ChIP experiments were repeated at least three times
when analysed by quantitative PCR.

Quantitative PCR was performed on the 7500 RT-qPCR
System (Applied Biosystems) using primers listed in Sup-

plementary data and SYBR-green buffer (Applied Biosys-
tems). Immunoprecipitated DNA is compared to input
sample by the comparative Ct method. Immunoprecipitated
DNA enrichment is expressed as % of input.

CUT&Tag assay, library preparation and sequencing

The HDAC1 CUT&Tag assay and library was performed
using CUT&Tag-IT Assay Kit (Active Motif) following the
manufacturer’s protocol on 0.5 × 106 leukaemic cells. The
libraries were sequenced on NovaSeq 6000 system to obtain
10 × 106 paired-end reads (50 bp) following Illumina’s in-
structions.

In vitro PRC2 methyltransferase assay

Recombinant histone H3.1 (31894, Active Motif) was
mixed in PRC2 buffer (50 mM Tris pH 8, 100 mM NaCl,
1 mM DTT, 0.01% Triton X-100) with or without 200 �M
S-adenosyl methionine (SAM, Sigma Aldrich), PRC2 re-
combinant complex (31387, Active Motif) and SPI1 re-
combinant protein (MBS1265403, MyBioSource) at 1:1
or 5:1 SPI1:PRC2 molar ratios for 4 h. Recombinant
PRC2 complex includes full length EZH2, SUZ12, EED
and RBAP46/48 (accession numbers NP 001190176.1,
NP 056170, NP 003788.2, NP 002884.1 and NP 005601.1,
respectively). It was expressed in Sf9 and contains an N-
terminal FLAG-Tag at the N-terminus of EZH2. Recom-
binant SPI1 was expressed in E. coli and contains ×6
N-terminal His-Tag (accession number NP 001074016.1).
BSA (Sigma Aldrich) was used as a control protein. Com-
bination of concentrations used are: (a) 500 ng H3.1, 73 nM
PRC2 plus 73 nM SPI1 (1:1 molar ratio) or 365 nM SPI1
(5:1 molar ratio); (b) 250 ng H3.1, 36.5 nM PRC2 plus 36.5
nM SPI1 (1:1 molar ratio) or 182.5 nM SPI1 (5:1 molar ra-
tio). Samples were separated by SDS-PAGE or directly dot-
blotted onto nitrocellulose membrane using Bio-Dot micro-
filtration apparatus (BioRad). Membranes were incubated
with anti-H3K27me3 and HRP secondary antibody as de-
scribed above. Specificity of the antibody used was verified
with. Quantification of the signal intensity was performed
by Fiji/ImageJ v2.1.0 software.

Reverse phase ultra-fast liquid chromatographic (RP-
UFLC)-based separation and quantification of the
fluorescein-labeled peptide H3K27me1

A 11-amino-acid peptide derived from the histone H3.1
protein centered around the lysine 27 residue was syn-
thetized, conjugated to fluorescein amidite (FAM) on its
N-terminus and modified by amidation (NH2) on its C-
terminus (Proteogenix). A K27 mono-methylated form
of this peptide (H3K27me1) was also synthesized and
used as a standard. The peptide sequences used are: (a)
H3K27: FAM-TKAARK27SAPAT-NH2; (b) H3K27me1:
FAM-TKAARK27me1SAPAT-NH2.

The methyltransferase reaction was carried out overnight
in PRC2 buffer (50 mM Tris pH 8, 100 mM NaCl, 1
mM DTT, 0.01% Triton X-100) containing 75 �M of
H3K27 peptide, 36.5 nM of PRC2 recombinant complex
(acm31387, Active Motif), 100 �M of S-adenosyl methio-
nine (SAM, Sigma Aldrich) and different molar ratios
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of SPI1 to PRC2 (MBS1265403, MyBioSource) or BSA
(Sigma Aldrich). The reaction was stopped with perchloric
acid (HClO4) (15% v/v in H2O). Samples were separated by
RP-UFLC (Shimadzu) using Kromasil 100-5-C18 column,
5�m particle size at 40◦C. The mobile phase used for the
separation consisted of a mix of solvent A containing water
with 0.1% perchloric acid (HClO4) and solvent B containing
acetonitrile with 0.12% trifluoacetic acid (TFA). Separation
was performed by an isocratic flow as followed: 80% solvent
A + 20% solvent B, rate of 1 ml/min, run time of 30 min.
H3K27 peptide and its methylated product were monitored
by fluorescence emission (� = 530 nm) after excitation at
� = 485 nm and quantified by integration of the peak ab-
sorbance area.

RNA extraction and quantification by real-time quantitative
PCR (RT-qPCR)

Total RNA was isolated from cells using RNeasy Plus Mini
Kit (Qiagen) and 1 �g was reverse-transcribed using Super-
script IV Reverse Transcriptase (Invitrogen). RT-qPCR was
performed using TaqMan Gene Expression Assays (Ap-
plied Biosystems) on the 7500 RT-qPCR System (Applied
Biosystems) with the probes listed in Supplementary data.
Changes in mRNA expression levels were calculated relative
to untreated control condition and normalized to Polr2a
mRNA level using the 2–��Ct formula.

RNA library preparation and sequencing

RNA quality was evaluated using an Agilent Fragment
Analyser apparatus as described in the manufacturer’s pro-
cedure (Agilent Technologies, Basel, Switzerland). RNA-
seq libraries were generated from 300 ng of total RNA Illu-
mina TruSeq RNA Sample Preparation Kit v2 (Part Num-
ber RS-122-2001). Libraries were sequenced on Illumina
HiSeq 2500 or 4000 as 100 bp paired-end reads following Il-
lumina’s instructions. Sequencing was performed to obtain
at least 5.5 × 107 reads for each sample. Sequence reads were
mapped onto mm10/GRCm38 assembly of mouse genome
using STAR v2.5.3a (42).

ChIP library preparation and sequencing

ChIP samples were purified using Agencourt AMPure XP
beads (Beckman Coulter). ChIP-seq libraries were prepared
from 5 ng of double-stranded purified DNA using the Mi-
croPlex Library Preparation kit v2 (C05010014, Diagenode
s.a.).

The libraries were sequenced on an Illumina Hiseq2500
or Hiseq4000 sequencer as 100 bp (for SPI1, RNA-pol II
and H3K27ac upon Entinostat treatment) or 50 bp (for
H3K27me3, H3K4me3, H3K4me1 and H3K27ac upon dox
treatment) Paired-End reads following Illumina’s instruc-
tions. Image analysis and base calling were performed us-
ing RTA v2.7.7 and bcl2fastq v2.17.1.14. Adapter dimer
reads were removed using DimerRemover. Reads were
aligned to the mouse reference genome (GRCm38/mm10)
using Burrows-Wheeler Aligner (BWA) (bwa-mem algo-
rithm) (version: 0.7.17-r1188) (43). Peak calling was per-
formed using HMCan (44). Signals from two comparative

conditions have been normalized by CHIPIN v0.1.0. (45).
More details are described in Supplemental data. Two in-
dependent experiments of H3K27ac and H3K27me3 were
performed.

ATAC assay, library preparation and sequencing

5 × 104 cells frozen in culture media containing FBS and
10% DMSO were sent to Active Motif to perform the
ATAC-seq assays. Cells were washed with cold PBS, and
tagmented using the Omni-ATAC protocol described in
(46), using the enzyme and buffer provided in the Nextera
Library Prep Kit (Illumina). Tagmented DNA was purified
using the MinElute PCR purification kit (Qiagen), ampli-
fied with 10 cycles of PCR, and purified using Agencourt
AMPure SPRI beads (Beckman Coulter). Resulting ma-
terial was quantified using the KAPA Library Quantifica-
tion Kit for Illumina platforms (KAPA Biosystems), and
sequenced with PE42 sequencing on the NextSeq 500 se-
quencer (Illumina). Two independent experiments were per-
formed.

Bioinformatic data analysis

Details for bioinformatic analyses are described in Supple-
mental data.

RESULTS

SPI1 represses gene transcription through binding to active
enhancers

To characterize the process of gene repression mediated
by SPI1 in erythroleukaemia, we performed RNA-seq on
erythroleukaemic cells derived from a sick TgSpi1 mouse
(#763) and secondarily engineered to produce inducible
shRNA against Spi1 after dox treatment (24). Forty-eight
hours of dox treatment reduced the SPI1 protein expres-
sion level by up to 90% (Figure 1A), and SPI1 was no
longer detected on the chromatin (Figure 1B). We have pre-
viously characterized the SPI1 oncogenic functions in the
murine erythroleukaemic process and shown that decrease
of SPI1 expression in those leukemic cells re-instates ery-
throid differentiation and reduces expansion of leukemic
population by inducing apoptosis, establishing that SPI1
initiates leukemia by blocking differentiation and cellular
expansion (17,23,24).

We identified 1579 differentially expressed genes (DEGs)
between dox-untreated (SPI1+) and dox-treated cells
(SPI1–) for 48 h; 972 genes were activated and 607 were
repressed in the presence of SPI1 (Supplementary Figure
S1A and Supplementary Table S1). Using SPI1 ChIP-seq
results obtained from TgSpi1 erythroleukaemic cells (36),
we assigned to genes peaks within 50 kb upstream of the
transcriptional start site (TSS) and 3 kb downstream of
the transcription end site (TES) (Supplementary Table S2).
The fraction of genes bound by SPI1 was higher among
SPI1-repressed (57%) and SPI1-activated (66%) genes than
among NoResp genes (25%) (Figure 1C). DAVID gene on-
tology enrichment analyses for repressed genes with SPI1
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Figure 1. SPI1 represses gene transcription by binding to active enhancers in leukaemic cells. (A) SPI1 expression was determined by immunoblotting of
lysates of leukaemic cells (#763) treated for 48 or 72 h with or without doxycycline (dox) to induce the expression of Spi1 shRNA. HSC70 was used as
loading control. (B) Heatmap of SPI1-normalized ChIP-seq reads performed in leukaemic cells treated (SPI1–) or not (SPI1+) with dox for 48 h, sorted
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P < 0.01. (G) UpSet plot representing the number of genes with SPI1 peaks at single or multiple genomic regions as indicated by the black dots. Horizontal
stack plots show the number of genes with one peak in a specific region that are associated with additional peaks in other genomic regions. (H) Doughnut
chart showing the percentage of active enhancers (with H3K27ac and H3K4me1 marks), inactive enhancers (only H3K4me1 mark) or Not enhancers
(without H3K27ac or H3K4me1 marks) at SPI1-bound intergenic and gene body regions of SPI1-repressed genes. (I) Top: Alas2 genomic locus with SPI1,
H3K27ac, H3K4me1 ChIP-seq tracks, the sgRNA target site (scissors and gray bar) and putative SPI1-binding DNA sequences at Alas2 enhancer of
Control (Ctrl) and mutant clones. PAM: Protospacer Adjacent Motif. Bottom-left: SPI1 ChIP-qPCR in the controls (Ctrl1 and 2) and 2 clones (MC2 and
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bound to chromatin demonstrated transcriptional misreg-
ulation in erythroid differentiation processes, but this phe-
nomenon was not observed for genes not bound by SPI1
(Figure 1D and E).

Taken together, these results indicate that similar to gene
activation, SPI1 chromatin occupancy is associated with re-
pression of gene expression.

To characterize how SPI1 bound to chromatin reduces
gene expression, we first investigated whether the repres-
sion capacity of SPI1 was associated with the nature of the
interacting subgenomic region. Peak annotation was per-
formed using ChIPseeker across the six following genomic
subregions of gencode-annotated genes: intergenic regions
(−50 kb; −2 kb), the distal promoter (−2 kb; −1 kb), the
immediate upstream promoter (−1 kb; TSS), the immedi-
ate downstream promoter (TSS; +1 kb), the gene body (+1
kb; TES), and the downstream region (TES; TES + 3 kb)
(Figure 1F). By computing the odds ratios and significance
using Fisher’s test, we evaluated the association between
two events, that are, the transcriptional status (repressed or
NoResp) and the SPI1-occupied genomic subregion. SPI1-
repressed genes exhibited a strong and significant enrich-
ment for SPI1 peaks located in intergenic regions (×1.5), in
the distal promoter (×1.8) and inside the gene body (×2.5),
with no enrichment being observed close to TSS (from −1
kb to +1 kb). Considering the number of SPI1 peaks in
each subregion of repressed genes, we also found that the
large majority of peaks were located in intergenic regions
and gene body regions (Supplementary Figure S1B). A to-
tal of 226 out of the 325 SPI1-bound genes contained a
peak in the gene body, of which 72% (163/226) displayed
no other peak elsewhere and 13% (30/226) showed another
peak in the intergenic region (Figure 1G). Sixty-nine genes
displayed a SPI1 peak in the intergenic region, of which 45%
(35/69) displayed no other peak elsewhere and 43% (30/69)
showed another peak in the gene body. These findings indi-
cate that in the majority of repressed genes, SPI1 binds only
to one location. Furthermore, in the repressed genes, the
peaks located in intergenic regions were distributed near the
promoter, while the peaks located inside the gene body were
more homogenously distributed across this region (Supple-
mentary Figure S1C). Due to the low number of genes re-
pressed and bound by SPI1 in the distal promoter region
(14/325) (Supplementary Figure S1B), we excluded this cat-
egory for further study.

These results suggest that the gene body and intergenic
regions are two regions that play key roles in the transcrip-
tional repressing effect exerted by SPI1.

Next, we explored whether the gene body and intergenic
regions bound by SPI1 in repressed genes are potential
distal cis-regulatory elements (DREs) using the presence
of two chromatin marks, histone 3 lysine 27 acetylation
(H3K27ac) and lysine 4 mono-methylation (H3K4me1),
identified by ChIP-seq in two erythroleukaemic cells de-
rived from sick mice (#722 and #763). Using ChromHMM,
we established the three following chromatin statuses: re-
gions presenting only H3K4me1 marks are defined as ‘in-
active enhancers’, regions presenting both H3K4me1 and
H3K27ac are ‘active enhancers’, and regions with neither
of the two are called ‘non-enhancers’. A total of 90% of
the SPI1 peaks located in intergenic and gene body re-

gions of repressed genes, contained H3K4me1 peaks com-
patible with enhancer functions, for both #763 and #722
leukaemic cells, SPI1 peaks of which 53% and 58%, respec-
tively, were active (Figure 1H and Supplementary Figure
S1D). In agreement with our annotation, the region bound
by SPI1 in the intron 1 of the Alas2 gene that we defined to
be active enhancer on the basis of epigenetic marks was pre-
viously described to be indeed a functional cis-regulatory
region of the Alas2 gene by CRISPR/Cas9 deletion in nor-
mal murine proerythroblast-like cells (47). Deleting this en-
hancer region in the TgSpi1 erythroleukemic blasts using
CRISPR-Cas9 system strongly reduced Alas2 gene expres-
sion, validating the functionality of this enhancer region in
the leukemic cells (Supplementary Figure S1E and Supple-
mentary materials). Cas9-mediated deletion of the St3gal6
region identified as enhancer with H3K4me1 and H3K27ac
and bound by SPI1 was also used to examine the functional-
ity of the annotated enhancer region (Supplementary Fig-
ure S1F and Supplementary materials). The reduction of
St3gal6 mRNA expression associated with the deletion of
this genomic region confirmed that this region was an active
enhancer. These data validated our approach of defining ac-
tive enhancers based on epigenetic information in erythroid
cells.

To rigorously test whether SPI1 represses gene expres-
sion by directly binding to DNA, we used CRIPSR-Cas9
to generate erythroleukemic cells lacking a SPI1 DNA mo-
tif in the Alas2 enhancer bound by SPI1 (Figure 1I). Indi-
vidual occurrences of SPI1 binding motif in the Alas2 en-
hancer were identified with FIMO (Figure 1I). We selected
two clones that have a deletion of a SPI1 binding motif (Ta-
ble in Supplementary materials and Figure 1I). The SPI1
motif deletion reduced SPI1 occupancy at Alas2 enhancer
in the two cell lines compared to the control cells. Such a
decrease in SPI1 binding was associated with an increase
in Alas2 mRNA expression relative to controls. This result,
which links the efficiency of SPI1 binding to an enhancer
with the level of gene repression, provides strong evidence,
at least for a portion of genes, that SPI1 represses gene tran-
scription through direct binding to DNA.

Taken together, these results suggest that SPI1 represses
gene expression primarily by binding distal regulatory ele-
ments, many of which are active enhancers in the intergenic
or gene body regions of the repressed genes.

SPI1 and HDAC1 cooperate to repress SPI1 target genes

The SPI1 protein does not contain any transcriptional re-
pression domain (48) but interacts with several cofactors
that may mediate its repressive activity. To identify puta-
tive SPI1 corepressors acting when SPI1 is bound to DNA,
we performed SPI1 ChIP experiments followed by mass
spectrometry (RIME) (49). We identified 58 proteins that
were reproducibly immunoprecipitated with SPI1 and not
in the IgG control (Supplementary Figure S2A). In particu-
lar, FUS/TLS, a well-described interacting factor involved
in SPI1 splicing activity (50,51), and the SWI/SNF com-
plex, which is also known to interact with SPI1 (52), were re-
covered, validating the SPI1-RIME approach. Notably, we
found peptides for two epigenetic factors involved in tran-
scriptional repression, chromodomain helicase DNA bind-
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ing protein 4 (CHD4) and histone deacetylase 1 (HDAC1).
HDAC1 plays a catalytic role as a deacetylase in 4 differ-
ent complexes, namely, NuRD (including CHD4), SIN3A,
CoREST and SHIP complexes (53).

We validated the interaction of SPI1 with HDAC1 in
leukaemic cells engineered to produce Avi-tagged HDAC1
(Supplementary Figure S2B) and with endogenous HDAC1
(Figure 2A). Moreover, to verify that the interaction be-
tween SPI1 and HDAC1 was efficient at the chromatin, we
performed SPI1 ChIP followed by western blotting coupled
with HDAC1 or SPI1 antibodies and showed that they in-
deed formed a complex at chromatin (Figure 2B). SPI1,
SIN3A and HDAC1 seem to belong to the same complex as
deduced from their co-immunoprecipitations with SIN3A
and HDAC1 (Figure 2A). SPI1 also interacts with CHD4
belonging to the NuRD complex in the erythroleukaemic
TgSpi1 cells (Supplementary Figure S2C). We ensured that
HDAC1 expression was not affected by the level of SPI1
expression in erythroleukaemic cells at the RNA (Supple-
mentary Figure S2D) or protein levels (Figure 2C).

HDAC1 plays a critical role in the suppression of gene
transcription but can also upregulate specific gene tran-
scription (54). To define whether HDAC1 is a mediator
of SPI1 repressive activity on transcription, we analysed
the consequences of inhibiting HDAC1 on the transcrip-
tion of SPI1 targets. The leukaemic cells producing dox-
inducible Spi1-shRNA were treated with dox for 48 h alone
and with 6 h of treatment concomitant with a pharmacolog-
ical inhibitor of HDAC1, entinostat (Figure 2C). The effi-
ciency of entinostat was validated by the increase in H3K27
acetylation (Figure 2C). Importantly, the expression of
HDAC1 was unaltered by entinostat treatment. RNA-seq
was performed for the four following conditions: untreated
leukaemic cells (SPI1+DMSO), leukaemic cells inhibited
for HDAC1 activity (SPI1+Entinostat+), leukaemic cells
downregulated for SPI1 (SPI1–DMSO), and leukaemic cells
downregulated for SPI1 and inhibited for HDAC activity
(SPI1–Entinostat+). The 60% of genes repressed and bound
at enhancers by SPI1 were also repressed by HDAC1 (159
out of 264 SPI1-repressed genes), as deduced from the Venn
diagram (Figure 2D and Supplementary Table S3) with
a strong association between HDAC1 and SPI1 repressed
genes (odds ratio of 6, Fisher exact test P � 3.5 × 10–35).
These results are consistent with coregulation by HDAC1
and SPI1 on a high fraction of repressed genes. Moreover,
the derepression of transcription by knockdown of SPI1
was stronger when HDAC1 was active than inactive (Figure
2E), and the derepression by HDAC1 inhibitor was more ef-
ficient when SPI1 was overexpressed (Figure 2F). In other
words, reducing the expression level of SPI1 and the absence
of HDAC1 activity had little or no greater effect than when
only one of the two proteins was inhibited. The Figure 2G
presents this result for four representative repressed genes,
Sox6, Alas2, Nprl3 and St3gal6. These results, showing that
inhibition of HDAC1 activity alleviates the ability of SPI1
to repress genes on which it binds, suggested an epistatic in-
teraction between HDAC1 and SPI1. In contrast, for SPI1-
activated genes, SPI1 knockdown and reduction of HDAC1
activity triggered primarily opposite effects on gene regu-
lation (Figure 2H), with only 8% of SPI1-activated genes
also being activated by HDAC1 (Figure 2I), showing that

SPI1 gene activation is largely HDAC1-independent. Inter-
estingly, only 22% of the genes occupied by SPI1 but which
are not transcriptionally regulated by SPI1 were also re-
pressed by HDAC1 (Supplementary Figure S2E), support-
ing that the presence of HDAC1 is critical for the repression
of a large part of genes by SPI1. The TMP195 inhibitor,
which is efficient on HDAC4, −5, −7 and −9, had no con-
sequence on gene expression in the presence or absence of
SPI1 (Supplementary Figure S3).

Taken together, these results demonstrate that SPI1 inter-
acts with HDAC1 at the chromatin and indicate that both
factors may cooperate to repress SPI1 target genes.

SPI1 and HDAC1 induce histone deacetylation of active en-
hancers at SPI1 binding sites

We previously showed that SPI1 requires HDAC1 to repress
a large portion of its target genes and that SPI1 represses
genes primarily by binding to active enhancers. The next
step of our study was to define whether SPI1 acts through
HDAC1 at active enhancers of repressed genes to induce lo-
cal deacetylation. We performed ChIP-seq of the H3K27ac
histone mark in leukaemic cells treated or not with dox. To
evaluate the ChIP efficiency and sensitivity, we verified that
the H3K27ac ChIP-seq signal at the TSS of the genes in
leukaemic cells was positively correlated with their expres-
sion level, as previously demonstrated (Supplementary Fig-
ure S4) (55).

To investigate whether the absence of H3K27ac at en-
hancers in repressed genes (inactive, Figure 1H) was at-
tributable to the binding of SPI1, we compared SPI1-bound
enhancer statuses between leukaemic cells (SPI1+, dox-
untreated) and SPI1 knockdown cells (SPI1–, dox-treated)
using ChromHMM. Most of the inactive enhancers were
not changed by SPI1 depletion (Supplementary Figure
S5A), indicating that in most cases, SPI1 did not repress
gene expression by completely inhibiting enhancers. This
result was confirmed by the absence of H3K27ac signal
around SPI1 peaks in SPI1+ leukaemic cells and SPI1– cells
(Figure 3A). Regarding active enhancers, the intensity of
the H3K27ac signal was lower in the presence of SPI1 than
when SPI1 was depleted (Figure 3A). This result was ob-
served for both regulatory regions, that is, gene bodies and
intergenic regions (Supplementary Figure S5B and C). In
contrast, for SPI1-activated genes, H3K27ac profiles were
opposite, exhibiting an increase in the H3K27ac intensity at
TSS and at SPI1-bound enhancers in the presence of SPI1
(Supplementary Figure S5D).

To better identify active enhancers at which the pres-
ence of SPI1 may restrain acetylation, we measured the
H3K27ac signal intensity in untreated (SPI1+) relative to
dox-treated (SPI1–) cells at each SPI1-bound enhancer. We
divided the repressed genes into two categories accord-
ing to the modulation of H3K27ac by SPI1 at bound en-
hancers: enhancers with reduction of H3K27ac signal in-
tensity by SPI1, H3K27acDown (RatioH3K27ac SPI1+/SPI1–

≤ 0.67) and enhancers with no reduction of H3K27ac signal
intensity, H3K27acNotDown, including enhancers unchanged
and with increased H3K27ac signal by SPI1 (RatioH3K27ac
SPI1+/SPI1– ≥ 1; see methods for more details) (Figure
3B, D and Supplementary Figures S5E, G). While acetyla-
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tion of SPI1-bound enhancers was differently modified for
the two groups, at TSS, H3K27 acetylation was reduced by
SPI1 for both groups, consistent with reduced promoter ac-
tivity in repressed genes (Figure 3B, D and Supplementary
Figures S5E, G).

Investigations were also performed in the leukaemic cells
#722 in which SPI1 was knocked-down by dox treat-
ment (Supplementary Figure S6A). Changes in gene ex-
pression level evaluated by comparing RNA-seq between
leukaemic cells (SPI1+, dox-untreated) and SPI1 knock-
down cells (SPI1–, dox-treated) were highly correlated be-
tween #722 and #763 cells (Pearson’s correlation coeffi-
cient: 0.84) (Supplementary Figure S6B). Similar epigenetic
H3K27ac and/or H3K4me1 marks were detected and de-
pletion of SPI1 showed also similar impact on the status of
enhancers in the #763 and #722 leukaemic cells (Supple-
mentary Figure S6C–G).

We observed that enhancers whose H3K27ac signal level
was increased by SPI1 depletion (H3K27acDown group)
were also increased by HDAC1 inhibition, supporting that
HDAC1 plays a role in the deacetylation of the SPI1-bound
enhancers of those genes (Figure 3B–D and Supplementary
Figure S5F, G). In contrast, the highest acetylation in the
presence of SPI1 for the H3K27acNotDown enhancers, argues
against HDAC1 deacetylation activity at those SPI1 bind-
ing sites of this subset of repressed genes (Figure 3B and
C).

Importantly, HDAC1 occupied active enhancers of re-
pressed genes that were deacetylated in the presence of
SPI1, as shown by CUT&Tag experiments performed us-
ing a HDAC1 antibody (Figure 3E and Supplementary
Figure S5G). Notably, the HDAC1 profile in TgSpi1 ery-
throleukaemic cells proportionally colocalized with the
SIN3A profile but not with the histone acetylase P300 (pre-
viously published datasets, (56)) profile in erythroleukaemic
cells (Supplementary Figure S5H), consistent with their op-
posite roles in transcription.

Taken together, these results suggest that in a subset
of genes, SPI1 cooperates with HDAC1 to deacetylate ac-
tive enhancers located at intergenic and gene body regions,
thereby reducing TSS acetylation and inhibiting gene tran-
scription.

SPI1 represses gene transcription by reducing chromatin
opening at enhancer and TSS and RNA pol II occupancy

Lysine acetylation is believed to control chromatin accessi-
bility by changing histone charge and, consequently, loos-
ening the binding of histones with DNA and reducing the
contact between histones in adjacent nucleosomes (57). Ly-
sine acetylation is also a binding target for proteins bear-
ing bromodomains, which are mainly proteins stimulating
transcriptional machinery (58–60). To evaluate whether the
presence of SPI1 at enhancers impacts chromatin acces-
sibility and/or the transcriptional machinery at promot-
ers, we performed a comparative analysis of transposable-
accessible chromatin (ATAC)-seq and RNA pol II ChIP-
seq between SPI1+ leukaemic cells and SPI1– cells. The
quality and sensitivity of ATAC-seq and RNA pol II ChIP-
seq were evaluated by the correlation of the signal at the TSS
with the level of gene expression in leukaemic cells (61). As

expected, ATAC signal intensity was lower for genes with
low expression than for genes with high expression but was
barely able to differentiate genes with intermediate expres-
sion from genes with high expression levels (Supplementary
Figure S7A). RNA pol II was positively proportional to
mRNA quantity. Notably, even though SPI1 strongly re-
duced H3K27ac intensity (H3K27acDown), SPI1 binding at
enhancers only slightly diminished local chromatin accessi-
bility, exhibiting a narrowing of chromatin accessibility in
the presence of SPI1 (Figure 4A and Supplementary Fig-
ure S7B). A stronger reduction in chromatin accessibility
by SPI1 was observed at the TSS of those genes. Figure 4B
presents the differences in ATAC density signals between
SPI1– and SPI1+ cells at each SPI1 peak and confirms that
chromatin accessibility was reduced by SPI1 at a majority
of SPI1 binding sites and associated TSSs. This reduction is
illustrated by the signal track at the St3gal6 and Alas2 loci
(Figure 4C). Interestingly, SPI1 repressed RNA pol II occu-
pancy in leukaemic cells (Figure 4D). The images were dif-
ferent for the H3K27acNotDown group of repressed genes in
which enhancers were not deacetylated by SPI1. Indeed, en-
hancer regions were opened up by SPI1, the TSS region was
significantly closed down by SPI1, and the level of RNA pol
II at the TSS was not modified (Figure 4A, B and D). The
features of chromatin accessibility described in this group of
genes were surprising, as they resembled those of the acti-
vated genes (Figure 4E). These findings again support that
SPI1 acts in different manners to repress transcription of
the H3K27acDown and H3K27acNotDown groups of genes.

Recent data indicate that histone acetylation dynamics
can modulate enhancer-promoter interactions and associ-
ated gene expression in cancer cells (62). To investigate if
the SPI1-associated reduction of acetylation at enhancer
and promoter is accompanied by a change in promoter–
enhancer interaction, we performed circularized chromo-
some conformation capture sequencing (4C-seq) experi-
ments and compared the behaviour of the two regions at
Alas2 and St3gal6 loci between cells overexpressing SPI1
and cells depleted for SPI1 (#763 and #722). We used the
enhancer as view-point for Alas2 and the TSS as view-point
for St3gal6 (Supplementary Figure S8A and S8B, respec-
tively). We observed that the 4C-seq signal was slightly re-
duced in the presence of SPI1 at the promoter of Alas2 or
at the enhancer of St3gal6, suggesting a modest reduction
of the enhancer-promoter contact as an additional conse-
quence of the presence of SPI1 (Supplementary Figure S8).

Taken together, our findings revealed at least two mecha-
nisms by which SPI1 inhibits transcription. The first mech-
anism involves deacetylation of active enhancers mediated
by HDAC1, with a reduction of chromatin accessibility lo-
cally at SPI1 binding sites and at TSS, in association with
a reduction of RNA pol II occupancy. The second mecha-
nism is associated with increased acetylation and chromatin
accessibility in the presence of SPI1 at enhancers and is in-
dependent of HDAC1.

SPI1 represses enhancers that are enriched for GATA1

The fact that the reduction of SPI1 at the chromatin was
not associated with a strong chromatin closing down is
consistent with a process in which SPI1 binds to active
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enhancers where several other TFs are present. We at-
tempted to identify TFs located at enhancers where SPI1
repressed the H3K27ac signal (H3K27acDown) in SPI1-
repressed genes and performed motif enrichment anal-
ysis. The TAL1:GATA1 and GATA1 motifs were the
most significant motifs in repressed enhancers compared
to enhancers of repressed genes whose H3K27ac was not
restrained by SPI1 (H3K27acNotDown) and compared to
activated genes (Figure 4F). Using previously published
GATA1 ChIP-seq data (63) in murine erythroleukaemia
(MEL) cells, we found that 63% of enhancers that were
deacetylated by SPI1 (H3K27acDown) were sites also bound
by GATA1 in proximity to SPI1, while this percentage was
only 29% for H3K27acNotDown enhancers. Such a difference
in GATA1 and SPI1 co-binding between the two types of
SPI1-bound enhancers was also seen using GATA1 peaks
from G1E-ER4 restored for GATA1 activity (64,65) or
Ter119+ foetal liver proerythroblasts (66) (Supplementary
Figure S9A), revealing a specific enrichment for GATA1
binding sites at SPI1-deacetylated enhancers.

Since deacetylation was associated with reduced chro-
matin accessibility in the presence of SPI1 at enhancers,
we compared ATAC-seq at regions co-bound by GATA1
and SPI1 and showed that SPI1 also reduced chromatin
accessibility at GATA1 binding sites (Figure 4G). How-
ever, except for Nprl3, GATA1 ChIP-qPCR experiments
showed that the enrichment of GATA1 binding was similar
in leukaemic cells and cells depleted of SPI1 (Supplemen-
tary Figure S9B). This result suggests that the presence of
SPI1 at enhancers did not impair GATA1 occupancy at a
large part of its targets.

Taken together, these results indicate that SPI1 reduces
the transcription of a subset of genes by contributing to
deacetylation with HDAC1 and reducing chromatin open-
ing at active enhancers, some of which are targets for
GATA1 in erythroid cells. The fact that the genes whose
enhancers were not deacetylated were not enriched for
GATA1 binding with SPI1 provides additional evidence for
distinct modes of gene repression by SPI1.

SPI1 binding at enhancers is associated with increased
H3K27me3 around the TSS of the SPI1 repressed genes

We have previously demonstrated that polycomb repressive
complex 2 (PRC2), known to control the methylation of
H3K27 (67), interacts physically and functionally with SPI1
and participates in the repression of Bcl2l11 gene expres-
sion in leukaemic cells from TgSpi1 mice (23). To define
whether PRC2 is involved in the repressive transcriptional
function of SPI1/HDAC1 in leukaemic cells, we analysed
the presence of the H3K27me3 mark as a function of the
SPI1 expression level. The inverse correlation of H3K27me3
intensity at the TSS with the gene expression level validated
the quality of H3K27me3 ChIP-seq (Supplementary Figure
S10A). Regardless of its transcriptional activity, the level
of SPI1 occupancy at enhancers was inversely correlated
with the level of H3K27me3 around the TSS or SPI1 (Sup-
plementary Figure S10B). In contrast, for SPI1-repressed
genes, the H3K27me3 intensity around the TSS was higher
in the presence of high expression of SPI1, concordant with
the fact that the RNA level was reduced by SPI1 (Fig-

ure 5A). Surprisingly, when SPI1 occupied deacetylated en-
hancers (repressed H3K27acDown genes), it impacted the
H3K27me3 intensity around the TSS more than when it
was not present (repressed SPI1 not bound genes) (Figure
5A, compare left and right panels). This stronger differen-
tial of H3K27me3 at SPI1 bound compared to not bound
genes was verified when the comparison between SPI1– and
SPI1+ cells was performed gene by gene (Figure 5B). This
result may be due to the release of H3K27 substrate after
deacetylation and/or to the activity of SPI1, since SPI1 in-
teracts physically with PRC2 in leukaemic cells (23). To de-
fine whether SPI1 might directly act on PRC2 activity, we
performed an in vitro PRC2 activity assay by measuring the
incorporation of a methyl group from the S-adenosyl me-
thionine (SAM) donor on two increasing quantities of re-
combinant histone H3.1 mixed with increasing molar ratios
of SPI1:PRC2 (Figure 5C and Supplementary Figure S10C-
E). We found that SPI1 with PRC2 stimulates trimethyla-
tion of H3 compared to PRC2 alone or PRC2 mixed with
BSA (negative control). Importantly, SPI1 increased the
level of H3K27me3 only in the presence of PRC2 and the
quantity of the PRC2 components was not altered, con-
sistent with specificity of action on PRC2 activity (Figure
5C and Supplementary Figure S10D). Moreover, H3K27
mono-methylation (H3K27me1), evaluated by HPLC, in-
dicated a reduction in the mono-methylation of the H3K27
peptide with the increased amount of SPI1 (Supplementary
Figure S10F), further supporting that SPI1 favours PRC2
activity.

In conclusion, these results suggest that SPI1 stimulates
the tri-methylation of H3K27 to the promoters of repressed
genes when it is linked to active enhancers whose acetylation
is reduced. Evidence indicates that SPI1 may play an active
role in this process by stimulating PRC2 activity.

PRC2 synergizes with HDAC1 to mediate SPI1 transcrip-
tional repressive activity that enables differentiation blockage
and leukaemic cell survival

Next, we investigated whether HDAC1 and PRC2 coop-
erate in mediating transcriptional repression by SPI1. To
this end, leukaemic cells were cultured in the presence of
a pharmacological inhibitor of EZH1/2, UNC1999 and
the HDAC1 inhibitor entinostat. As expected, HDAC1 in-
hibition by entinostat increased H3K27 acetylation, and
EZH1/2 inhibition by UNC1999 abolished the trimethyla-
tion of H3K27 (Figure 6A). Notably, the combination of
the two inhibitors synergistically exacerbated acetylation of
H3K27. We analysed the transcriptional consequences of
the pharmacological inhibition of HDAC1 and/or PRC2
on SPI1 repressed genes involved in erythroid differentia-
tion, whose SPI1 induces deacetylation of their enhancers
(Alas2, St3gal6, Sox6 and Nprl3). As reference, Figure 6B
shows the re-activation of these SPI1 repressed genes af-
ter SPI1 knockdown measured by RT-qPCR. Treatment
with UNC1999 showed few effects on gene expression and
treatment with entinostat increased transcription of some
of these genes (Figure 6C). The combined treatment of
HDAC1/3 and PRC2 inhibitors induced a strong and syn-
ergistic increase in the expression of the four genes repressed
by SPI1 (Figure 6C), indicating that optimal repression re-
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quires both HDAC1 and PRC2. Moreover, the transcrip-
tional activation due to the combination of HDAC1 and
PRC2 inhibitors in leukemic cells were mitigated in the pres-
ence of low SPI1 expression, demonstrating that the repres-
sive activity of SPI1 is mediated by HDAC1 and PRC2 (Fig-
ure 6D).

Since a large portion of SPI1-repressed genes that are
bound by SPI1 encode proteins involved in erythroid differ-
entiation (Figure 1D), we investigated whether the two in-
hibitors could restore erythroid differentiation. The combi-
nation of UNC1999 and entinostat in the presence of SPI1
did not induce the appearance of differentiated erythroid
cells, as evidenced by the absence of change in FSC-A and
CD71 or benzidine staining of haemoglobin (Figure 6E and
F). This suggests that other functions of SPI1 independent
of HDAC1 and PRC2 might be involved in blocking dif-
ferentiation, such as repression of additional genes (Figure
2D) or SPI1-activating functions. Consequently, to investi-
gate the consequences of HDAC1 and PRC2 inhibition on
erythroid differentiation, we co-treated the erythroleukemic
cells with UNC1999 and entinostat simultaneously with
dox to decrease SPI1 expression. Under these conditions,
reactivation of SPI1-repressed genes was enhanced by treat-
ment with the inhibitors (SPI1–/Ent + UNC) compared

to conditions where only SPI1 expression was decreased
(SPI1–/DMSO) (Supplementary Figure S11A). Conse-
quently, these culture conditions allowed rapid reactivation
of SPI1-repressed genes in addition to other consequences
due to decreased SPI1 expression. We examined the fraction
of differentiated cells by FACS or by benzidine staining cells
after 5 days of treatment (Figure 6E, F and Supplementary
Figure S11B). Figure 6F presents the ratio of % early and
late differentiated cells over the CFU-E/ProE progenitors
presented in the Figure 6E. While individual treatment with
HDAC1 or PRC2 inhibitors had small and no significant ef-
fect on differentiation in the absence of SPI1, combined in-
hibition of HDAC1 with PRC2 strongly increased progres-
sion to terminal erythroid differentiation. This result indi-
cates a synergistic effect of HDAC1 and PRC2 inhibition
on the recovery of erythroid differentiation. Altogether, our
data provide evidence that HDAC1 and PRC2 cooperate to
the erythroid differentiation blockage. The finding that their
inhibition alone is not sufficient to rescue the differentiation
potential suggests an additional role for SPI1 in erythroid
blockage independent of HDAC1 and PRC2.

We next investigated whether both inhibitors may be
used to inhibit proliferation and/or survival of the ery-
throleukemic cells. Erythroleukemic cells were cultured in
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the presence of increasing doses of entinostat combined
with increasing doses of UNC1999, and the percentage of
dead and alive cells was quantified by flow cytometry using
DAPI staining. Calculation of a synergy score per combi-
nation of doses demonstrated the synergistic effect of the
combination of the two inhibitors on stopping proliferation
and killing leukaemic cells (Figure 6G). The cytotoxic and
cytostatic effects of the combination of the two drugs were
illustrated by the increase in the percentage of dead cells and
the inhibition of cell proliferation over time (Figure 6H), re-
sembling to those triggered by the reduction of SPI1 expres-
sion alone (Figure 6I). The synergistic cytotoxic and cyto-
static effects of HDAC1 and PRC2 inhibitors were also vali-
dated for erythroleukemic cells derived from two others sick
TgSpi1 mice, #722 and #683 mice (Supplementary Figure
S12A-B). Importantly, the cellular response of PRC2 and
HDAC1 inhibitors varied extensively in three non-erythroid
cancer cell lines derived from B Lymphoma (A20), chronic
myeloid leukemia (K562) and AML (KG1) and no syner-
gistic effects of the combination of the two inhibitors was
observed (Supplementary Figure S12C).

Overall, these experiments indicate a synergy between
PRC2 and HDAC1 complexes in mediating the transcrip-
tional repressive activity of SPI1, the combined inhibition
of which results in synergistic adverse consequences on the
proliferation and survival of leukaemic cells.

DISCUSSION

SPI1 is a major haematopoietic TF with pioneering func-
tion whose positive activity in transcription has been widely
described in normal haematopoiesis. Recently, accumu-
lating evidence has also indicated a major activity of
SPI1 in repressive transcriptional function in normal pro-
cesses of differentiation. Distinct mechanisms according to
haematopoietic lineages with direct or indirect binding to
regulatory regions of repressed genes have been reported
(12,14–16). In this study, we characterized a new mecha-
nism involving the synergistic combination of the two epige-
netic repressors, PRC2 and HDAC1, used by SPI1 to repress
gene expression, encoding proteins that play a major role
in its leukemic functions of blocking apoptosis and differ-
entiation. This function is associated with SPI1 occupancy
to regulatory intergenic or intragenic regions and involves
deacetylation at both bound enhancers and distant TSSs by
HDAC1. PRC2 reinforces the inhibition of gene expression,
and its activity at promoters is actively favoured by SPI1
when bound at distant regulatory regions (Figure 7).

SPI1 is a determining lineage factor whose expression
level controls the engagement of progenitors towards lin-
eage specification. In myeloid and B-lymphoid cells, SPI1
activates lineage-specific genes due to lineage-specific coac-
tivators at enhancers (6,7,68). Instead, activation of com-
mon housekeeping genes is associated with an enrichment
of SPI1 occupancy at promoters without requiring lineage-
specific coactivators but with a higher affinity of binding
to chromatin compared to enhancers (6,7,68). In the ery-
throleukaemic context, SPI1 activates genes mainly by mul-
tiple promoter occupancies independent of lineage deter-
mining cofactors (36). In contrast, in this study, we found

that gene repression by SPI1, including repression of genes
controlling the erythroid differentiation process (69), is
mainly associated with an enrichment of SPI1 at active en-
hancers instead of promoters.

RIME experiments allowed identification of HDAC1 at
chromatin with SPI1. Interactions of SPI1 with HDAC1
and HDAC2 in myeloid progenitors and AML1-ETO AML
have been previously described (52,70). Recently, SPI1 has
been described to restrain neutrophil activation by an-
tagonizing the AP-1 transcription factor JUNB through
its interaction with HDAC1 (14). In this study, we show
that this interaction mediates SPI1 repressive activity and
participates in the transformation activity of SPI1 in ery-
throleukaemia, emphasizing the major function of the SPI1
and HDAC1 interaction in different lineages. In the ery-
throleukaemic cells, SPI1 interacts with the HDAC1 be-
longing to the SIN3A complex, an interaction previously
shown to be mediated by SIN3A (71). Additionally, we ob-
served that the CHD4 member of the NuRD complex co-
immunoprecipitates with SPI1, indicating that SPI1 may in-
terfere with several HDAC1 complexes.

Our work distinguishes at least two modes of transcrip-
tional repression intrinsic in SPI1 occupancy to active in-
tergenic or gene body enhancers.

For one subgroup of genes, including erythroid differ-
entiation function encoding genes, we described a decrease
in acetylated H3K27 by SPI1 taking place locally at SPI1-
bound enhancers and at distal TSS not bound by SPI1 in
association with weak but significant decreased chromatin
accessibility. We showed that (i) HDAC1 was detected with
SPI1 at enhancers, (ii) HDAC1 inhibits acetylation of SPI1-
bound enhancers and TSS, (iii) HDAC1 represses the ex-
pression of SPI1-repressed genes and (iv) HDAC1 inhi-
bition decreases SPI1 activity in repressing transcription.
Together, these data provide evidence that HDAC1 medi-
ates SPI1 repressive transcriptional activity by creating a
deacetylated and, at least in a part of genes, a nonpermissive
chromatin structure. More research is necessary to define
whether, as with immune-related genes in neutrophils (14),
SPI1 recruits or stabilizes HDAC1 or improves its activity
in erythroleukaemic cells.

Since SPI1 also interacts with the histone acetyltrans-
ferases (HAT) CBP/P300, questions have been raised re-
garding the role played by SPI1 in the equilibrium between
HATs and HDACs. In particular, it would be interesting
to define whether SPI1’s partner transcription factors on
chromatin might determine the nature of SPI1’s interactiv-
ity, by changing the interactions with co-repressors or co-
activators, as it has been shown in the AML containing the
RUNX1:ETO fusion (52,70).

Deacetylated enhancers of this subgroup of genes
are specifically enriched with GATA1 binding at the
TAL1:GATA1 composite motif, associated to the reduc-
tion in chromatin accessibility at these sites. Previous re-
ports proposed that SPI1, by binding to GATA1, impedes
histone or GATA1 acetylation, which is required for the sta-
bilization of GATA1 binding at the chromatin (72,73). This
occurs at promoters of GATA1 targets, by directly inhibit-
ing CBP acetyltransferase activity (30) or by establishing a
H3K9me3 context through pRB recruitment (28,29). Our
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results, which indicate the presence of GATA1 at enhancers
whose histone acetylation is controlled by SPI1, are consis-
tent with these propositions.

By deleting a SPI1 binding consensus sequence at the
Alas2 enhancer occupied by SPI1, with GATA1 and
HDAC1 at very close locations, we brought evidence that
SPI1 requires direct binding to chromatin to repress genes
in erythroid cells. Previous reports showed that SPI1 re-
quires GATA1 to occupy chromatin at GATA1-responsive
reporter sequence belonging to the �-globin promoter that
did not contain SPI1 binding motif (28,29). Thus, SPI1 ap-
pears to repress gene through diverse and complex mecha-
nisms in relation with GATA1.

Here, we showed that, HDAC1, through the SPI1 interac-
tion, is one of the mediators of histone deacetylation and it
may also participate in GATA1 deacetylation and oppose
to its transcriptional activity (74). However, in agreement
with a previous report (29), GATA1 was still able to bind to
most of its target enhancers, excluding that SPI1 opposes

to GATA1 activity by impeding GATA1 chromatin occu-
pancy as a general mechanism.

HDAC1 activity in losing accessibility of enhancers
pre-bound by SPI1 has been reported in the myeloge-
nous leukemia line K562, but in contrast to the erythroid
leukemic cells, SPI1 was not instructive in the HDACi tran-
scriptional changes of these genes (75).

In addition to controlling chromatin accessibility, his-
tone acetylation also affects the binding of bromodomain
and extraterminal motif proteins (BETs), such as BRD2,
BRD3 and BRD4 (bromodomain-containing protein), at
chromatin (76,77), which stimulate transcription by pro-
moting RNA pol II elongation and stability (78,79). Our
results demonstrate that at the TSS, deacetylation of en-
hancers by the SPI1/HDAC1 axis is associated with a
reduction of RNA pol II at TSS in this fraction of re-
pressed genes and is compatible with a decrease in BRD
chromatin occupancy consequent to deacetylation. The de-
creased enhancer-promoter interactions in SPI1 repressed
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genes may also be due in part to the observed deacetyla-
tion of H3K27 at enhancers and promoters. Indeed, recent
data indicate that H3K27ac may also change gene expres-
sion by interfering with interaction frequency between en-
hancer and promoters (62).

Our findings also identified a second interesting group of
repressed genes whose distal regulatory regions are bound
by SPI1 and, in contrast to the first group, exhibits more
acetylation and increased chromatin accessibility with SPI1.
These epigenetic modifications are opposite to deacetylat-
ing HDAC1 activity and suggest that SPI1 represses those
genes independently of HDAC1. Notably, searches for TF
motif enrichment indicate that SPI1 binding occurs mainly
at class I ETS-specific binding sites and not in association
with GATA1 binding. Further studies are needed to under-
stand what mechanisms are responsible for the reduction in
transcription of these genes.

It should be noted that for upregulated genes, SPI1 bind-
ing at enhancers was strongly associated with chromatin
opening up of these regions, which is in keeping with its
role as a pioneer TF in the positive regulation of genes.
This gene upregulation takes place without impacting chro-
matin accessibility at the TSS while strongly increasing
RNA pol II loading. The absence of a correlation between
chromatin accessibility at the TSS and transcriptional acti-
vation was also observed for inflammatory SPI1-activated
genes in neutrophils, in which TSS ATAC signal inten-
sity was inversely correlated with transcription (14), or in
macrophages in which nucleosomes were not evicted at pro-
moters in contrast to enhancers (80).

In addition to HDAC1, our work reveals a role of PRC2
as a complementary process to mediate the activity of
SPI1 in repressing transcription. Recent data indicate that
the polycomb complex, which controls the methylation of
H3K27, maintains the repressed state of a gene (32,33) but
is not the initiator of repression (67). Indeed, a model of
recruitment of polycomb proposes that a decrease in newly
synthesized RNA during gene repression allows the trans-
fer of PRC2 from RNA to chromatin with consequent am-
plification of methylation at histone H3K27 (81–83). In
this situation, PRC2 acts in the context of a weakly tran-
scribed gene to maintain repression by favouring trimethy-
lation through the TSS position (84). Consistent with this
model, we found that H3K27me3 increased at promoters of
SPI1-repressed genes bound or not bound by SPI1. More-
over, we determined that the fraction of genes that were re-
pressed through the SPI1/HDAC1 axis displayed an even
higher level of H3K27me3 marks at the TSS than the SPI1-
repressed genes that were not occupied by SPI1. SPI1 and
PRC2 interact physically (23,85), and SPI1 is able to favour
PRC2 activity, at least in vitro. We proposed that PRC2 ac-
tivity may be triggered as a result of the decreased RNA
expression level due to HDAC1 and that the presence of
SPI1 at chromatin may favour PRC2 activity, further main-
taining low expression of RNA (model described in Fig-
ure 7). Consequently, PRC2 reinforces the repression of
the transcriptional level of genes. Interestingly, this action
is not only additive to the repressive activity of HDAC1,
but HDAC1 and PRC2 activities synergistically enhance
gene repression. Even though PRC2 and HDAC1 partici-
pate synergistically in SPI1-erythroid differentiation block-

age, the combination of PRC2 and HDAC1 inhibitors was
not sufficient to reverse this blockage. Indeed, our results
suggest that SPI1-activated genes and/or HDAC1/PRC2
independent repressed genes also play a role in erythroid
blockage. One of these SPI1-activated genes may be Cbfa2t3
(encoding ETO2) that was shown to be an oncogenic factor
involved in erythroleukaemia (25) and that is a SPI1 target
gene.

Alterations in PRC2 complex components appear to be
relatively rare events in AML (86,87), and when identified,
they are associated with loss of function. However, PRC2
activity has also been shown to be required for RUNX1-
ETO9a or MLL-AF9 leukaemic cell growth, revealing a
dual role for PRC2 in AML and its interest as a therapeu-
tic target for certain types of leukaemia (88–90). Here, we
described a specific sensitivity of combined HDAC1/3 and
PRC2 inhibitors to kill TgSpi1 murine erythroleukaemic
cells. HDACs inhibitors are efficient in killing tumor cells
including human cell lines and established mouse models
of AEL (91). It would be interesting to determine whether
the combination of HDACs and PRC2 inhibitors results in a
specific and higher sensitivity on primary human AEL cells.

Similar to PRC2, SPI1 plays a dual role in AML.
Indeed, a functional decrease in activity participates in
leukaemic development, and minimal residual activity of
SPI1 is required for cell survival and to maintain stemness
of leukaemic cells (92,93). Based on this feature, Antony-
Debré et al. provided proof of concept that SPI1 inhibition
has potential as a therapeutic strategy for the treatment of
AML by inducing leukaemic cell death (94). Consequently,
understanding the molecular pathways by which SPI1 con-
trols its function, including transcriptional repression, may
improve the range of possible therapeutic combinations to
inhibit SPI1 activity.

DATA AVAILABILITY

Data of ChIP-seq, CUT&Tag, RNA-seq, ATAC-seq and
4C-seq are available under accession number GSE172088.
Publicly available raw data used for SPI1 in TgSpi1 ery-
throid cells and GATA1 in MEL cells ChIP-seq were
found with the accession number GSE33611 (GEO) and
ERR007441-44 (ENA), respectively. SIN3A (CistromeDB
#46488) and EP300 (CistromeDB #46468) signal files
(.bw) data were obtained from Cistrome DB (95) anal-
ysis of ChIP-seq performed in MEL cells (56). GATA1
ChIP-seq peak files (.bed) were obtained from ES-G1ER
cells restored for GATA1 activity (64,65) (CistromeDB
#502 and CistromeDB #56614–16) or from foetal liver
E14.5 Ter119+ proerythroblasts (CistromeDB #3270–71)
(66) publicly available on CistromeDB.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors wish to thank F. Moreau-Gachelin, F. Rosselli
and E. Elvira-Matelot for helpful scientific discussions

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac613#supplementary-data


7956 Nucleic Acids Research, 2022, Vol. 50, No. 14

and critical reading of the manuscript; N. Droin (Gus-
tave Roussy genomic platform, France); C. Thibault-
Carpentier, S. Legras and B. Jost for sequencing and analy-
sis (GenomEast platform, France Genomique consortium);
Y. Lecluse, P. Rameau and C. Catelain (Imaging and Cy-
tometry Platform, Gustave Roussy, France) for flow cytom-
etry. We thank the technical platform ‘BioProfiler’ (BFA,
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15. Hosokawa,H., Ungerbäck,J., Wang,X., Matsumoto,M.,
Nakayama,K.I., Cohen,S.M., Tanaka,T. and Rothenberg,E.V. (2018)
Transcription factor PU.1 represses and activates gene expression in
early T cells by redirecting partner transcription factor binding.
Immunity, 48, 1119–1134.
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